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Abstract

1VV. Abstract

The flow of genetic information from DNA to mRNA, and subsequent translation of the
mRNA into protein, is essential for cell survival. Both transcriptional regulation at the
chromatin level and post-transcriptional regulation of mMRNA turnover work in a dynamic and
coordinated manner to maintain this flow and proper cell function. Although these two levels
of regulation clearly control gene expression together, there is very little information about a
specific connection between the two levels of control. Therefore, the aim of this study was to
establish if such a connection exists. We used an H3K56A histone mutant as a screening
candidate. This mutant prevents a well-researched lysine acetylation that is as an important
contributor to the maintenance of chromatin architecture and transcriptional regulation in
Saccharomyces cerevisiae, yet it does not cause significant changes in steady state mMRNA
levels. To identify potential links between chromatin-templated processes and post-
transcriptional control, H3K56A was crossed against a genomic deletion library using the
synthetic genetic array approach. This led to the identification of a synthetic lethal genetic
interaction between the Pumilio-family protein Mpt5 and H3K56A. Mpt5 is a diverse RNA
binding protein that can target around 16% of the yeast transcriptome and has been shown to
promote both degradation and buffering of transcripts. Further investigation into the MPT5-
H3K56A interaction shows that loss of H3K56 acetylation triggers changes to nascent
transcription, and Mpt5 buffers against these changes by stabilizing transcripts in a context-
dependent manner, thus ensuring balanced steady-state mMRNA levels. Depletion of Mpt5 in an
H3K56A background results in a loss of this buffering system, causing a significant decrease
in Mpt5 targets. Strikingly, these targets are strongly enriched for ribosomal protein transcripts.
The observed down-regulation of ribosomal protein genes leads to a strong decrease in
translation efficiency and ultimately, cell cycle arrest. We also provide further evidence that the
Mpt5-mediated buffering system extends to other disturbances to chromatin architecture. We
show that loss of H3K4 methylation can also trigger Mpt5 buffering, but most likely through a
different mechanism. Therefore, in this study, we identify a mechanism linking chromatin
dependent transcriptional control and post-transcriptional regulation of mRNA through a

context-dependent, mRNA buffering system that is crucial to proper cell function.
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Introduction

1 Introduction

A cornerstone of molecular biology is that cellular function revolves around the flow of
information from DNA into functional forms of noncoding RNA and coding mRNA. This
process of generating RNA from a DNA template is referred to as transcription, and it is
essential for proper cell function and needs to be tightly regulated and controlled. Since
transcription involves the production of a diverse range of transcripts, such as mRNAs and
varying non-coding RNAs, this results in DNA templates with different features that not only
need to be recognized, but transcribed at different rates based on cellular needs. Furthermore,
once transcription has occurred, regulation of these transcripts does not stop, and post-
transcriptional regulation is also essential for proper cell function. Therefore, the cell has
numerous mechanisms to ensure proper and tight control of RNA abundance at both the

transcriptional and post-transcriptional level.

1.1 Transcriptional regulation through histone modifications

An essential level of transcriptional control revolves around the underlying architecture
and dynamics of chromatin and histone modifications. Chromatin is a dynamic structure
consisting of DNA and associated histone and non-histone proteins. In order to fit the DNA
within the confines of the nucleus in an individual cell, DNA is wrapped around proteins called
histones, and the basic structural unit of DNA packaging in this manner can be defined as a
nucleosome. Each nucleosome consists of DNA wrapped around eight core histone proteins,
two copies each of H2A, H2B, H3, and H4 (Tessarz and Kouzarides, 2014). These
nucleosomes, and more specifically, the tails and globular domains of the histones, are subject
to a vast array of post-translation modifications (PTMs). By altering histone proteins with
PTMs, chromatin structure can be altered to promote either closed or open chromatin, resulting
in changes to DNA template access and regulation of transcription (Figure 1).

The specific effect on chromatin structure is dependent on the type and location of
histone PTM. One of the most well-studied and important histone modifications in
transcriptional regulation is histone methylation. Found on all the core histone proteins, the

most common targets for histone
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Figure 1: Regulation of chromatin structure and effect on transcription.

Schematic representation on the influence of post-translational histone modifications on chromatin structure and
transcription. Specific histone modifications such as H3K4me3, H3K36me3, or H3K56ac influence chromatin
structure by promoting a more open state, resulting in more access to the DNA template and transcription. The
coloured dots correlate with the location of the histone modification on the histone protein, with the green and blue
dots representing H3K4me3 and H3K36me3 on the histone tail, and the red dot representing H3K56ac on the
globular part of the histone.

methylation are lysine (K) and arginine (R) residues (Jambhekar et al., 2019). Levels of histone
methylation are precisely regulated by methyltransferases (“writers”) and demethylases
(“erasers”) (Hyun et al., 2017; Jambhekar et al., 2019), and can exist in one of three states:
mono- (mel), di- (me2), or tri-methylation (me3) (Bannister and Kouzarides, 2011). Arginine
methylation can occur in mel and me2 states, with me2 occurring in either a symmetrical or
asymmetrical state (Bannister and Kouzarides, 2011). The writers responsible for arginine
methylation are protein arginine N-methyltransferases (PRMTs) and these writers can be
separated into two main classes, type 1 and 2. Both type-1 and type-2 PRMTSs generate mono-
methylated arginine, but type-1 and type-2 enzymes generate asymmetric and symmetric me2,
respectively (Bannister and Kouzarides, 2011). The demethylation of arginine residues also
occurs, and to date, two arginine erasers have been identified, Jmjd6é and Pad4 (Zhang et al.,
2019). Jmjd6 directly converts a methylated arginine into arginine by directly removing the
methyl group and is considered a traditional eraser (Zhang et al., 2019). On the other hand,

there is debate whether Pad4 is a strict histone demethylase because it performs
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demethylimination, which removes, but does not reverse the methylation state of arginine,
resulting in the conversion of mono-methylated arginine to citrulline (Zhang et al., 2019). In
terms of histone lysine methylation, it can occur in all three methylation states and is performed
by histone lysine methyltransferases (HKMTs) (Bannister and Kouzarides, 2011). The vast
majority of HKMTSs, with the exception of Dotl which methylates the globular domain of the
histone, methylate the lysine residue on the N-terminal tail of the histone through the SET
domain (Bannister and Kouzarides, 2011). Active removal of histone lysine methylation also
occurs by erasers, with some lysine demethylases removing only specific states of lysine
methylation, while others are capable of removing all three states. For example, LSD1 can
either remove mel or me2 lysine methylation if it is complexed with the Co-REST complex, or
it can remove me3 in an androgen receptor manner (Bannister and Kouzarides, 2011). Taken
together, the addition and removal of a methyl group on histone arginine or lysine residues is a
very dynamic process that can encompass different methylation states and locations, and is
highly regulated by a vast-array of writers and erasers.

In terms of a direct effect on chromatin structure, the addition of a methyl group to
histones does not alter the electronic charge of the histone protein, resulting in no significant
biochemical changes between the DNA and histone, and no direct changes to chromatin
structure (Bannister and Kouzarides, 2011; Hyun et al., 2017). Therefore, histone methylation
exerts its effect on chromatin and transcriptional regulation through the recruitment of
downstream effector proteins. Although there is limited knowledge on effector proteins and
arginine methylation, there is evidence of specific interplay between these proteins and this
histone PTM. Tdrd3 has been shown to bind asymmetric me2 and promote transcriptional
activation (Di Lorenzo and Bedford, 2011). There is also speculation that through its PHD
domain, the de novo DNA methyltransferase DNMT3a can bind symmetrical arginine me2 and
promote transcriptional repression (Di Lorenzo and Bedford, 2011). In terms of lysine
methylation, many effector proteins have been identified and these proteins target different
histone marks based on the methyl-lysine-binding motifs they contain. For example, tri-
methylation of lysine 9 on histone 3 (H3K9me3) is performed by the methyltransferase Suv39
(Rea et al., 2000). This methylation mark results in the recruitment of heterochromatin protein
1 (HP1), a highly conserved effector protein that recognizes the methylation mark through its
chromodomain binding motif (Nielsen et al., 2002). The recruitment of HP1 to H3K9me3
promotes the formation of closed chromatin and the repression of transcription. Another
effector protein, Ingl-5 recognizes H3K4me3 through a PHD domain, which results in

subsequent transcriptional activation (Champagne and Kutateladze, 2009). The methylation
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state of H3K4 can also influence the effect it has on transcriptional regulation and the
recruitment of proteins, with H3K4me2 resulting in a decrease in transcription through
recruitment of the Set3 complex (Kim and Buratowski, 2009). Interestingly, H3K4me3 is often
associated with promoting transcription in eukaryotes, but there appears to be a lack of a
conserved mechanism to support this view (Howe et al., 2017). In alignment with this, one
study argues that H3K4me3 mainly has a repressive role in transcription, and that this repressive
role may be reversed with aging (Cruz et al., 2018). These types of findings align with the
dynamic role of histone methylation, and show that a specific histone methylation mark can
have a diverse role in transcriptional regulation. Furthermore, other histone marks can also
indirectly effect H3K4me3 levels and influence transcription. H3R2me2 can impede the
binding of the effector protein Wdr5 to H3K4me3 through interaction with its WD40 motif,
and as a downstream effect, block the recruitment of transcriptional activators (Di Lorenzo and
Bedford, 2011; Iberg et al., 2008). Therefore, a specific histone methylation site can promote
and inhibit transcription through multiple mechanisms. Taken together, through the
combination of methylation state and recruitment of effector proteins, histone methylation is a
very fine-tuned PTM that can exert dynamic transcriptional regulation and influence numerous
cellular processes.

Another prominent post-translational histone modification is histone acetylation. Found
at only lysine amino acid residues, histone acetylation typically increases transcription because
the addition of the acetyl group masks the positive charge of the lysine residue, resulting in a
decreased affinity between the histone protein and DNA template (Barnes et al., 2019). Thus,
in contrast to histone methylation, acetylation can change the biophysical properties of
chromatin without the help of effector proteins. Acetylation at lysine residues is deposited by
writers called histone acetyltransferases (HATs) and removed by erasers called histone
deacetylases (HDACs), and the activity of HATs and HDACSs can occur through both targeted
and global mechanisms (Kurdistani and Grunstein, 2003). For example, as previously
mentioned, lysine residues can undergo methylation, which can result in a competition between
different chemical modifications. Therefore, target-specific H3K27ac results in an increase in
transcription not only because of the acetyl mark, but also because it blocks the repressive
H3K27me3 mark from being deposited (Tie et al., 2009). Other prominent histone acetylation
marks include H4K5ac, H4K12ac, and H4K16ac. H4K5ac has been identified as a chromatin-
based epigenetic bookmark, with its presence during interphase being maintained through
mitosis, resulting in increased transcriptional kinetics in post-mitotic cells (Zhao et al., 2011).

Loss of H4K12ac through depletion of the HAT Mstl, results in loss of chromatin
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decompaction during meiosis, suggesting that H4K12ac plays a role in chromatin loosening
during meiotic DNA replication (Ruan et al., 2015). In addition, both H4K5ac and H4K12ac
are required for proper deposition of CENP-A, an H3 histone variant that is essential for proper
centromere formation (Shang et al., 2016). Finally, H4K16ac is linked to cellular life span, with
H4K16ac levels increasing with age and compromising transcriptional silencing at
subtelomeric regions (Dang et al., 2009). Therefore, although histone acetylation typically
promotes open chromatin and does not require the dynamic role of effector proteins, this histone

PTM can still have a very diverse effect on cellular processes.

1.2 H3K56ac, a prominent histone mark that influences
numerous cellular processes, including transcriptional

regulation

Although most histone post-translational modifications occur on the histone tail, histone
PTMs can also occur on the globular domain of a histone. One of the most studied globular
histone marks is H3K56ac. This PTM has a profound effect on chromatin architecture. Located
near the entry/exit site of DNA within the nucleosome, the presence of H3K56ac leads to
enhanced “breathing” of the final 10 base-pairs of DNA within a nucleosome (Neumann et al.,
2009). “Breathing” refers to unspooling of the DNA wrapped around the histone (Fierz and
Poirier, 2019). In addition, H3K56ac has also been shown to regulate higher-order chromatin
structure. Specifically, H3K56ac can strongly influence interactions between nucleosomal
arrays, with its presence maintaining access to nucleosome-free regions for DNA replication
and repair machinery (Watanabe et al., 2010). In alignment with this link to DNA replication
and repair, levels of H3K56ac are regulated in a cell-cycle dependent manner, with peak
acetylation occurring during S-phase and trough de-acetylation occurring during the G2-phase
(Masumoto et al., 2005). One of the main defined roles for H3K56ac correlates with these high
S-phase levels and involves a role in chromatin assembly following DNA replication (Li et al.,
2008). The binding of newly synthesized H3/H4 dimers by the histone chaperone protein Asf1,
results in the recruitment of the histone acetyltransferase Rtt109 and the acetylation of H3K56
(Recht et al., 2006). The presence of H3K56ac increases the affinity of CAF-1 and Rtt106 for
the H3/H4 dimers, resulting in the rapid formation of H3/H4 tetramers and nucleosome
formation on newly synthesized DNA (Li et al., 2008). This nucleosome assembly role for
H3K56ac also extends to DNA damage. H3K56ac levels act as a signal that DNA repair is

complete by triggering the formation of nucleosomes following the DNA damage response
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(Costelloe and Lowndes, 2010). Loss of H3K56ac also results in sensitivity to genotoxic agents
that cause DNA strand breaks (Masumoto et al., 2005), with this likely correlating to the
decreased nucleosome assembly and increased exposure of the DNA. Therefore, these findings
indicate that it is not just the presence or loss of H3K56ac that is important, but the fine-tuned
switching between an acetylated and non-acetylated form based on specific cellular needs.
Interestingly, although H3K56ac levels are globally abundant in yeast, this histone PTM
appears to be very sparse in mammals and its impact in mammalian cells has been questioned
(Xieetal., 2009). However, H3K56ac has been implicated in embryonic stem cell pluripotency,
with its presence being a key regulator of pluripotency in both human and mouse embryonic
stem cells. In humans, H3K56ac is involved in the core network of pluripotency revolving
around Nanog, Sox2, and Oct4 (Xie et al., 2009), while in mice it promotes pluripotency by
directly interacting with Oct4 (Tan et al., 2013). Taken together, it is clear that H3K56ac is a
very dynamic histone modification that influences numerous cellular processes across different
classes of eukaryotes.

The role of H3K56ac in transcriptional regulation has also been extensively
investigated. As previously discussed, H3K56ac can promote nucleosome assembly following
DNA replication. However, H3K56ac has also been shown to have the opposite effect by
inducing promoter chromatin disassembly through Rtt109 and Asfl-dependent acetylation,
with the presence of H3K56ac resulting in increased transcription (Williams et al., 2008). In
alignment with these findings, another study found that H3K56ac is enriched in a target-specific
manner at active genes and promotes transcription (Xu et al., 2005). Furthermore, another HAT,
Spt10, is responsible for cell cycle-specific acetylation of H3K56 at histone genes, resulting in
the recruitment of the nucleosome remodeling protein Snf5 and subsequent transcription (Xu
et al., 2005). In addition, H3K56ac has been linked to regulation of transcription through the
target of rapamycin (TOR) signaling pathway. Specifically, TORC1, a signaling branch of TOR
that regulates transcriptional and translational processes necessary for growth and proliferation
(Wullschleger et al., 2006), regulates acetylation of H3K56, and H3K56ac promotes RNAP |
activity and increased transcription of rDNA (Chen et al., 2012). However, in contrast to these
studies, which all show that H3K56ac promotes transcription, another study found that
H3K56ac reduces transcriptional efficiency in a specific context. In eukaryotes, there is an
MRNA synthesis lag that occurs on newly replicated genes, and this process has been termed
expression homeostasis (Voichek et al., 2016). The deposition of H3K56ac on newly
synthesized histones reduces transcription and promotes expression homeostasis (Voichek et

al., 2016), with the suggested mechanism revolving around acetylation of H3K56 interfering
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with post-replication recovery of H3K4me3 (Voichek et al., 2018). This role for H3K56ac in
expression homeostasis also aligns with the previously discussed role in the promotion of
nucleosome assembly following DNA replication, with formation of nucleosomes correlating
with less access to the DNA template. Therefore, it seems that these divergent roles for
H3K56ac in transcriptional regulation are influenced by specific dynamics, such as cell cycle
progression. Nonetheless, it is clear that H3K56ac influences transcriptional regulation through
many different avenues.

Surprisingly, although H3K56ac clearly plays a role in transcriptional regulation, its
absence does not appear to have a significant effect on genome-wide steady state RNA levels
(Topal et al., 2019). However, evidence is emerging that steady-state RNA levels are not the
only important measure in gene expression, and that nascent transcription rate is crucial in
investigating cellular function (Kirkconnell et al., 2016; Perez-Ortin et al., 2013; Wang et al.,
2018Db). A measure of in situ RNA production by RNA polymerase (Perez-Ortin et al., 2013),
nascent transcription rate has been shown to strongly influence cellular processes. For example,
nascent RNA can block repression of nearby transcripts by competing with chromatin for
binding of repressive chromatin modifiers such as PRC2 (Skalska et al., 2017). Nascent RNA
can also promote the expression of other genes by facilitating the transfer of transcription
factors to nearby chromatin and inducing transcription (Skalska et al., 2017). The transcription
rate of specific genes is highly regulated during the cell cycle, and fine-tuned regulation of
nascent transcription is important in cell cycle progression (Liu et al., 2017). Interestingly,
H3K56ac does influence nascent transcription, with its presence enhancing promoter
nucleosome turnover and increasing genome-wide nascent transcription levels (Topal et al.,
2019). Furthermore, the loss of H3K56ac may also promote more stable nucleosomes near the
transcription termination site, thus promoting RNAP 11 stalling and/or blocking its release, and
resulting in a lower transcription rate (Topal et al., 2019). Therefore, although loss of H3K56ac
does not influence global steady state RNA levels, it does influence global nascent transcription,
and these changes can have a significant effect on cellular function. Furthermore, in alignment
with the previously discussed roles for H3K56ac in nucleosome assembly and transcription, it
represses promiscuous transcription that occurs immediately following replication fork passage
by promoting efficient nucleosome assembly (Topal et al., 2019). Therefore, the regulation of
nascent transcription by H3K56ac echoes the previously discussed roles for this histone

modification and the dynamic effects it can have on cellular processes.
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1.3 Post-transcriptional control through RNA turnover

Another level of control in gene expression is the regulation of RNA abundance at the
post-transcriptional level. Studies have shown a very low correlation between the level of
transcription and the level of translation, and transcript levels are often not sufficient to predict
protein levels (Liu et al., 2016). A major reason for this discrepancy between transcript and
protein levels is due to post-transcriptional regulation of gene expression. Encompassing all
avenues of regulation after RNA transcription, post-transcriptional regulation encompasses

many dynamic processes and significantly influences cellular function (Figure 2).
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Figure 2: Basic overview of mMRNA fate following transcription.

Schematic representation of the main post-transcriptional fates of mMRNA. Transcribed mRNA can be degraded in
the nucleus by the nuclear RNA-exosome, or it can be transported to the cytoplasm. Once in the cytoplasm, various
post-transcriptional mechanisms create a balance between mRNA translation and degradation.

A major aspect of post-transcriptional regulation is the degradation of RNA. In
eukaryotes there are two main degradation pathways: 3" to 5™ decay through the RNA exosome,
and 5" to 3° mRNA decay (Decker and Parker, 2002; Parker, 2012). The RNA exosome is a
multisubunit molecular machine that acts on transcripts produced by RNA polymerases |, 11,
and 111, and it can degrade RNA in both the nucleus and cytoplasm (Kilchert et al., 2016). On
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the other hand, 5™ to 3" decay occurs on mRNA transcripts and is triggered by the shortening
(deadenylation) of 3° poly(A) tails (Mugridge et al., 2018; Parker, 2012). Following
deadenylation, removal of the 5° 7-methylguanosine cap (decapping) occurs, which results in
the subsequent decay of the mRNA in the 5" to 3" direction by exonucleases (Mugridge et al.,
2018; Parker, 2012). In the nucleus, the major nuclease responsible for 5" to 3° RNA decay is
Ratl (Xiang et al., 2009), while the major cytoplasmic 5™ to 3° exonuclease is Xrnl (Parker,
2012). Interestingly, not only is mRNA decay linked to translation because it controls the
abundance of transcripts, but there is also evidence of co-translational decay, with translation
initiation and elongation kinetics strongly influencing mRNA decay (Mugridge et al., 2018).
Therefore, 5" to 3° MRNA degradation serves as an important mechanism in controlling RNA

quality and regulating gene expression in a post-transcriptional manner (Figure 3).
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Figure 3: Overview of 5’ to 3 mMRNA decay.

Schematic representation of the main steps in 5° to 3° mMRNA decay. Initiation of 5° to 3" decay begins with
deadenylation of the 3 poly(A) tail of the mRNA (blue), which triggers the subsequent removal of the 5° 7-
methylguanosine cap (green) through decapping. The mRNA is then degraded by 5 to 3" exonuclease activity by
the exonuclease Xrn1.
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1.4 The Ccr4-Not complex, a major regulator of mMRNA turnover

As discussed, removal of the 3" poly(A) tail through deadenylation is the initial step in
5" to 3° mRNA decay, and therefore, it is crucial in the regulation of mRNA turnover. A
multisubunit complex found in both the nucleus and cytoplasm, the Ccr4-Not complex is at the
core of eukaryotic gene expression circuitry. Through its various protein subunits, this complex
has been found to influence histone PTMs, regulate transcription initiation by interacting with
transcription factors at promoters, regulate transcription elongation by rescuing backtracked
RNAP 11, and helping to preserve stalled translation (Collart, 2016; Collart and Panasenko,
2012; Villanyi and Collart, 2015). In addition to all these roles, Ccr4-Not is also a major
deadenylation complex in all eukaryotes, and therefore, the trigger for downstream degradation
of MRNA through 5™ to 3° mRNA decay (Decker and Parker, 2002; Parker, 2012). Furthermore,
the other major deadenylation complex in eukaryotes, Pan2/Pan3, has been found to selectively
trim excessively long poly(A) tails and has little impact on mRNA stability and the
transcriptome (Yi et al., 2018). Therefore, Ccr4-Not plays a major role in regulating mRNA
turnover by being the predominant deadenylation complex in eukaryotes.
The two subunits of the Ccr4-Not complex responsible for deadenylation of mMRNA are Ccr4
and Pop2. Both of these proteins have exonuclease activity, but Ccrd removes Pabl bound
poly(A) tails, while Pop2 acts on transcripts that are Pab1-free and have low codon optimality
(Webster et al., 2018). This distinct difference between the two exonucleases plays an important
role in the balance between mRNA decay and the rate of translation. Pab1 binding to poly(A)
tails promotes translation of mRNAs, and since only Ccr4 exonuclease activity can act on
Pablbound poly(A) tails, increased Pabl binding causes a shift towards less deadenylation, and
by extension less MRNA decay (Webster et al., 2018). On the other hand, low Pabl binding
results in more exposed poly(A) tails that can be removed by both Ccr4 and Pop2 activity,
resulting in a shift towards less translation and more deadenylation and subsequent mMRNA
decay (Webster et al., 2018). Furthermore, the mRNAs with a low frequency of optimal codons
are decoded more slowly by the ribosome during translation when compared to transcripts with
a high frequency of optimal codons (Mugridge et al., 2018). The lower codon optimality
correlates with increased binding by the 5° decapping protein Dhhl and faster mRNA decay
(Mugridge et al., 2018). Therefore, Pop2 activity helps to maintain this low translation rate by
promoting MRNA decapping through removal of the poly(A) tail in transcripts with low codon
optimality. Through these various nuances, the deadenylation of mMRNAs is not only important

in maintaining mMRNA quality, but also crucial in maintaining a balance between mMRNA decay
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and translation rate. However, although Ccr4-Not plays a crucial role in mMRNA decay and the
regulation of gene expression, there is a lack of evidence that Ccr4-Not promotes generic decay.
Instead, evidence points towards targeted mRNA decay and the recruitment of Ccr4-Not to the
3" untranslated regions (UTRs) of mMRNAs (Collart and Panasenko, 2012), thus indicating

another layer in the post-transcriptional regulation of mMRNA turnover.

1.5 RNA binding proteins, an added layer to post-transcriptional

regulation

RNA binding proteins (RBPs) play a crucial role in the post-transcriptional regulation
of gene expression by influencing mMRNA transport, decay, and translation. The association of
RBPs with mRNAs is very important in proper cell function and can be strongly influenced by
the cells response to stress or environmental cues (Alves and Goldenberg, 2016). One of the
most diverse classes of RNA binding proteins are the evolutionarily conserved Pumilio (Puf)
proteins. The Puf family of proteins are sequence-specific, RNA-binding proteins that can
target a diverse range of RNA transcripts and influence multiple cellular processes. In S.
cerevisiae, there are six different Puf proteins, and these proteins mainly target the 3° UTR of
mMRNAs by recognizing a 5 -UGUA tetranucleotide sequence and a 3'UA nucleotide sequence
(Wilinski et al., 2015). However, the binding domain of the Puf proteins also includes a variable
length spacer region in between these 5° and 3" nucleotide sequences, with the length of this
recognition sequence ranging between 8 to 11 nucleotides and varying between mRNASs
(Wilinski et al., 2015). Furthermore, different Puf proteins can target varying RBD lengths
based on the curvature of the specific protein, resulting in both mRNA target overlap and target
separation between the different Puf proteins (Gerber et al., 2004; Lapointe et al., 2017;
Wilinski et al., 2015). Interestingly, this variability in the spacer sequence of the RBD also
correlates with different biological functions of the target RNA (Figure 4). For example, RNA
targets with a recognition sequence of 9, 10, and 11 nucleotides are linked to ribosome
biogenesis, gene expression, and translation, respectively (Wilinski et al., 2015). This
correlation then extends to the different Puf proteins and the type of cellular processes they
influence. For example, Pufl and Puf2 have a high-affinity for mRNAs linked to the plasma
membrane, Puf3 shows a very high-affinity for mRNAs linked to mitochondria, and Puf4
targets are linked to the nucleolus and ribosome biogenesis (Gerber et al., 2004; Lapointe et al.,
2017). Through this type of RNA targeting, the Puf proteins share target overlap, but at the

same time target a distinct class of RNAs that influence specific cellular functions.
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Figure 4: Overview of Puf proteins and the link between the length of their recognition sequence and
target transcript function.

Overview showing the link between the length of the recognition sequence and function of the target transcript for
Puf3 (pink), Puf4 (purple), and Mpt5 (green). All recognition sequences are given based on base pair (Bp) length
and colour coordinated to the specific Puf protein. Target transcript function is based on Gene Ontology
enrichment, and font colour is also coordinated to the specific Puf protein. Gene Ontology terms given in black
font indicate transcript targets that are not exclusive to a single Puf protein. Each box represents a single target
transcript. Image retrieved and modified from (Lapointe et al., 2017).

1.6 Mptb, a robust RNA binding protein with a diverse role in

MRNA turnover

Of all the Puf proteins found in S. cerevisiae, the most diverse in terms of RNA targets
and potential function is Puf5/Mpt5. Crystal structures of Mpt5-RNA complexes have revealed
that Mpt5 presents an exceptionally flat and extended interaction surface compared to the other
Puf proteins, allowing it to recognize a longer spacer sequence and resulting in the ability to
target 16% of the entire yeast transcriptome (Wilinski et al., 2015). More specifically, Mpt5 has
a very high affinity for RNA targets coding for proteins linked to transcription and chromatin
organization, the cytoskeleton, ribosome biogenesis, and translation (Gerber et al., 2004;
Lapointe et al., 2017). As mentioned previously, evidence points towards a target-specific
mechanism for Ccr4-Not deadenylation. For example, microRNA machinery has been shown
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to promote recruitment of Ccr4-Not, with the binding of Argonaute to target mMRNA triggering
recruitment of the GW182 protein and subsequent target-specific Ccr4-Not deadenylation
(Collart, 2016). Interestingly, Mpt5 has also been identified as a targeting protein for the Ccr4-
Not complex. Specifically, Mpt5 promotes Ccr4 deadenylation and subsequent mMRNA decay,
but the interaction between Mpt5 and the Ccr4-Not complex is also dependent on Pop2, which
acts as a bridging protein between Mpt5 and Ccr4-Not (Goldstrohm et al., 2006; Goldstrohm et
al., 2007). Therefore, given the lack of evidence for a generic deadenylation mechanism in
Ccr4-Not activity, these findings point towards Ccr4-Not deadenylation being dependent on
targeting by RNA binding proteins. Furthermore, Ccr4-Not is a very robust deadenylation
complex, which strongly correlates with the diverse mRNA targeting of Mpt5.

Although Mpt5 has been linked to Ccr4-Not and the promotion of deadenylation, it has
also been implicated in promoting buffering against mMRNA decay. A recent study has shown
that upon glucose deprivation, Mpt5 shuttles mRNA to processing bodies (p-bodies) in a target
specific manner (Wang et al., 2018a). P-bodies are cytoplasmic ribonucleoprotein (RNP)
granules mainly composed of translationally repressed mRNAs and mRNA decay related
proteins (Luo et al., 2018). Formed through liquid-liquid phase separation, p-bodies are very
dynamic structures that can form and disassemble within seconds (Moon et al., 2019), and
represent another layer of post-transcriptional control of RNA abundance (Figure 5) (Decker
and Parker, 2012; Luo et al., 2018). Although the exact role of p-bodies has not yet been
determined, evidence suggests that p-bodies act as a “buffer zone,” in which mRNAs can be
transported and stored. P-bodies can also give rise to another form of cytoplasmic RNPs that
store nontranslating mRNAs called stress granules (Figure 5). However, unlike p-bodies, which
contain mMRNA decay proteins, stress granules contain many translation initiation components,
indicating a “buffer zone” geared towards subsequent translation of mRNAs (Decker and
Parker, 2012). Therefore, Mpt5-mediated transport of mRNAs to P-bodies highlights the
diverse role Mpt5 can play in post-transcriptional regulation of mMRNA. Furthermore, Mpt5 has
been shown to be an upstream activator of the cell wall integrity pathway (CWI), which is the
main source for maintaining cell wall homeostasis under stress conditions (Stewart et al., 2007).
Interestingly, p-body assembly is linked to the activation of the CWI pathway, and mRNAs
whose expression is regulated by this pathway also localize to p-bodies after the cell is exposed
to stress (Garcia et al., 2019). Therefore, this identifies another link between Mpt5 and p-body
assembly, and supports the notion that under cell stress conditions, Mpt5 activity can switch in
a context-dependent manner and promote the buffering of mMRNA abundance instead of mMRNA

decay.
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Figure 5: Role of p-bodies and stress granules in post-transcriptional regulation of mRNA.

Schematic representation of p-body and stress granule dynamics in post-transcriptional regulation of mRNA.
Following transcription, MRNA can form p-body or stress granule mRNA-ribonucleoprotein (MRNP) complexes,
resulting in the subsequent formation of p-bodies and stress granules through liquid-liquid phase separation,
respectively. P-bodies can then trigger either subsequent degradation or translation of the mRNA, while stress
granules can trigger subsequent mRNA translation. In addition, stress granule formation can occur directly from
p-bodies (dashed lines).
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2 Aims of the study

As discussed thus far, the control of gene expression relies heavily on both
transcriptional and post-transcriptional mechanisms (Figure 6). Transcriptional control of gene
expression is heavily influenced by the dynamic regulation of chromatin, with histone
modifications playing a crucial role in regulating transcription and influencing numerous
cellular processes. Post-transcriptional control of gene expression involves multiple avenues,
and revolves around controlling mRNA abundance through deadenylation-induced decay,
which can be influenced by other post-transcriptional mechanisms. Interestingly, a potentially
significant overlap between chromatin and post-transcriptional regulation of gene expression
may exist. Surprisingly however, there is very little literature that links chromatin based
processes and post-transcriptional control pathways.

Although H3K56ac is an abundant, genome-wide histone modification that can
significantly influence access to the DNA template, a disconnect exists in how such a robust
and dynamic histone modification can clearly influence transcriptional processes, yet not cause
any significant changes to steady state RNA levels (Rege et al., 2015; Topal et al., 2019). Rege
et al. shed some light on this discrepancy by identifying a link between H3K56ac and the RNA
exosome, indicating that global transcriptional roles for H3K56ac are masked by the nuclear
RNA exosome (Rege et al., 2015). However, the interaction between H3K56ac and the nuclear
RNA exosome was limited to the removal of cryptic unstable transcripts (CUTS), a class of
divergently transcribed ncRNAs that are rapidly degraded upon their transcription (Rege et al.,
2015). Furthermore, there was no proposed mechanistic link between H3K56ac and CUTSs, or
any identified phenotypic consequences in the cell due to changes in this H3K56ac-CUT
relationship. To our knowledge, this is the only study that tries to establish a link between
chromatin deregulation and post-transcriptional regulation of gene expression. Therefore, there
is a clear gap in the literature in terms of linking transcriptional control at the chromatin level
with post-transcriptional turnover of mMRNA, especially in a biologically significant context.
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Figure 6: Overview of transcriptional and post-transcriptional regulation of mMRNA levels.

Schematic representation of the discussed transcriptional (red box) and post-transcriptional (blue box) mechanisms

responsible for regulation of mMRNA levels.



Aims of the Study

In order to fill this gap, the first aim of this study was to identify a connection between
transcriptional control at the chromatin level with post-transcriptional regulation of mMRNA in
S. cerevisiae. The focus was placed on the H3K56ac histone modification because of its diverse
role in transcriptional regulation and because changes to H3K56ac do not correlate with
changes to steady state RNA levels. Loss of H3K56ac was used as a probe to identify potential
links to post-transcriptional regulators of gene expression. After significant genetic interactions
to post-transcriptional regulators were identified, the second aim of this study was to unravel
the mechanistic underpinnings involved in the identified genetic interactions. Through this
approach, the goal of the study was to identify and elucidate a specific mechanistic link between
H3K56ac and post-transcriptional regulation of mRNA, and thus provide a framework that

connects chromatin based processes and post-transcriptional control pathways.
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3 Results

3.1 Identification of a synthetic lethal MPT5-H3K56 genetic

interaction

There is a vast array of evidence in previous literature showing that histone
modifications and post-transcriptional mechanisms play a critical role in the control of gene
regulation (Bannister and Kouzarides, 2011; Lawrence et al., 2016; Parker, 2012). However,
there is very little evidence bridging these two-levels of control in a specific and direct context,
with only one report suggesting specific crosstalk between histone modifications and the
nuclear RNA exosome (Rege et al., 2015). Therefore, the goal of this study was to bridge
transcriptional and post-transcriptional regulation of gene expression in a specific and direct
context. Due to a lack of evidence, an initial high-throughput approach was required and a
synthetic genetic array (SGA) was utilized. An SGA is an unbiased, systematic method that
involves crossing a haploid yeast strain containing a specific mutation of interest, with an array
of haploid single deletion mutants, resulting in heterozygous diploid double deletion mutants
that are then separated through selective growth to identify haploid double mutant strains
(Costanzo et al., 2013). The growth of the haploid double mutant strains is then compared to
the growth of the array of haploid single deletion mutants to identify if cell fitness has changed
in the presence of both mutations, thus allowing for the identification of specific genetic
interactions and correlation to biological functions and processes (Costanzo et al., 2013). In this
study, an SGA was conducted by combining an S. cerevisiae strain lacking H3K56ac due to an
H3K56A mutation, with a single, gene knockout library, thus investigating potential genetic
interactions between deregulation of transcription at the histone level with specific gene
knockouts (Figure 7A) (SGA conducted by Dr. Julia Mawer). Based on the analysis of the SGA
results, 174 synthetic sick growth phenotypes were identified when the H3K56A mutation was
combined with single gene knockouts. In order to find patterns or links between all the
identified genetic interactions and their influence on cell function, Gene Ontology (GO)
enrichment analysis was performed through Metascape (Ashburner et al., 2000; Zhou et al.,
2019). Based on the 174 growth phenotypes, maintenance of DNA trinucleotide repeats, cell
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Figure 7: Synthetic Genetic Array (SGA) identifies genes that are synthetically sick in combination with
an H3K56A mutation in S. cerevisae.

(A) Sample plate-combination from SGA. Top plate represents S. cerevisiae single gene knockout library, bottom
plate represents single gene knockout library combined with an H3K56A mutant strain. The red circles represent
corresponding strains between plates, spotted in quadruplicate. (B) Gene Ontology terms generated using
Metascape for all 174 synthetic sick growth phenotypes identified from the SGA analysis. (C) Protein association
network generated using STRING based on all 174 synthetic sick growth phenotypes identified from the SGA
analysis. Each node represents an individual protein. The green and blue nodes represent proteins associated with
nucleosome assembly and mediator complex GO-terms, respectively. The red nodes represent Ccr4, Pop2, and
Mpt5 proteins. String analysis was conducted at the high interaction confidence interval (0.7).

cycle, and nucleosome assembly were identified as the top GO-terms (Figure 7B), while some
of the top GO-terms based on STRING analysis were nucleosome assembly and mediator
complex (Figure 7C) (Szklarczyk et al., 2019). Furthermore, outside of the GO-term analyses,
an observation was made that proteins associated with the Ccr4-Not complex, specifically
Mpt5, Ccr4, and Pop2, resulted in synthetic sick growth phenotypes and were present in the
STRING analysis (Figure 7C). Since the goal of the SGA was to identify a potential link
between transcriptional and post-transcriptional control of gene expression, the most interesting
candidates from the SGA analysis were determined to be the genes associated with the Ccr4-
Not complex.

Both Ccr4 and Pop?2 are integral parts of the Ccr4-Not complex (Webster et al., 2018;
Yietal., 2018), and although not part of the Ccr4-Not complex, Mpt5 acts as a crucial targeting
protein for Ccr4-Not (Goldstrohm et al., 2006; Goldstronm et al., 2007). To verify and
investigate the synthetic sick growth phenotypes associated with these genes at a higher
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resolution, serial dilution spot tests were conducted in independently constructed strains (Figure
8). Based on analysis of the serial dilution spot tests, mpt54 and H3K56A individual mutant
strains showed a very slight growth phenotype relative to the Wt strain (Figure 8A). However,
when the two mutations were combined in an mpt54/H3K56A double mutant strain, the genetic
interaction resulted in a synthetic lethal phenotype (Figure 8A). Since it is not just the loss of
H3K56ac that can influence cellular function, but the ability to switch between an acetylated
and non-acetylated form, an MPT5 knockout was combined with a constitutively acetylated
form of H3K56ac (H3K56Q) (Masumoto et al., 2005), and the mpt54/H3K56Q double mutant
strain also produced a synthetic lethal phenotype (Figure 8A). Furthermore, since the MPT5-
H3K56 genetic interaction produced a synthetic lethal phenotype, it was important to
independently verify that the genetic interaction was not being caused by unforeseen effects
that went beyond acetylation of H3K56, such as drastic structural changes due to the
substitution of the lysine amino acid for an alanine or glutamine. Therefore, an MPT5 knockout
was combined with an H3K56R mutation, which also represents loss of H3K56ac but through
a more biochemically similar amino acid to lysine (Masumoto et al., 2005). Serial dilution spot
tests of the mpt54/H3K56R double mutant strain independently verified the lethal phenotype
(Figure 8A). Taken together, these results indicate a synthetic lethal MPT5-H3K56 genetic
interaction that not only revolves around the loss of H3K56ac, but also around the dynamic
nature of being able to switch between an acetylated and non-acetylated form of H3K56.

In terms of the CCR4 gene, a ccr44 strain produced a slight growth phenotype, while a
ccr4A/H3K56A double mutant strain produced a synthetic sick growth phenotype (Figure 8B).
The ccr44/H3K56Q double mutant strain also produced a synthetic sick growth phenotype, but
it is significantly healthier when compared to the ccr44/H3K56A double mutant strain (Figure
8B), thus indicating that in the CCR4-H3K56 genetic interaction, loss of H3K56ac may play a
more prominent role. In terms of the POP2 gene, neither the pop24 strain, the pop2A/H3K56A
double mutant strain, nor the pop24/H3K56Q double mutant strain produced a growth
phenotype when compared to the individual mutations (Figure 8C). Based on the results of
these serial dilution spot tests, it would appear that the MPT5-H3K56 genetic interaction does
not revolve around promoting Ccr4-Not complex activity. First, if the MPT5-H3K56 genetic
interaction was dependent on promoting Ccr4 activity, then the observed growth phenotypes
generated in the mpt54/H3K56A and ccr44/H3K56A double mutant strains should be reversed,
or the same, because Mpt5 acts upstream of the Ccr4-Not complex. Second, Pop2 not only has
catalytic activity as part of the Ccr4-Not complex (Webster et al., 2018; Yi et al., 2018), but it
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Figure 8: Serial dilution spot tests confirm a synthetic lethal phenotype between MPT5 and H3K56 that
appears to be Ccr4-Not independent.

(A) Serial dilution spot test showing a synthetic lethal phenotype between mpt54 and H3K56A, H3K56Q, and
H3K56R mutations. The dashed red line indicates a spot test from a separate plate. (B) Serial dilution spot test
showing a synthetic sick phenotype and a mild growth phenotype between ccr44 and H3K56A and H3K56Q
mutations, respectively. (C) Serial dilution spot test showing no genetic interaction between pop24 and H3K56A
and H3K56Q mutations. (D) Serial dilution spot test showing a slight growth phenotype between xrnl4 and an
H3K56A mutation. For all individual spot tests shown, the left image represents growth on 5FOA selection media
and the right image represents growth on minimal control media. All spot tests were performed following a 1:5
serial dilution from left to right.

has also been identified as the only bridging protein between Mpt5 and Ccr4-Not (Goldstrohm
et al.,, 2006; Goldstrohm et al., 2007). However, the pop24/H3K56A and pop2A/H3K56Q
mutant strains produce no growth phenotypes (Figure 8C), thus further indicating that the
observed MPT5-H3K56 genetic interaction likely does not revolve around promoting Ccr4-Not
activity.

Since the Ccr4-Not complex is linked to downstream mRNA degradation through its
deadenylation of poly-A tails (Parker, 2012; Yi et al., 2018), investigation into the genetic
interaction between degradation machinery and H3K56 was also warranted. Following
deadenylation by the Ccr4-Not complex, and subsequent 5° end decapping, one of the major
catalysts of mMRNA degradation is the evolutionarily conserved 5°-3" exonuclease, Xrnl
(Boehm et al., 2016). Therefore, serial dilution spot tests were conducted to investigate the
genetic interaction between XRN1 and H3K56A, and the results show that the xrni4 single
mutant strain produced no growth phenotype, while the xrn/4/H3K56A double mutant strain
produced a very slight growth phenotype (Figure 8D). Since Xrn1 has been linked to Ccr4-Not
activity and it produced only a mild genetic interaction with H3K56A, this even further
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indicates that the MPT5-H3K56 genetic interaction does not revolve around promoting Ccr4-
Not activity.

Unfortunately, in this instance, the combination of an SGA and serial dilution spot tests
cannot distinguish whether the MPT5-H3K56 and CCR4-H3K56 genetic interactions involve
separate or overlapping pathways because of the overlap between Mpt5 and Ccr4-Not activity.
However, if it is the same pathway, then the different growth phenotypes highlight specific
nuances and mechanisms within the pathway in relation to Mpt5 and Ccr4 activity. In either
case though, it is clear that MPT5 presence plays a more crucial role in the described genetic

interactions with H3K56ac because it produces the most severe phenotype.

3.2 Mpt5 presence does not influence genome-wide histone

acetylation levels

Based on existing literature, there is a proposed link between Mpt5 and chromatin
related GO-terms based on Mpt5-RNA target studies (Lapointe et al., 2017; Wilinski et al.,
2015). However, there is no direct evidence on the influence of Mpt5 presence on chromatin
structure or histone modifications genome-wide. Therefore, to investigate whether Mpt5
directly influences chromatin structure, genome-wide H3ac levels, which correlate to overall
open chromatin structure, and genome-wide H3K56ac levels were measured through ChiP-seq
analysis in Wt and mpt54 strains (Figure 9). Since there was no significant difference in the
total number of peak counts for H3ac and H3K56ac between the Wt and mpt54 strains (Figure
9A), this indicates no experimental bias when comparing the two datasets. Analysis of peak
count frequency relative to the Transcription Start Site for either H3ac or H3K56ac levels
resulted in no significant difference due to mpt54 (Figure 9B), indicating no difference in the
distribution of H3ac and H3K56ac levels. Analyzing the Wt and mpt54 strain genome tracks,
also further confirmed no significant difference in H3ac and H3K56ac levels, and identified no
difference in H3 levels due to the presence of Mpt5 (Figure 9C).

Furthermore, a chromatin immunoprecipitation was also attempted for an Mpt5-Myc
tagged strain (data not shown). However, the pulldown was unsuccessful, indicating that
barring any technical limitations in the attempted immunoprecipitation, Mpt5 does not appear
to have any direct interaction with chromatin. Taken together, this indicates that Mpt5 presence
does not influence genome-wide histone acetylation or H3 levels, and therefore, it is unlikely
that Mpt5 directly influences chromatin architecture on the level of H3 occupancy and H3

acetylation.
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Figure 9: ChIP-seq analysis identifies no significant changes genome-wide in H3ac and H3K56ac levels
due to mpt54.

(A) Comparison of the total number of peaks between Wt and mpt54 strains for H3ac and H3K56ac (N=2). (B)
Comparison of peak count frequency between Wt and mpt54 strains for H3ac (upper image) and H3K56ac (lower
image) relative to the transcription start site (TSS) (N=2). (C) Snap shot of genome tracks (~90 kb) showing
H3K56ac (light grey), H3ac (blue), and H3 (black) peaks between Wt and mpt54 strains. Genome tracks were
generated using Integrative Genomics Viewer.

3.3 Mpt5 cytoplasmic localization and RNA-binding are crucial in
the observed MPT5-H3K56 genetic interaction

Mpt5 has been found to be present in both the nucleus and the cytoplasm, and both
nuclear and cytoplasmic functions for Mpt5 have been proposed (Gerber et al., 2004; Kennedy
et al., 1997; Wang et al., 2018a). Therefore, investigation into whether nuclear or cytoplasmic
activity of Mpt5 is important in the observed MPT5-H3K56 genetic interaction would provide
valuable insight. To address this, strains expressing Mpt5 tagged with a nuclear localization
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signal (NLS) or a nuclear export signal (NES) were generated following guidelines from
previous literature (Kosugi et al., 2008). To verify if the localization tags were functioning
properly, GFP-tags were also incorporated into the localization-tagged strains and microscopy
images were taken to visualize Mpt5 localization (Figure 10A). The Mpt5-GFP/H3K56A strain
did not produce any GFP signal in either the nucleus or the cytoplasm, while the Mpt5-NLS-
GFP/H3K56A strain generated a GFP signal in the nucleus (Figure 10A), indicating a
functioning NLS-tag. The reason there was no visible GFP signal in the Mpt5-GFP/H3K56A
strain could be due to the number of Mpt5 molecules per cell being significantly lower when
compared to the average number of molecules per cell for other proteins in S. cerevisiae
(http://www.yeastgenome.org; Ho et al., 2018). Furthermore, large-scale analysis across
multiple datasets has also shown that a C-terminal GFP tag can lower the level of protein
molecules per cell even further (Ho et al., 2018). Therefore, the signal in the Mpt5-
GFP/H3K56A strain may not be strong enough to detect, while in the Mpt5-NLS-GFP/H3K56A
strain, the Mpt5-GFP signal is concentrated into the nucleus and therefore a signal is visible.

Next, to investigate whether Mpt5 cellular localization plays a role in the MPT5-H3K56
genetic interaction, serial dilution spot tests were performed in the Mpt5 localization strains
(Figure 10B). Based on analysis of the serial dilution spot tests, neither the Mpt5-NLS or Mpt5-
NES strains showed a growth phenotype relative to the Wt strain (Figure 10B), indicating that
Mpt5 localization by itself has no influence on cell growth. However, when the localization
tagged strains were combined with an H3K56A mutation, the Mpt5-NES/H3K56A strain
produced no growth phenotype, while the Mpt5-NLS/H3K56A strain produced a significantly
sick growth phenotype (Figure 10B). This indicates that specific cellular localization is
important in the observed MPT5-H3K56 genetic interaction and that cytoplasmic Mpt5 activity
plays a crucial role.

Since Mpt5 is a robust RNA-binding protein (Wilinski et al., 2015), it was also
important to determine if Mpt5 RNA binding ability played an important role in the MPT5-
H3K56 genetic interaction. Therefore, an Mpt5 RNA-binding domain mutant (RBDmut) was
generated by substituting two amino acids in the Mpt5 RNA binding domain (Goldstrohm et
al., 2006). Serial dilution spot tests were then performed to investigate if Mpt5 RNA binding
influenced the mpt54/H3K56A lethal phenotype. As expected, when the mpt54/H3K56A
double mutant strain was transformed with a plasmid containing a wild-type Mpt5 ORF insert,
the synthetic lethal phenotype was rescued (Figure 10C). However, when the mpt54/H3K56A
double mutant strain was transformed with a plasmid containing the Mpt5-RBDmut insert, there

was no rescue of the synthetic lethal phenotype (Figure 10C).
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Figure 10: Mpt5 cellular localization and Mpt5 RNA-binding play an important role in the observed
MPT5-H3K56 genetic interaction.

(A) Overview images (left) and detailed images (right) of Mpt5-GFP tagged strains. The upper images represent
the Mpt5-GFP strain without a localization signal and the lower images represent the Mpt5 nuclear localization
signal (NLS) tagged strain. Yellow insets in overview images indicate regions of detailed images. White arrow
heads indicate nuclear localization of Mpt5-NLS-GFP protein. Scale bar 50 um (overview image) and 20 pm
(detailed image). (B) Serial dilution spot test showing the effect of Mpt5 cellular localization on the Mpt5-H3K56 A
growth phenotype. NLS denotes nuclear localization signal and NES denotes nuclear export signal. (C) Serial
dilution spot test showing the effect of Mpt5 RNA binding on the mpt54/H3K56A growth phenotype. The +
denotes the transformation of a pRS413 expression plasmid into a mpt54/H3K56A strain with either a Mpt5 ORF
insert, a Mpt5-RNA binding domain mutant (RBDmut) insert, or no insert (empty). For all individual spot tests
shown, the left image represents growth on 5FOA selection media and the right image represents growth on
minimal control media. All spot tests were performed following a 1:5 serial dilution from left to right.

Taken together with the previous results, this indicates that Mpt5 cytoplasmic activity,
in combination with Mpt5 RNA binding, are crucial in the observed MPT5-H3K56 genetic

interaction.

3.4 Improved Auxin Inducible Degron (iAID) system as a tool to

investigate the MPT5-H3K56 genetic interaction

So far, the results have pointed towards a cytoplasmic, post-transcriptional role for Mpt5
that revolves around Mpt5 RNA binding. To investigate the molecular underpinnings for the
synthetic defect in an unbiased manner, we wanted to investigate gene expression changes upon
Mpt5 depletion in an H3K56A background. Since an mpt54/H3K56A strain is not viable, we
needed an approach to induce depletion of Mpt5 while minimizing off-target effects. Therefore,
an Improved Auxin Inducible Degron (iAID) system, which allows for gene-specific
transcriptional shut-off in combination with target specific protein degradation, was applied

2
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(Tanaka et al., 2015). Since there are no commercially available antibodies for Mpt5 in S.
cerevisiae, the iIAID-Mpt5 construct was created with an N-terminal AID-tag and a C-terminal
Myc-tag (Figure 11A). Through this design, Mpt5 protein levels could be detected using
different antibodies at both terminal ends, thus ensuring accurate detection of Mpt5 protein.
Upon exposure of the IAID-Mpt5/H3K56A strain to 40 pg/mL doxycycline and 1 mM auxin,
significant Mpt5 degradation was observed after 60 min (Figure 11B). However, despite this,
no significant growth phenotype was present in the iAID-Mpt5/H3K56A strain relative to the
single mutant strains (Figure 11C). This absence of an expected growth phenotype in the
presence of significant protein degradation has also been identified in previous literature and
can be explained because of a “tight phenotype,” which refers to a phenotype that can only be
observed following very stringent depletion of target protein levels (Tanaka et al., 2015). Since
there was still a very small amount of Mpt5 protein remaining and it appeared to be preventing
the induction of a growth phenotype (Figure 11B and C), a doxycycline pre-treatment was
implemented to overcome the IAID-Mpt5/H3K56A tight phenotype and a framework was
generated for investigation into Mpt5 depletion in an H3K56A background (Figure 11D). This
approach not only resulted in increased degradation of Mpt5 protein levels (Figure 11E), but
also generated an iIAID-Mpt5/H3K56A growth phenotype relative to the single mutant strains
(Figure 11F and G). Therefore, despite the lack of a lethal phenotype in the iAID-
Mpt5/H3K56A strain, a significant iAID-Mpt5/H3K56A growth phenotype can be observed,
providing a valid tool to investigate the effect of Mpt5 depletion in an H3K56A background,
and by extension, a means to investigate the MPT5-H3K56 genetic interaction.
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Figure 11: Improved Auxin Inducible Degron (iAID) system as a tool to investigate the synthetic lethal
mpt54-H3K56A phenotype.

(A) Schematic representation of the iAID design with regards to the Mpt5 ORF. (B) Western blot analysis of Mpt5
protein levels in the iAID-Mpt5/H3K56A strain following the addition of 40 ug/mL doxycycline and 1 mM Auxin.
The first two panels represent Mpt5 protein levels detected through a Mpt5-Myc tag and AlD tag, and the bottom
panel represents the loading control via Pgk1l protein levels. (C) Growth curve of Wt, mpt54, H3K56A, and iAID-
MptS/H3K56A strains following addition of 40 pg/mL doxycycline and 1 mM auxin. The y-axis represents OD,

measurements and the x-axis represents time in minutes (min). (D) Schematic of the treatment parameters to induce
an iAID-Mpt5/H3K56A growth phenotype. Colored boxes represent sample extraction time points for further
analysis. (E) Western blot analysis of Mpt5 protein levels following the treatment parameters in (D). The first two
panels represent Mpt5 protein levels detected through a Mpt5-Myc tag and AID tag, and the bottom panel
represents the loading control via Gapdh protein levels. (F) Serial dilution spot test showing the iAID-
Mpt5/H3K56A growth phenotype after plating from t; in (D). The left image represents growth on 40 pg/mL

doxycycline and 1 mM auxin selection media and the right image represents growth on minimal control media.
The spot test was performed following a 1:5 serial dilution from left to right. (G) Growth curve of Wt, mpt54,
H3K56A, and iAID-Mpt5/H3K56A strains following the treatment parameters depicted in (D). The y-axis
represents OD,,, measurements and the x-axis represents time in minutes (min); N = 6; Error bars = 95% ClI.
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3.5 Depletion of Mpt5 in an H3K56A background results in a
decrease of Mpt5-target mMRNAs linked to cytoplasmic

translation

To investigate the effect of Mpt5 depletion in an H3K56A background, the 1AID-
Mpt5/H3K56A strain was utilized and 3"-end RNA-seq was performed. Since different mutant
strains and treatment conditions were involved in this process (Figure 11D and G), an
investigation into the experimental design parameters relative to the gene expression changes
was warranted (Figure 12). First, all strains were compared in terms of gene expression changes
before any addition of doxycycline or auxin (No Treatment group). As expected from previous
bulk-RNA-seq results (data not shown), the mpt54 strain showed the most significant change
in gene expression relative to the Wt strain, while the H3K56A strain showed no significant
change in gene expression relative to the Wt strain (Figure 12A). Importantly, the gene
expression profile of the IAID-Mpt5/H3K56A strain showed no significant difference relative
to the Wt and H3K56A strains (Figure 12A). Moreover, both the iAID-Mpt5/H3K56A and
H3K56A strain showed similar changes in gene expression when compared to the mpt54 strain
(Figure 12A). Therefore, these results indicated that the iAID construct had no effect on Mpt5
function because there was no significant difference in gene expression between the iAID-
Mpt5/H3K56A and H3K56A strain before depletion of Mpt5. Since multiple treatment
conditions were used and all the strains were exposed to doxycycline and auxin, it was also
important to investigate what effect this had on the different strains. Based on the analysis, only
the IAID-Mpt5/H3K56A strain showed a significant change in gene expression after exposure
to doxycycline and auxin (Figure 12B). This indicates that the presence of doxycycline and
auxin only influenced gene expression in the strain with an active iAID-Mpt5 construct, and
that any changes in gene expression were not due to any negative effect from the treatment
conditions. In terms of the gene expression changes within the iAID-Mpt5/H3K56A strain due
to the treatment conditions, No treatment vs. exposure to doxycycline and auxin for 240 min
(t240) resulted in the most significant changes in gene expression (Figure 12C). Furthermore,
these gene expression changes correlated with the depletion of Mpt5 at both the transcriptional
and post-transcriptional level in the iAID-Mpt5/H3K56A strain. Specifically, MPT5 transcript
levels significantly decreased following pre-treatment with doxycycline, but this change did not
result in significant changes in gene expression, and further exposure to a higher concentration
of doxycycline did not result in a more significant decrease in MPT5 transcript levels (Figure

12C and D). However, the decrease in MPT5 transcript levels (Figure 12D), in combination
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Figure 12: RNA-seq analysis reveals that the observed gene expression changes in the iAID-
Mpt5/H3K56A strain are due to a decrease in MPT5 expression.
(A) Comparison of log fold changes of all genes between all strains, Wt, mpts4, H3K56A, and iAlID-
Mpt5/H3K56A before any treatment (No Treatment). (B) Comparison of gene expression log fold changes within
individual strains across the treatment parameters (No Treatment vs t,, ). (C) Comparison of log fold changes of

all genes within the iAID-Mpt5/H3K56A strain across the treatment conditions. (D) Comparison of MPT5
transcript levels between the different strains and treatment parameters. Treatment parameters define the steps
used to induce the iAID-Mpt5/H3K56A growth phenotype: No Treatment (no doxycycline or auxin), t, (overnight

0.25 pg/mL doxycycline), t,,, (240 min after 40 ug/mL doxycycline and 1 mM auxin).
with the observed decrease in Mpt5 protein levels (Figure 11E), resulted in the most significant
changes in gene expression in the iAID-Mpt5/H3K56A strain (Figure 12C). Taken together
with the previously discussed results (Figure 12), this indicates that the observed gene
expression changes in the iAID-Mpt5/H3K56A strain are not due to any experimental design
parameters, but due to the depletion of Mpt5 in an H3K56A background.

Since the identified gene expression changes were due to depletion of Mpt5 in an
H3K56A background, we then wanted to investigate these changes in the context of cellular
function. Since the H3K56A strain showed no significant changes in overall gene expression
relative to the Wt strain, but the mpr54 strain did (Figure 12A), it was also important to
investigate the effects of MPT5 knockout in a normal H3K56ac background to identify any
potential overlap compared to the iIAID-Mpt5/H3K56A strain. Therefore, Metascape analysis
was conducted on all differentially expressed genes in the mpt54 strain (Figure 13). Some of
the top upregulated GO-terms identified were DNA integration, cytoplasmic translation,
ribosome biogenesis, and chromatin organization (Figure 13A); while some of the top

downregulated GO-terms were oxidation-reduction process, and carbohydrate metabolic and
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Figure 13: mpt54 results in significant gene expression changes in a wild-type H3K56ac background.
(A) Gene Ontology terms generated using Metascape for all upregulated genes in the mpt54 strain relative to the
Wt strain at t,,, of the treatment parameters. (B) Gene Ontology terms generated using Metascape for all

downregulated genes in the mpt54 strain relative to the Wt strain at t,,, of the treatment parameters. Treatment

parameters define the steps used to induce the iAID-Mpt5/H3K56A growth phenotype: No Treatment (ho
doxycycline or auxin), t; (overnight 0.25 ug/mL doxycycline), t,, (240 min after 40 pg/mL doxycycline and 1

mM auxin).

catabolic process (Figure 13B). In terms of the iIAID-Mpt5/H3K56A strain, in total, 238 genes
were significantly upregulated, while 410 genes were significantly downregulated following
depletion of Mpt5 (Figure 14A). GO-terms for upregulated genes based on Metascape analysis
were DNA integration, nucleosome and chromatin organization, and budding cell bud growth
(Figure 14B). However, since some of the these upregulated GO-terms overlapped with GO-
terms in the mpt54 strain (Figure 13A and Figure 14B), this indicated that the upregulated GO-
terms generated may not necessarily be due to depletion of Mpt5 in an H3K56A background,
but due to overlap from the individual mutations. In terms of the downregulated genes in the
IAID- Mpt5/H3K56A strain, some of the top GO-terms were formation of a pool of free 40S
subunits, ribosome assembly, and rRNA export from the nucleus (Figure 14C). Unlike the
upregulated gene analysis, the downregulated GO-terms in the iAID-Mpt5/H3K56A strain did
not overlap with downregulated GO-terms in the mpt54 strain (Figure 13B and Figure 14C).
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Figure 14: RNA-seq identifies a dramatic downregulation of genes linked to cytoplasmic translation upon
Mpt5 depletion in an H3K56A background.

(A) Heat map depicting changes in genome-wide gene clusters within the iAID-Mpt5/H3K56A following Mpt5
depletion in an H3K56A background. The specific treatment condition is depicted by the upper multi-colored row.
Each individual column represents an iAID-Mpt5/H3K56A replicate, with the same corresponding replicate being
analyzed across the treatment conditions. Treatment conditions define the parameters used to induce the iAID-
Mpt5/H3K56A growth phenotype: No Treatment (no doxycycline or auxin), t; (overnight 0.25 pg/mL

doxycycline), t,,, (240 min after 40 ug/mL doxycycline and 1 mM auxin). (B) Gene Ontology terms generated

using Metascape for all upregulated genes depicted in (A). (C) Gene Ontology terms generated using Metascape
for all downregulated genes depicted in (A). (D) Protein association network generated using STRING based on
all upregulated genes depicted in (A). Each node represents an individual protein, and the red and blue nodes
represent proteins associated with ncRNA processing and ncRNA metabolic process GO-terms, respectively. (E)
Protein association network generated using STRING based on all downregulated genes depicted in (A). Each
node represents an individual protein, and the red and blue nodes represent proteins associated with cytoplasmic
translation and cytosolic ribosome GO-terms, respectively. Thickness of branches connecting the nodes correlates
to the strength of interaction between proteins. Network analysis was conducted at the highest interaction
confidence interval (0.9).
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Furthermore, the mpt54 strain showed an upregulation of GO-terms linked to translation, while
depletion of Mpt5 in an H3K56A background showed the opposite trend for translation-related
GO-terms (Figure 13A and Figure 14B and C). This indicates that unlike the upregulated GO-
terms, these changes are likely due to the depletion of Mpt5 in an H3K56A background and not
because of overlap with single mutations. To get an even better understanding for potential
complexes that may be up- or downregulated upon depletion of Mpt5 in an H3K56A
background, STRING network analysis on the gene expression changes was performed. In
terms of the upregulated genes, the most prominent node clusters revolved around ncRNA
processing and ncRNA metabolic process (Figure 14D), indicating a slight overlap with the
GO-enrichment analysis (Figure 14B). In terms of the downregulated genes, the analysis
revealed a very clear and striking link to cytoplasmic translation (Figure 14E), which confirmed
the previously mentioned GO-enrichment analysis (Figure 14C).

Since previous data indicated that Mpt5 RNA binding was playing a crucial role in the
MPT5-H3K56 genetic interaction (Figure 10C), it was important to investigate this in the
context of the gene expression data (Figure 15). Therefore, to identify Mpt5 mRNA targets that
were deregulated due to the depletion of Mpt5 in an H3K56A background, deregulated genes
in the IAID-Mpt5/H3K56A strain, Mpt5 RNA binding targets based on publically available
data (Wilinski et al., 2015), and deregulated genes in the mpt54 strain relative to the H3K56A
strain were analyzed for gene overlap. Applying this approach to all the upregulated genes from
the RNA-seq data, resulted in only 50 potential genes of interest (Figure 15A), and the
corresponding STRING analysis did not produce any striking or definitive protein clusters
(Figure 15B). On the other hand, overlap analysis for all the downregulated genes resulted in
159 potential genes of interest (Figure 15C), and the STRING network analysis indicated a
clear link to cytoplasmic translation (Figure 15D). Strikingly, the vast majority of the proteins
identified in the downregulated network were ribosomal protein genes. Therefore, r-protein
gene expression changes in the Wt, mpt54, H3K56A, and iAID-Mpt5/H3K56A strains were
investigated and the results clearly indicate that the vast majority of ribosomal protein genes
are significantly downregulated due to depletion of Mpt5 in an H3K56A background (Figure
15E), which also strongly correlates with the ribosomal protein genes being Mpt5 RNA targets.

Taken together, these results indicate that depletion of Mpt5 in an H3K56A background
results in a significant decrease in Mpt5-target mRNAs linked to cytoplasmic translation, and
more specifically, that loss of ribosomal protein transcripts may be at the heart of the MPT5-

H3K56 genetic interaction.
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Figure 15: Mpt5 target RNAs, specifically ribosomal protein genes are crucial in the MPT5-H3K56A
genetic interaction.

(A) Venn diagram depicting the number of genes that overlap between the upregulated genes in the iAID-
Mpt5/H3K56A strain (No Treatment vs t240), the upregulated genes in the mpt54 strain relative to the H3K56A
strain, and Mpt5 RNA targets*. (B) Protein association network generated using STRING based on all overlapping
genes depicted in the orange box in (A). Red nodes represent proteins linked to ncRNA metabolic process. (C)
Venn diagram depicting the number of genes that overlap between the downregulated genes in the iAID-
Mpt5/H3K56A strain (No Treatment vs t240), the downregulated genes in the mpt54 strain relative to the H3K56A
strain, and Mpt5 RNA targets*. (D) Protein association network generated using STRING based on all overlapping
genes depicted in the yellow box in (C). The red and blue nodes represent proteins associated with cytoplasmic
translation and cytosolic ribosome, respectively. (E) Heat map depicting changes in expression of all ribosomal
protein genes within Wt, mpt54, H3K56A, and iAID-Mpt5/H3K56A across the treatment conditions. The specific
treatment condition is depicted by the upper multi-colored row. Each individual column represents a specific strain
(N=5), with the same corresponding strain being analyzed across the treatment conditions. Treatment conditions
define the steps used to induce the iAID-Mpt5/H3K56A growth phenotype: No Treatment (no doxycycline or
auxin), t; (overnight 0.25 ug/mL doxycycline), t,, (240 min after 40 ug/mL doxycycline and 1 mM auxin). *Mpt5

RNA targets based on public eCLIP data (Wilinksi et al. 2015). In terms of STRING analysis: String analysis was
conducted at the highest interaction confidence interval (0.9). Each node represents an individual protein, and the
thickness of branches connecting the nodes correlates to the strength of interaction between proteins.

3.6 The downregulation of ribosomal protein genes is not due to a

general stress response or cell death

In order to respond to various stressors, a common stress response in cells is to decrease
global protein synthesis (Liu and Qian, 2014). Since the gene expression data pointed towards

a significant decrease in genes associated with cytoplasmic translation, it was important to
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investigate whether the observed downregulation of ribosomal protein genes was due to a
general stress response. Therefore, gPCR analysis was performed to investigate relative gene
and rRNA expression in the iAID-Mpt5/H3K56A strain following depletion of Mpt5. Both
ribosomal protein genes tested, RPS2 and RPS24b, showed a significant decrease in expression
in the IAID-Mpt5/H3K56A strain following depletion of Mpt5 (Figure 16A). This correlated
with the RNA-seq results (No Treatment vs. t240). However, the timing in the decrease of gene
expression was different between the two genes following depletion of Mpt5. RPS2 showed a
significant decrease in gene expression already 90 minutes after Mpt5 depletion, while RPS24b
did not show a significant drop in gene expression until 240 minutes after Mpt5 depletion
(Figure 16A). This suggests that the decrease in ribosomal protein genes observed in the RNA-
seq data may not occur at the same rate for each transcript following depletion of Mpt5 (Figure
15D and Figure 16A). Since the ribosome is also composed of non-coding RNA, it was
important to investigate the level of 18S, 25S, and 35S transcription, with 35S levels
representing an indirect measure of nascent transcription rate of rDNA (Pérez-Ortin et al.,
2019). Based on gPCR analysis, neither 18S, 25S, nor 35S rRNA levels significantly changed
following Mpt5 depletion in an H3K56A background (Figure 16A). Since a general stress
response induces translational shutdown that includes a decrease in rRNA transcription
(Warmerdam and Wolthuis, 2019), this indicates that the significant decrease in ribosomal
protein gene expression upon Mpt5 depletion does not extend to rRNA expression, suggesting
a specific response to Mpt5 depletion in an H3K56A background and not a general stress
response.

Since the mpz54/H3K56A double mutant strain produced a synthetic lethal phenotype,
it was important to investigate whether the decrease in translation-related gene expression in
the IAID-Mpt5/H3K56A strain was due to the cells dying. Therefore, we depleted Mpt5 in an
H3K56A background as previously described (Figure 11D) and took ODsgs measurements over
a longer timeframe (Figure 16B). Although the iAID-Mpt5/H3K56A strain grew at a slower
rate, the ODsgs measurements continued to increase even in the presence of auxin and
doxycycline, suggesting a continued proliferation of the strain. To further investigate if the cells
were dying, serial dilution spot tests were performed upon depletion of Mpt5 after four hours.
When low Mpt5 levels were maintained by spotting cells on media containing doxycycline, a
very sick growth phenotype was observed (Figure 16C). On the other hand, when Mpt5 levels
were allowed to recover by omitting doxycycline from the media, the yeast significantly
recovered growth (Figure 16C). These data suggest that depletion of Mpt5 in an H3K56A
background rather leads to a reversible arrest in cell growth rather than cell death.
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Figure 16: The downregulation of ribosomal protein genes in an H3K56A background is not due to a
general stress response or cell death.

(A) gPCR analysis of relative gene and rRNA expression in the iAID-Mpt5/H3K56A strain across treatment
conditions. The y-axis represents relative expression normalized to Actl expression (Actl was identified as the
most stable gene based on the UMI-seq data). The x-axis represents the treatment conditions: No Treatment, t,,

ty and t,,.. N =5; Error bars = SEM; Significance (sig.) based on ANOVA test (** p < 0.01; *** p <0.001; n.s
— not significant). (B) Growth curve of Wt, mpt54, H3K56A, and iAID-Mpt5/H3K56A strains following the t,
treatment condition. The y-axis represents OD,,, measurements and the x-axis represents time after 40 pg/mL

doxycycline and 1 mM auxin addition. (C) Serial dilution spot test of Wt, mpt54, H3K56A, and iAlID-
Mpt5/H3K56A following all the treatment conditions (No Treatment to t,, ) to investigate the degree of cell death.

The left image represents growth on 40 pg/mL doxycycline media and the right image represents growth on
minimal media. The spot test was performed following a 1:5 serial dilution from left to right. Treatment conditions
define the steps used to induce the iAID-Mpt5/H3K56A growth phenotype: No Treatment (no doxycycline or
auxin), t, (overnight 0.25 pg/mL doxycycline), t,,, (240 min after 40 pg/mL doxycycline and 1 mM auxin).

Taken together with previously mentioned results, this indicates that the downregulation
in ribosomal protein genes is not due to a general stress response or cell death, but due to
depletion of Mpt5 in an H3K56A background.
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3.7 The depletion of Mpt5 in an H3K56A background results in

lower translational efficiency and cell cycle arrest

Although the results thus far have pointed at a molecular underpinning between Mpt5
and H3K56A that revolves around a significant decrease in multiple ribosomal protein
transcripts, it was also important to identify the physiological consequence as to why the cells
stop proliferating upon Mpt5 depletion in an H3K56A background. Since ribosomal proteins
are an essential component of the ribosome, it was a logical extension to investigate how
translation rate may change upon depletion of Mpt5. Therefore, a Surface Sensing of
Translation (SUNSET) assay, which measures nascent protein synthesis through incorporation
of puromycin into the polypeptide chain, was applied (Schmidt et al., 2009). In line with the
downregulation of ribosomal protein genes, the t240 group had a significantly lower puromycin
incorporation rate (Figure 17A), thus indicating that depletion of Mpt5 in an H3K56A
background led to a slower translation rate (Figure 17A). To ensure that the observed results
from the SUNSET assay were a measure of translational efficiency due to nascent translation,
puromycin incorporation was also measured following inhibition of translation through
cycloheximide (Schneider-Poetsch et al., 2010). As can be clearly seen, no signal was generated
in both the No Treatment and t240 groups following treatment with cycloheximide (Figure 17A),
thus indicating no presence of nascent translation in these samples and that any signal generated
from the assay was due to nascent translation.

Since repression of ribosomal protein genes can cause specific cell cycle phenotypes
based on the r-protein gene being repressed (Thapa et al., 2013), it was also important to
investigate whether the decrease in ribosomal protein genes influenced cell cycle progression
in the IAID-Mpt5/H3K56A strain. Therefore, Wt, mpt54, H3K56A, and iAID-Mpt5/H3K56A
strains were arrested in G1, incubated in doxycycline and auxin for one hour, and then released
to investigate cell cycle progression through FACs analysis (Figure 17B). Based on the results,
the mpt54 and H3K56A strains showed slightly slower and significantly slower cell cycle
progression when compared to the Wt strain, respectively (Figure 17B). Strikingly, yeast
depleted of Mpt5 in an H3K56A background never exited the G1 phase (Figure 17B). These
results indicate that in the presence of H3K56A, there is already a significant loss of cell cycle
progression, and depletion of Mpt5 further exacerbates this phenotype and results in G1 cell

cycle arrest.
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Figure 17: The downregulation of ribosomal protein genes in an H3K56A background results in decreased
translation rate and G1 cell cycle arrest.

(A) Surface Sensing of Translation (SUnSET) assay in the iAID-Mpt5/H3K56A strain based on treatment
conditions (No treatment vs t,, ). The left image represents detection of nascent translation rate through

incorporation of puromycin, the right image represents the loading control through a Ponceau stain. Vertical lines
on the x-axis for each image represent the treatment time course groups (No Treatment and t,,), and the vertical

labels refer to additional growth conditions for 15 min before sample collection; YPD media, YPD media
supplemented with 100 pg/mL cycloheximide (cyclohex.) + 10 pg/mL puromycin, and YPD media supplemented
with 10 pg/mL puromycin. Treatment conditions define the steps used to induce the iAID-Mpt5/H3K56A growth
phenotype: No Treatment (no doxycycline or auxin), t, (overnight 0.25 pug/mL doxycycline), t,,, (240 min after

40 ng/mL doxycycline and 1 mM auxin).(B) Cell cycle analysis of Wt, mpt54, H3K56A, and iAID-Mpt5/H3K56A
strains. Cells were arrested in G1, media was supplemented with 40 pg/mL doxycycline and 1 mM auxin for 60
min, and then cells were released from G1 and samples were collected for FACs analysis. The y-axis represents
time after G1 release, the top labels refer to the specific strain, and the bottom x-axis labels refer to the DNA
content based on FACs analysis.

Taken together, these results indicate that loss of Mpt5 in an H3K56A background
results in a significant decrease in both translational efficiency and cell cycle progression

through an Mpt5-dependent mechanism.

3.8 Ribosomal protein transcripts have a slower degradation rate
in an H3K56A background

Although our data showed no significant changes in genome-wide steady state mRNA levels in
an H3K56A mutant strain (Figure 12A), this does not exclude potential changes in nascent
transcription. A measure of in situ mMRNA production by RNA polymerase, nascent
transcription rate has been shown to strongly influence cellular processes (Perez-Ortin et al.,
2013). Furthermore, recent evidence has emerged that H3K56ac is a genome-wide activator of
nascent transcription by inducing transcriptional initiation and promoting elongation (Topal et
al., 2019), indicating that loss of H3K56ac does influence global transcription rate. Given this
fact, it is likely that nascent transcription of many ribosomal protein genes is lower in the
presence of H3K56A. Since many ribosomal protein genes are also Mpt5 RNA targets, it was
important to investigate the degradation rate of these transcripts in an H3K56A background.

Therefore, 4-thiouracil (4TU) pulse-chase labelling, which detects transcript degradation by
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exposing the cells to a labelled compound (4TU-pulse) and then to the same compound in an
unlabeled form (Uracil-chase) (Zeiner et al., 2008), was applied over a specific timeframe to
measure the degradation rate of ribosomal protein transcripts through gRT-PCR (Figure 18A).
Based on the gPCR analysis, RPL17b and RPS16a appeared to have a slower degradation rate
in the H3K56A strain relative to the Wt strain (Figure 18B). Although these results need to be
taken with caution because they are preliminary and not statistically significant, it appears that
the trend may be pointing towards a slower degradation rate in ribosomal protein genes in an
H3K56A background. Furthermore, there also appears to be a difference in the degradation rate
between the ribosomal protein genes across the different timeframes (Figure 18B), which
echoes the previously identified difference in changes to steady state mRNA levels for r-protein
genes due to depletion of Mpt5 in the iAID-Mpt5/H3K56A strain (Figure 16A). This hints at
the possibility that Mpt5 activity may be playing a role in the slower degradation rate of
ribosomal protein transcripts in the H3K56A strain.

As a comparison, the degradation rate of UBCG6, an S. cerevisiae housekeeping gene
(Teste et al., 2009), was also measured. Although there was no significant difference between
the H3K56A and Wt strain, the degradation rate appeared to be much faster in both strains when
compared to the ribosomal protein genes (Figure 18B). This difference in degradation rate
between the ribosomal protein genes and UBCG6 could be explained by transcript characteristics
influencing the degradation rate (Neymotin et al., 2016). Taken together, these results indicate

that the ribosomal protein transcript degradation rate is slower in an H3K56A background.
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Figure 18: Ribosomal protein transcript degradation rate may be slower in an H3K56A background.

(A) Overview of the 4-Thiouracil (4TU) Pulse-Chase experiment parameters. The pulse consisted of growing S.
cerevisiae cells in YPD media supplemented with 0.2 mM 4TU for 300 min. The chase consisted of switching the
cells to YPD media supplemented with 20 mM uracil. Sample extractions were performed 0, 30, and 60 min
following the chase. Following sample extraction, cells were biotinylated, 4TU RNA was isolated through
streptavidin beads, and gRT-PCR analysis was performed. (B) gPCR analysis of RPL17b, RPS16a, and UBC6
transcript levels from the 4TU labelled cells prepared in (A). The Y-axis represents relative fold change normalized
to Actl. Actl was chosen because it was identified as the most stable gene based on the UMI-seq data and because
it has been used in previous degradation rate studies (Wang et al., 2018). The X-axis represents time after chase
in min. N=2; error bars = SEM.

3.9 No other PUF knockout produces a synthetic lethal genetic
interaction with H3K56A, but there is some genetic

interaction with Puf3 and Puf4

In S. cerevisiae, there are six different Puf family member proteins, and many of these
proteins share significant RNA target overlap (Lapointe et al., 2017). Therefore, to investigate
if the MPT5-H3K56 synthetic lethal genetic interaction extended to any other Puf proteins,
serial dilution spot tests of PUF gene knockout and H3K56 mutations were performed (Figure

19). Both pufla and puf24 did not produce any growth phenotype in combination with either
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an H3K56A or H3K56Q mutation when compared to the single mutant strains (Figure 19A and
B). Both the puf34/H3K56A and puf34/H3K56Q double mutant strains produced slight
synthetic sick growth phenotypes when compared to the individual mutant strains (Figure 19C).
In terms of PUF4, only the puf44/H3K56A double mutant strain produced a mild growth
phenotype (Figure 19D), while in terms of PUF6, no significant growth phenotype was
identified in the puf64/H3K56A and puf64/H3K56Q double mutant strains (Figure 19E). Since
PUF3 and PUF4 did produce genetic interactions with an H3K56A mutation, this warranted
further investigation. Therefore, Puf3 and Puf4 RNA targets based on publically available data
(Lapointe et al., 2017), where overlapped with all downregulated genes due to depletion of
Mpt5 in an H3K56A background (Figure 14) and STRING network analysis was performed
(Figure 20). Both the Puf3 and Puf4 networks produced r-protein genes as the most significant
cluster (Figure 20A and B), but the number of r-protein genes was only a fraction of the total
identified in the RNA-seq performed in this study upon depletion of Mpt5 (Figure 15D). An r-
protein gene target overlap between Mpt5, Puf3, and Puf4 revealed that Puf3 and Puf4 had no
separate target overlap and Mpt5 encompassed all but two r-protein gene targets (Figure 20C).
Taken together, this indicates that the growth phenotypes identified in the PUF3-H3K56A and
PUF4-H3K56A genetic interactions may have partial overlap with the MPT5-H3K56A genetic
interaction. However, although PUF3 and PUF4 knockouts did produce a growth phenotype in
combination with an H3K56 mutation, none of the growth phenotypes were comparably sick
to the MPT5-H3K56 growth phenotypes, and Mpt5 is clearly the only PUF family member that

produces a lethal genetic interaction with an H3K56 mutation (Figure 8 and Figure 19).
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Figure 19: Mpt5 is the only Puf protein with a synthetic lethal genetic interaction with an H3K56
mutation in S.cerevisae.

(A) Serial dilution spot test showing no genetic interaction between pufl4 and H3K56A and H3K56Q mutations.
(B) Serial dilution spot test showing no genetic interaction between puf24 and H3K56A and H3K56Q mutations.
(C) Serial dilution spot test showing a slight growth phenotype between puf34 and H3K56A and H3K56Q
mutations. (D) Serial dilution spot test showing a mild growth phenotype between puf44 and an H3K56A mutation.
(E) Serial dilution spot test showing no genetic interaction between puf64 and H3K56A and H3K56Q mutations.
For all individual spot tests shown, the left image represents growth on 5FOA selection media and the right image
represents growth on minimal control media. All spot tests were performed following a 1:5 serial dilution from
left to right.
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Figure 20: Puf3 and Puf4 target a fraction of the ribosomal protein genes that are downregulated upon
depletion of Mpt5 in an H3K56A background.
(A) Protein association network generated using STRING based on all Puf3 RNA targets* overlapped with all
downregulated genes after depletion of Mpt5 in an H3K56A background (Figure 14). Red nodes represent r-protein
genes. (B) Protein association network generated using STRING based on all Puf4 RNA targets* overlapped with
all downregulated genes after depletion of Mpt5 in an H3K56A background (Figure 14). Red nodes represent r-
protein genes. (C) Venn diagram depicting the number of r-protein gene targets* that overlap between Puf3, Puf4,
and Mpt5. In terms of STRING analysis: String analysis was conducted at the highest interaction confidence
interval (0.9). Each node represents an individual protein, and the thickness of branches connecting the nodes
correlates to the strength of interaction between proteins. *RNA targets based on public data (Lapointe et al. 2017).

3.10 Mpt5 post-transcriptional buffering extends beyond

H3K56ac, and may involve different mechanisms

Finally, we were interested in understanding if H3K56A is a specific case or if other
histone mutants involved in chromatin-templated processes would also produce synthetic lethal
genetic interactions with MPT5. Therefore, an MPT5 knockout was combined with various
histone mutations and serial dilution spots tests were performed (Figure 21). While an MPT5
knockout in combination with H3K36R, H4K16A, H4K16Q, H4K5A, HA4K12A, and H3K79A
produced no significant growth phenotype (Figure 21B - E), the mpt54/H3KA4R double mutant
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Figure 21: mpt54 also produces a synthetic lethal genetic interaction with an H3K4R mutation, but not
with other histone mutations.
(A) Serial dilution spot test showing a synthetic lethal phenotype between mpt54 and an H3K4R mutation. (B)
Serial dilution spot test showing no genetic interaction between mpt54 and an H3K36R mutation. (C) Serial
dilution spot test showing no genetic interaction between mpt54 and H4K16A and H4K16Q mutations. (D) Serial
dilution spot test showing no genetic interaction between mpt54 and H4K5A and H4K12A mutations. (E) Serial
dilution spot test showing no genetic interaction between mpt54 and H3K79A and H4K5-12-AA mutations. For
all individual spot tests shown, the left image represents growth on 5FOA selection media and the right image
represents growth on minimal control media. All spot tests were performed following a 1:5 serial dilution from
left to right.

strain was synthetic lethal (Figure 21A). Taken together, these results indicate that Mpt5 is
essential in other histone mutants, indicating a more widespread role for Mpt5 in buffering de-
regulated chromatin-templated processes.

As previously mentioned, based on the current literature, one of the main roles for Mpt5
is its link to the Ccr4-Not complex. Since the CCR4-H3K56 genetic interaction resulted in a
synthetic sick phenotype (Figure 8B), it was also important to investigate if the observed
mpt5A/H3KAR synthetic lethal phenotype extended to Ccr4-Not activity. Serial dilution spot
tests for ccr44/H3K4R and pop24/H3K4R double mutant strains were performed, and neither
of the double mutant strains produced a growth phenotype relative to the individual mutations
(Figure 22A and B). These results indicate that the observed MPT5-H3K4R genetic interaction
Is independent of Ccr4-Not activity.
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involve different dynamics than the MPT5-H3K56 genetic interaction.
(A) Serial dilution spot test showing no genetic interaction between ccrd4 and an H3K4R mutation. (B) Serial
dilution spot test showing no genetic interaction between pop24 and an H3K4R mutation. (C) Serial dilution spot
test showing the effect of Mpt5 cellular localization on the Mpt5/H3K4R growth phenotype. NLS denotes nuclear
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spot tests were performed following a 1:5 serial dilution from left to right.
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Since both the MPT5-H3K56 and H3K4R genetic interactions produce synthetic lethal
phenotypes, and both histone marks are found genome-wide and involved in transcriptional
regulation, it was important to distinguish if the genetic interactions involved the same
dynamics. Therefore, serial dilution spot tests combining Mpt5 cellular localization and an
H3K4R mutation were performed. Surprisingly, both the Mpt5-NES/H3K56A and Mpt5-
NLS/H3K56A strains produced synthetic lethal phenotypes (Figure 22C). This indicates that
unlike the MPT5-H3K56 genetic interaction, specific cellular localization does not influence
the growth phenotype, and that Mpt5 needs to be present in both the nucleus and the cytoplasm;
thus hinting that the MPT5-H3K4R genetic interaction may involve a different mechanism in
terms of Mpt5 activity.

Taken together, these results indicate a synthetic lethal genetic interaction between
MPT5-H3K4R that is Ccr4-Not independent, and may revolve around a different Mpt5
mechanism when compared to the MPT5-H3K56 genetic interaction.
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4 Discussion

4.1 ldentification of a connection between transcriptional and
post-transcriptional gene regulation through an MPT5-
H3K56A genetic interaction

Although there is robust knowledge in the literature in terms of transcriptional and post-
transcriptional control of gene expression (Bannister and Kouzarides, 2011; Lawrence et al.,
2016; Parker, 2012), there is very little information about specific connections between the two
levels of control. Therefore, the goal of this study was to investigate and elucidate if there is a
link between transcriptional and post-transcriptional control of gene expression. Due to the lack
of knowledge, an initial high-throughput approach was required to address this goal. Therefore,
since H3K56ac is found genome-wide in S. cerevisiae and has been identified as a robust
regulator of chromatin structure that can both promote and inhibit transcription (Voichek et al.,
2016; Williams et al., 2008), an H3K56A mutation was used as a probe to identify potential
links between deregulation of chromatin structure and post-transcriptional regulators of gene
expression. Through an SGA analysis, numerous genetic interactions between an H3K56A
mutation and single, gene knockouts in S. cerevisiae were identified (Figure 7). As expected,
based on previous literature on the role of H3K56ac (Kaplan et al., 2008; Xu et al., 2005), many
of the genetic interactions revolved around nucleosome assembly and cell cycle (Figure 7B and
C). Interestingly, mediator complex was also identified (Figure 7C). Although previous
literature has identified a link between histone acetylation and mediator complex activity (Zhu
et al., 2011), to our knowledge, this is the first evidence of a potential link between H3K56ac
and the mediator complex. This genetic interaction might be linked to H3K56ac promoting
chromatin disassembly during transcriptional activation (Williams et al., 2008), which would
align with Mediator complex interacting with upstream regulatory regions and core promoters,
and its role in transcriptional initiation (Poss et al., 2013). However, the observation that genes
linked to the Ccr4-Not complex produced genetic interactions with H3K56A, was deemed more
interesting based on the goal of this study (Figure 7). Coined the “control freak” of gene
expression, the Ccr4-Not complex is conserved in all eukaryotes and a major post-
transcriptional regulator of gene expression (Miller and Reese, 2012). Therefore, the synthetic
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sick phenotypes identified between Ccr4, Pop2, Mpt5 and H3K56A, hinted at the potential
identification of a direct interaction between transcriptional and post-transcriptional regulation
of gene expression.

Since the common link between Mpt5, Ccr4, and Pop2 is the Ccr4-Not complex, and
since Ccr4-Not is a robust regulator of gene expression, the initial assumption was that the
critical component in the identified genetic interactions revolved around Ccr4-Not activity.
However, if Ccr4-Not was the crucial component in all the genetic interactions, then all the
growth phenotypes should be the same, or at the very least, the CCR4 knockout should produce
the most severe growth phenotype because it is the major catalytic subunit in the Ccr4-Not
complex. The CCR4-H3K56A genetic interaction did produce a sicker growth phenotype when
compared to POP2-H3K56A, but the MPT5-H3K56A genetic interaction produced the only
lethal phenotype (Figure 8). Additionally, Mpt5 is not a subunit, but has been identified as a
targeting protein for Ccr4-Not (Goldstrohm et al., 2006), i.e. the functional role for Mpt5 would
occur upstream of Ccr4-Not activity. Such an upstream role for Mpt5 cannot be reconciled with
the strongest growth phenotype (Figure 8). Furthermore, Pop2 has been identified as the only
bridging protein between Mpt5 and Ccr4-Not (Goldstrohm et al., 2006). Yet, there is no POP2-
H3K56 genetic interaction (Figure 8C). Taken together, although some of the previous
literature shows a significant link between Mpt5 and the promotion of target specific
degradation through Ccr4-Not (Goldstrohm et al., 2006; Goldstrohm et al., 2007); here we
identify an MPT5-H3K56 genetic interaction that appears to be — at least in parts - independent
of Ccr4-Not activity. Therefore, although Ccr4-Not activity is important in an H3K56A
background, the focal point in the identified H3K56ac genetic interactions is Mpt5.
Furthermore, these results suggest an additional role for Mpt5, independent of Ccr4-Not, when
compared to previous literature that links Mpt5 in the promotion of Ccr4-Not activity
(Goldstrohm et al., 2006; Goldstrohm et al., 2007).

4.2 Mpt5 presence prevents degradation of ribosomal protein

genes in an H3K56A background

Target prediction algorithms have linked Mpt5 to chromatin related GO-terms and Mpt5
activity has also been linked to the rDNA locus (Kennedy et al., 1997; Lapointe et al., 2017,
Wilinski et al., 2015), thus indicating that Mpt5 might regulate chromatin structure. However,
we found no changes in genome-wide H3ac, H3K56ac, or H3 levels (Figure 9). An attempted

chromatin immunoprecipitation was also unsuccessful in an Mpt5-Myc tagged strain (data not
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shown). Together with the absence of any other ChIP data, these results indicate no direct link
between Mpt5 and chromatin architecture, suggesting that Mpt5 does not play a direct role in
transcriptional regulation. However, this does not exclude the possibility for a downstream role
via the stabilization or degradation of Mpt5 target mMRNAS. In alignment with this possibility,
we show that cytoplasmic localization and Mpt5-RNA binding activity are crucial to maintain
proper cell function in an H3K56A background (Figure 10). Therefore, our findings align with
previously published literature that Mpt5 is an RNA-binding protein and post-transcriptional
regulator of gene expression (Goldstrohm et al., 2007; Wilinski et al., 2015). Furthermore,
because Mpt5 cellular localization has no influence on cell growth without loss of H3K56ac
(Figure 10B), this points towards a specific response by Mpt5 upon loss of H3K56ac. Taken
together, this indicates that Mpt5 activity is crucial upon chromatin deregulation.

To investigate the molecular underpinnings of the MPT5-H3K56 genetic interaction, we
utilized an Improved Auxin Inducible Degron (iAID) system and RNA-seq analysis (Tanaka et
al., 2015) (Figure 11 and Figure 12). Investigation of the results identified that MPT5 knockout
in a Wt background has a significant effect on overall steady state transcript levels (Figure
12A). On the other hand, although H3K56ac is a genome-wide histone mark that is linked to
transcriptional regulation (Kurat et al., 2014; Williams et al., 2008), the loss of H3K56ac did
not result in a significant change in overall steady state gene expression (Figure 12A). A
previous study found similar results, showing that inactivation of Rtt109, the H3K56 histone
acetyltransferase, resulted in no significant change to steady state RNA levels (Rege et al.,
2015). Interestingly, here we show that upon depletion of Mpt5 in an H3K56A background,
overall transcript levels significantly decrease (Figure 12). Since as previously mentioned,
H3K56ac has no significant influence on steady state transcript levels; this suggests the change
in steady state transcript levels is due to loss of Mpt5 in an H3K56A background. Interestingly,
since loss of Mpt5 in a Wt background results in a significant increase in most transcripts
(Figure 12A), this decrease in transcript levels suggests a different role for Mpt5 in an H3K56A
background. In alignment with these findings, many of the upregulated GO-terms in the mpt54
strain are downregulated due to Mpt5 depletion in an H3K56A background (Figure 13 and
Figure 14). Recent literature has shown evidence to support this theory and that Mpt5 activity
can either promote or inhibit mRNA degradation in a context-dependent manner (Wang et al.,
2018a). To investigate this theory even further, we overlapped the gene expression changes
upon Mpt5 depletion in an H3K56A background with identified Mpt5 RNA binding targets
(Wilinski et al., 2015). The results generated highlight that the vast majority of downregulated
genes are ribosomal protein (r-protein) genes (Figure 15). As discussed previously, Mpt5
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activity has been linked to the Ccr4-Not complex by promoting target specific transcript
degradation (Goldstrohm et al., 2006). However, here we show that loss of Mpt5 in an H3K56A
background results in a dramatic decrease of Mpt5-target r-protein transcripts (Figure 15).
These findings provide evidence for a context-dependent change in Mpt5 function that revolves
around preventing mRNA decay, and that r-protein genes are the focal mMRNA targets in an
H3K56A background.

4.3 Loss of H3Kb56ac triggers a context-dependent Mpt5-
mediated, post-transcriptional buffering system that is crucial

for proper cellular function

As mentioned previously, loss of H3K56ac does not influence steady state RNA levels,
but mutations abolishing H3K56ac decrease nascent transcription genome-wide (Topal et al.,
2019). It is tempting to speculate that the context-dependent shift that triggers the proposed
Mpt5-buffering system may be the decrease in nascent transcription rate (of r-protein genes)
due to loss of H3K56ac. If loss of H3K56ac results in a decrease in nascent transcription, which
triggers an Mpt5-mediated buffering system, then the degradation rate of Mpt5-target
transcripts should be slower in an H3K56A background in order to offset the decrease in nascent
transcription. In alignment with this theory, the degradation rate of r-protein transcripts shows
a slower trend in an H3K56A background (Figure 18). Therefore, combined with the previously
discussed results that identify ribosomal protein genes as the focal point in an Mpt5-mediated
mechanism (Figure 14, Figure 15, and Figure 16), we propose that the slower degradation rate
of the r-protein genes is due to Mpt5 activity. This conclusion aligns with a previous study
showing that glucose starvation can trigger Mpt5 mediated, target-specific mMRNA buffering
through transport to p-bodies (Wang et al., 2018a). Here, we show that the degradation rate of
r-protein transcripts is buffered in an H3K56A background (Figure 18), and based on previously
discussed results, propose that this is due to an Mpt5-mediated effect. Furthermore, another
study has shown that H3K56ac works antagonistically with the nuclear RNA exosome to
control MRNA expression, and changes in steady state RNA levels due to loss of RTT109 are
observed only in combination with loss of the nuclear RNA exosome (Rege et al., 2015). Here,
we show no changes in steady state RNA levels upon loss of H3K56ac, and propose that this is
due to an Mpt5-mediated, post-transcriptional buffering mechanism against nascent

transcription changes due to loss of H3K56ac.
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A common stress response in eukaryotes is to trigger a global decrease in translation,
which involves a decrease in rRNA transcription levels (Liu and Qian, 2014; Warmerdam and
Wolthuis, 2019). Our results show a significant decrease in ribosomal protein transcript levels
due to depletion of Mpt5 in an H3K56A background (Figure 15). Given that the global stress
response in cells is to decrease translation, the logical assumption would be that this decrease
in r-protein transcripts is linked to a general stress response. However, the decrease in r-protein
transcripts is not accompanied by a decrease in rRNA levels (Figure 16). Therefore, it is not a
general stress response that is causing a decrease in r-protein transcripts, but loss of the Mpt5-
mediated buffering system in an H3K56A background. Furthermore, the loss of Mpt5 in an
H3K56A background results in a significant decrease in nascent translation rate (Figure 17A).
Since there is no change in rRNA levels, this decrease in nascent translation is linked to the
decrease in Mpt5-target ribosomal protein transcripts, which echoes the argument that it is not
due to a general stress response but due to the loss of the Mpt5-mediated buffering system in
an H3K56A background. Interestingly, a recent study has shown that imbalances in r-proteins
and rRNAs can compromise essential cellular functions (Tye et al., 2019). Our results align
with these findings by showing a clear loss of cellular function due to an imbalance between r-
protein transcript levels and rRNA (Figure 8A and Figure 16A). In addition, we show that this
imbalance can be triggered by the loss of Mpt5-mediated buffering due to chromatin
deregulation. Furthermore, previous literature has linked ribosomal protein genes to the cell
cycle, and that loss of individual r-protein genes can dramatically inhibit cell cycle progression
(Thapa et al., 2013). Our results show that in an H3K56A background there is significantly
slower cell cycle progression, but depletion of Mpt5 in an H3K56A background results in cell
cycle arrest (Figure 17B). This suggests that in an H3K56A background, Mpt5 buffering of r-
protein genes also serves to prevent cell cycle arrest. Taken together with the previous results,
this points towards an Mpt5-buffering system that is context dependent and triggered in an
H3K56A background, and loss of this buffering system results in a decrease of r-protein
transcripts, translation rate, cell cycle arrest, and as a consequence, the observed physiological

changes in the yeast cells.

49



Discussion

4.4 The Mpt5-mediated buffering system extends to other
chromatin modifications, and may potentially involve other

RNA-binding proteins

The Puf proteins are a family of very dynamic RNA-binding proteins with significant
target overlap (Lapointe et al., 2017; Wilinski et al., 2015). However, despite the vast target
overlap, MPT5 is the only PUF knockout that produces a synthetic lethal genetic interaction
with an H3K56 mutation (Figure 19). Interestingly, Puf3 and Puf4 share the most common
targets with Mpt5 (Lapointe et al., 2017), and knockouts of these genes in an H3K56A
background produce modest growth phenotypes (Figure 19C and D). Given that all three
proteins belong to the same protein family and Puf3 has been shown to buffer transcript
degradation (Lee and Tu, 2015), it is possible that Puf3 and Puf4 also provide a buffering
mechanism in an H3K56A background. However, even together, Puf3 and Puf4 only bind a
fraction of the r-protein transcripts compared to Mpt5 (Figure 20). Therefore, the majority of r-
protein transcripts are still being buffered by Mpt5 in an H3K56A background, resulting in less
severe phenotypes in the PUF3 and PUF4 knockouts. Together, this suggests that the
deregulation of a large fraction of r-protein transcripts in an H3K56A background is the
molecular underpinning for the observed phenotype.

Interestingly, the finding that other RNA-binding proteins might buffer chromatin-
mediated defects, hints at the possibility that we observe here only one example of such a post-
transcriptional buffering mechanism, and that this concept might extend to other RNA-binding
proteins and different chromatin-related triggers. In alignment with this theory, a synthetic
lethal genetic interaction was identified between an MPT5 knockout and an H3K4R mutation
(Figure 21), with the Mpt5 buffering activity in an H3K4R background being independent of
Ccr4-Not (Figure 22A and B). Since this lethal genetic interaction also revolves around Mpt5
activity, this finding suggests that either the MPT5-H3KA4R genetic interaction is connected to
the MPT5-H3K56A genetic interaction, or it is a separate Mpt5 buffering mechanism. Both
H3K56ac and H3K4 methylation have been linked through expression homeostasis, with the
theory being that deposition of H3K56ac on newly synthesized histones interferes with post-
replication recovery of H3K4me3, thus resulting in a transcriptional lag on newly synthesized
genes (Voichek et al., 2016; Voichek et al., 2018). However, although a subsequent publication
did identify a stepwise increase in transcription as cells progressed through S phase, the
response to increased gene dosage did not require H3K56ac (Topal et al., 2019). Furthermore,
although H3K56ac does not influence steady state RNA levels (Figure 12A), loss of H3K4
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methylation results in expression changes to almost 500 genes (Cruz et al., 2018). Therefore,
these facts suggest a different context-dependent trigger due to loss of H3K4 methylation when
compared to loss of H3K56ac. In alignment with this, the synthetic lethal MPT5-H3K4R
genetic interaction is not rescued by nuclear or cytoplasmic presence of Mpt5 (Figure 22C),
thus providing evidence for a different Mpt5 buffering mechanism. Taken together, this
indicates that the described Mpt5-mediated, post-transcriptional buffering system not only
extends beyond an H3K56ac interaction, but also likely involves different Mpt5-mediated
buffering mechanisms based on context-dependent changes due to specific chromatin

modifications.

4.5 Potential physiological consequences of post-transcriptional

buffering

As previously discussed, our results point towards a context-dependent buffering system
that extends to different chromatin modifications. The evolutionary conservation of Puf family
member proteins indicates the potential for a conserved, post-transcriptional buffering system
that may be crucial to maintaining proper cell function. For example, many post-translational
modifications on histones, such as loss of H3K56ac levels, are strongly perturbed during the
ageing process (Dang et al., 2009; Wang et al., 2018c). Therefore, a post-transcriptional
buffering system may be important in negating the effects due to loss of histone acetylation in
order to maintain proper cell function. In alignment with this, overexpression and loss of Mpt5
prolongs and decreases replicative life span, respectively (Kaeberlein et al., 2004; Kaeberlein
and Guarente, 2002; Kaeberlein and Kennedy, 2005; Kennedy et al., 1995). Puf proteins are
also not the only class of RNA-binding proteins, and many of these proteins regulate gene
expression in a dynamic manner by binding target RNAs (Finn et al., 2010; Huang et al., 2018;
Kamina and Williams, 2017; Oliveira et al., 2017). Together, these observations hint at the
potential for a wider array of post-transcriptional buffering systems that function in a context
dependent manner based on changes at the chromatin level. To investigate to what extent such
post-transcriptional buffering mechanisms may exist, genetic screens incorporating different
histone mutations and gene knockouts of known RNA-binding proteins would be a warranted
first step. By understanding the scope of such buffering mechanisms, it would provide valuable

insight into the dynamic and context-dependent function of cellular activity.
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4.6 Outlook

In this study, we identify a novel, Mpt5-mediated, post-transcriptional mMRNA buffering
mechanism that revolves around r-protein transcript levels and is triggered by loss of H3K56ac.
To our knowledge, this is the first identified, context-dependent, post-transcriptional buffering
system induced by specific chromatin changes. Furthermore, we show that this buffering
system is crucial to normal cell function and that loss of this mechanism results in dire
physiological consequences in the cell. Although this study identifies a very specific buffering
system in a context-dependent manner, we also provide evidence that this buffering mechanism
extends beyond H3K56ac and may involve different molecular mechanisms. However, future
experiments are needed to pinpoint the potential differences in Mpt5 activity relative to the
different chromatin modifications. Therefore, Mpt5 depletion in an H3K4R background
combined with RNA-seq analysis is a logical next step to investigate the context-dependent
influence on Mpt5 buffering. Furthermore, although we propose that changes in nascent
transcription trigger the post-transcriptional buffering mechanism, investigation into the
molecular underpinnings of how Mpt5 switches from target-specific mRNA decay to buffering
is still missing. Interestingly, a study found that post-translational modifications on a Puf
protein can direct whether targeted transcripts undergo decay or translation (Lee and Tu, 2015).
Therefore, identifying differences in Mpt5 post-translational modifications between a normal,
H3K56A, and H3K4R background, and then investigating how these modifications influence
the Mpt5-mediated buffering system could provide valuable insight into the proposed buffering
mechanism.

As previously discussed, Puf family member proteins are evolutionarily conserved. In
mammals, there are two Puf proteins, Pum1 and Pum2. A recent study identified that Pum1 and
Pumz2 target a vast array of mRNAs, and although they show significant target overlap, they do
possess distinct mMRNA targets (Sternburg et al., 2018). Furthermore, although Pum protein
activity is typically repressive, there is evidence for context-dependent changes in Pum activity
(Sternburg et al., 2018). These facts, in combination with the findings in this study, make it
feasible that there may also be a Pum-mediated, post-transcriptional buffering system in
mammals. Interestingly, the significance and role of H3K56ac in humans is debated, and there
is little evidence for a significant role for H3K56ac in cellular processes. In light of the post-
transcriptional buffering system identified in this study, perhaps Pum1 and Pumz2 are buffering
the changes due to loss of H3K56ac in human cells in a context-dependent manner. Therefore,

identifying if there is a Pum1- and/or Pum2-mediated, post-transcriptional buffering system in
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an H3K56A background is a very interesting future endeavor that would not only shed light on
the role of H3K56ac and Pum proteins in mammals, but also provide valuable insight into the

importance of the novel, post-transcriptional buffering system identified in this study.
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5 Materials

5.1 Equipment

Agarose gel chambers and trays
Analytical balance

Balances

Centrifuge (Megastar 1.6R)

PCR machine (T100 Thermal Cycler)
SDS gel chambers and tanks
Ultracentrifuges (Fresco 21)
Western blot transfer system (Turbo)
Flasks and Bottles

Frogger

Spectrophotometer (UV-1600PC)
Confocal microscope

Tape station (2200)
Ultrasonicator (M220)
Shaker/Incubator (Innova 44)
Incubator (Incu-line)

Water bath (VWB6)

Vortex (Vortex Genie 2)

Gel Viewer (BL Star 16)
Thermomixer (Pro)

Heat Block (Analog)

Power Pac (Basic)
Nano-photometer (N60)

Hotplate (VMS C7)
Micropipettes

gPCR machine (Light Cycler 96)

Bio-Rad

Mettler Toledo
VWR

VWR

Bio-Rad

Bio-Rad

Thermo Fisher Scientific
Bio-Rad

VWR

Lab

VWR

Leica

Agilent

Covaris

New Brunswick Scientific
VWR

VWR

Scientific Industries
Biometra

Cell Media

VWR

Bio-Rad

Implen

VWR

Gilson

Roche
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Qubit 3 Fluoromoeter

Curix 60 developer

5.2 Software

Office XP
EndNote X7
Illustrator CS6
GraphPad Prism

Thermo Fisher Scientific

AGFA

Microsoft Corp.

ISI ResearchSoft
Adobe

GraphPad Software Inc.

A plasmid Editor (ApE) Wayne Davis
SnapGene 4.0.5 GSL Biotech
IrfranView Irfan Skiljan
Acrobat Reader DC Adobe

5.3 Expendable items

Cell culture plasticware Sarstedt
Cuvettes Sarstedt
Falcon and Eppendorf Tubes Sarstedt
Sterile Filters Milipore

Nitrocellulose membrane

Bio-Rad/GE Healthcare

5.4 Primers, plasmids, and strains

5.4.1 Primers

Table 1: Primers used in this study. Primer name and sequence in 5°-3" orientation.

Primer Name

Sequence (5°-3")

18s (QPCR) F

18s (QPCR) R

255 (QPCR) F

255 (PCR) R

355 (QPCR) F

AACCTTGAGTCCTTGTGGCT

CCCCGACCGTCCCTATTAAT

TCCGGAACCTGGATATGGAT

GTACGACCTGGCATGAAAACT

CAAGAGGGAATAGGTGGGAAAA
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Primer Name

Sequence (5°-3°)

355 (PCR) R

LEU2 Seq #1 F

LEU2 Seq#2 F

HHT2 Seq F

HHT2 Seq R

HHT2 Upstream F

HHF2 UpStream R

HHF2 Seq F

HHF2 Seq R

Mpt5 UpStream (-380bps) F

Mpt5 UpStream (-153bps) F

Mpt5 iAID N1 F

Mpt5 ATG Seq F

Mpt5 iAID N2

Mpt5 iAID N3

Mpt5 R2 R

Mpt5 Full/Mini F

Mpt5 Seq #1 F

Mpt5 Seq #2 F

Mpt5 Seq #3 F

Mpt5 Seq #5 F

Mpt5 Prom (Cloning) F

Mpt5 Prom (Cloning) R

Mpt5 Start (Cloning) F

GACAAGCATATGACTACTGGCA

ATCGATGCTACAGGTGTCCC

TGATTGATTCTGCCGCCATG

CGGTGGTGTTAAGAAGCCTC

TCACCTCTTAGTCTTCTGGCC

CTCGCGTTGCTTCTTGTGAC

ATATTAGGATGAGGCGGTGAA

GCCAAGCGTCACAGAAAGAT

TCTCTTGGCGTGTTCAGTGT

TCAAAACCTTGGGTACTGTTGA

TGCTACTACAACCGCCACTT

AAAAAAAACCTCCTCAACTCCTCTCCAACACATAGTAAAGACAAGAACAATGCAATAGCGC

ATGGTATGTATTATCTCTTAATTCCC

TGGCGAAGAAAAATATTGGGAATTAAGAGATAATACATACCATGGAACCTCCTCTAGGTAC
AAGATC

TGGCGAAGAAAAATATTGGGAATTAAGAGATAATACATACCATCGAATTGATCCGGTAATT
TAGTG

TGGCGAAGAAAAATATTGGGAATTAAGAGATAATACATAC

AAAAACCCGGGTCTCTCTTGCCATTCTTAAACGT

CCATTTCCATCTGCCGACTC

GCGATTATTTAACTGCCGAGC

TCTGATGACGTGATTAATGCTTC

CAGCATATTGGTCAAGGCCC

AAAAAGAGCTCTCTCTCTTGCCATTCTTAAACGT

AAAAACCGCGGAAGAGAAACTGGAAAAATCGTAATTG

AAAAACCGCGGATGGTATGTATTATCTCTTAATTCCC

56



Materials

Primer Name

Sequence (5°-3°)

Mpt5 End-NLS (Cloning) R

Mpt5 End-NES (Cloning) R

Mpt5 End (Cloning) R

Mpt5 Term (Cloning) F

Mpt5 Term (Cloning) R

Mpt5 RBD-Muta F

Mpt5 RBD-Muta R

Mpt5 End-NoTAA (Cloning) R

Mpt5 “Real” Prom (Cloning) F

Mpt5 “Real” Prom (Cloning) R

Mpt5 “Real” Start (Cloning) F

Mpt5 “Real” iAID N1 F

Mpt5 “Real” iAID N2 R

Mpt5 “Real” iAID N3 R

Tet Op. UpStr. F

Tet Op. DwnStr. R

ADH1 Term F

Mpt5 GFP (Cloning) F

Mpt5 GFP (Cloning) R

Mpt5 GFP Check F

Mpt5 GFP Check R

GFP-Spacer (Cloning) F

Mpt5 Big (Cloning) F

Mpt5 Mini (Cloning) R

AAAAACCCGGGTTACACTTTGCGTTTTTTTTTCGGTGGCAAAGTGAATTGAAGTTCATC

AAAAACCCGGGTTACAAGCCAATGCCGCTCAAATGCTCCCTCAATGGCAAAGTGAATTGAA
GTTCATC

AAAAACCCGGGTTATGGCAAAGTGAATTGAAGTTCATC

AAAAACCCGGGTACTTTTTTTTCTTTCTTTTTICTTT

AAAAACTCGAGACCAAGACAGGAACCAGTAGA

TTGTTTGAAGTTCTCCGCCGCCGTTGTGGAAAAATTCA

TGAATTTTTCCACAACGGCGGCGGAGAACTTCAAACAA

AAAAACCCGGGTGGCAAAGTGAATTGAAGTTCATC

AAAAAGAGCTCTCCTAGGCTTATACTCCAAAATCGGC

AAAAACCGCGGTAAGGAGTTATTTGATGTAGACGTAG

AAAAACCGCGGATGTCTTACAATCATCAGCCTC

ATTCTTTTATTCAATCAGATCAATAACGAACCATTTCCATACAAGAACAATGCAATAGCGC

GGACGGAGTTAATAGATAGTTGAGGCTGATGATTGTAAGACATGGAACCTCCTCTAGGTAC
AAGATC

GGACGGAGTTAATAGATAGTTGAGGCTGATGATTGTAAGACATCGAATTGATCCGGTAATT
TAGTG

CGCTAGGGATAACAGGGTAATAT

TCGATCGAGACCACTGCATG

ATTGACCACACCTCTACCGG

AAAAACCCGGGAGTAAAGGAGAAGAACTTT

AAAAACCCGGGCTATTTGTATAGTTCATCCA

TTTTCAAGAGTGCCATGCCC

CCATGTGTAATCCCAGCAGC

AAAAACCCGGGTCAGGATCAGGATCAGCAAGTAAAGGAGAAGAACTTT

AAAAACCCGGGCCTGGACACTGTACATGGTTG

AAAAACTCGAGGCGAATGAGCCTTTTGATGG
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Primer Name

Sequence (5°-3°)

Mpt5 Full/Big (Cloning) R

Actl F

Actl R

Pfa6aHis Seq #1 F

Pfa6aHis Seq#2 F

Pfa6a His Seq End R

AID*9Myc F Seq

AID*9Myc R Seq

Ccr4 S1 (Janke)

Ccr4 S2 (Janke)

Ccr4 S3 (Janke)

Pop2 S1 (Janke)

Pop2 S2 (Janke)

Pop2 S3 (Janke)

Mpt5 S1 (Janke)

Mpt5 S2 (Janke)

Mpt5 S3 (Janke)

Pop2 F2 (LT)

Pop2 R1 (LT)

Mpt5 F2 (LT)

Mpt5 R1 (LT)

AAAAACTCGAGACCAAGACAGGAACCAGTAGA

TCCATCCAAGCCGTTTTGTC

ATCTCTACCGGCCAAATCGA

GCCCAGAATACCCTCCTTGA

GCATTCAAGCAGGCTATGGG

GAATTCGAGCTCGTTTAAAC

CGTACGCTGCAGGTCGAC

ATCGATGAATTCGAGCTCG

ACCAGCAAGGGAACTCCGACTGACGTTATCCCTGCAAACTACCGCTAATGCGTACGCTGCA
GGTCGAC

AGGTAGTGTACAGAGAGGAGGGAGGGAGTGGGATGAAAGTGTGCGGTTTAATCGATGAAT
TCGAGCTCG

TGTTAGCAAGATTTGAATTTATGAAGACAAACACAGGCAGTAAGAAAGTACGTACGCTGCA
GGTCGAC

AAACAGGCAACTCAATTTTATACATTTATAAAGGGTCAAAAAGGATTATGCGTACGCTGCA
GGTCGAC

TTAAACTTTTTTTTTTAAAATTGTGTATACATATAGTACATAAATGATCAATCGATGAATTC
GAGCTCG

CGGATTTCGCCAAGTACCAAGGTGTCATATACGGTATTGATGGGGACCAACGTACGCTGCA
GGTCGAC

ATTCTACGCAAATTTATAAATCAATTACGATTTTTCCAGTTTCTCTTATGCGTACGCTGCAG
GTCGAC

AAATATTTGTACAGTAAGAAGGAAAGAAAAAGAAAGAAAAAAAAGTATTAATCGATGAAT
TCGAGCTCG

CTGCCATGAATACCGCTAGAACATCTGATGAACTTCAATTCACTTTGCCACGTACGCTGCAG
GTCGAC

CAAGTACCAAGGTGTCATATACGGTATTGATGGGGACCAACGGATCCCCGGGTTAATTAA

TTTTTTTTTAAAATTGTGTATACATATAGTACATAAATGAGAATTCGAGCTCGTTTAAAC

TACCGCTAGAACATCTGATGAACTTCAATTCACTTTGCCACGGATCCCCGGGTTAATTAA

TGTACAGTAAGAAGGAAAGAAAAAGAAAGAAAAAAAAGTAGAATTCGAGCTCGTTTAAAC
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Primer Name

Sequence (5°-3°)

Cerd F1(LT)

Cerd F2 (LT)

Cer4 R1 (LT)

Ccr4 Internal F

Ccr4 UpStr. F

Pop2 Internal F

Pop2 UpStr. F

Mpt5 AID* F

Mpt5 AID* R

H3K56R Site-Muta F

H3K56R Site-Muta R

H3K36R Site-Muta F

H3K36R Site-Muta R

H3KA4R Site-Muta F

H3K4R Site-Muta R

H4K16A Site-Muta F

H4K16A Site-Muta R

H4K16Q Site-Muta F

H4K16Q Site-Muta R

Pufl S1 (Janke)

Pufl S2 (Janke)

Pufl F1 (LT)

PUfL R1 (LT)

Pufl Upstr. F

AGGGAACTCCGACTGACGTTATCCCTGCAAACTACCGCTACGGATCCCCGGGTTAATTAA

ATTTGAATTTATGAAGACAAACACAGGCAGTAAGAAAGTACGGATCCCCGGGTTAATTAA

GTACAGAGAGGAGGGAGGGAGTGGGATGAAAGTGTGCGGTGAATTCGAGCTCGTTTAAAC

ACTCCGCCGTATACGAATTG

ACCACGTGGATCGTGCTCTA

CAACAGCAGCAGCAATATTCA

ACGGAATTCGGTCCTTACCC

TACCGCTAGAACATCTGATGAACTTCAATTCACTTTGCCACGTACGCTGCAGGTCGAC

TGTACAGTAAGAAGGAAAGAAAAAGAAAGAAAAAAAAGTAATCGATGAATTCGAGCTCG

GAGAAATTAGAAGATTCCAAAGATCTACTGAACTGTTGATCAG

CTGATCAACAGTTCAGTAGATCTTTGGAATCTTCTAATTTCTC

CATCTACCGGTGGTGTTAGAAAGCCTCACAGATATAA

TTATATCTGTGAGGCTTTCTAACACCACCGGTAGATG

CCACAATGGCCAGAACTAGACAAACAGCTAGAAAATC

GATTTTCTAGCTGTTTGTCTAGTTCTGGCCATTGTGG

GGAAAAGGTGGTGCCGCACGTCACAGAAAGATT

AATCTTTCTGTGACGTGCGGCACCACCTTTTCC

GGAAAAGGTGGTGCCCAACGTCACAGAAAGATT

AATCTTTCTGTGACGTTGGGCACCACCTTTTCC

GTGTATGTGTGAGAAAGAGCGTGAACGTCTATTTATTCCTTCTTAAGATGCGTACGCTGCAG
GTCGAC

GGCGTGGTCTCCCAATGATGACGGAAATAAAAGAAAACATGGGGACGTCAATCGATGAAT
TCGAGCTCG

TGTGAGAAAGAGCGTGAACGTCTATTTATTCCTTCTTAAGCGGATCCCCGGGTTAATTAA

TCTCCCAATGATGACGGAAATAAAAGAAAACATGGGGACGGAATTCGAGCTCGTTTAAAC

CCCTTCTAAGTGTTTCCTTTGCA
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Primer Name

Sequence (5°-3°)

Pufl Internal F

Puf2 S1 (Janke)

Puf2 S2 (Janke)

Puf2 F1 (LT)

PuUf2 R1 (LT)

Puf2 Upstr.F

Puf2 Internal F

Puf3 S1 (Janke)

Puf3 S2 (Janke)

Puf3 F1 (LT)

PUf3 R1 (LT)

Puf3 UptStr.F

Puf3 Internal F

Puf4 S1 (Janke)

Puf4 S2 (Janke)

Puf4 F1 (LT)

Puf4 R1 (LT)

Puf4 UpStr. F

Puf4 Internal F

Puf6 S1 (Janke)

Puf6 S2 (Janke)

GTTATCCTGGCGTCTTCCCT

AGATATATCTACTATCGCTGTCCCTTGCTACTGTTTTCTGAATTCTGATGCGTACGCTGCAG
GTCGAC

TTGAAAAAAAAAAAAGTTTAATAGAACAGAATGATTAAAATCATTAGCTAATCGATGAATT
CGAGCTCG

TCTACTATCGCTGTCCCTTGCTACTGTTTTCTGAATTCTGCGGATCCCCGGGTTAATTAA

AAAAAAAAGTTTAATAGAACAGAATGATTAAAATCATTAGGAATTCGAGCTCGTTTAAAC

TCGTGCGTTGCGTTAGAAAA

AACTTTAACCCAGCCCCGAT

ACTACGCATTTAAATTTCTTCTGAATAACGCAATATTGCGGGTATAAATGCGTACGCTGCAG
GTCGAC

AAAAAAAAAAATAGTAAAAAGTGAAAGGAGAACGATGATAACACTAATCAATCGATGAAT
TCGAGCTCG

ATTTAAATTTCTTCTGAATAACGCAATATTGCGGGTATAACGGATCCCCGGGTTAATTAA

AAAATAGTAAAAAGTGAAAGGAGAACGATGATAACACTAAGAATTCGAGCTCGTTTAAAC

CGCACTCTGTTACCCTGAAC

CGGCTGTAGGGTCATTCAAAG

AGAAAGAGAGAACTAAGCGCTGTAACATTTTTAAGTGGACCTACGTTATGCGTACGCTGCA
GGTCGAC

ATATGAGGCTAACGTAAAAAAAGCTAAACTGAGGATATATGTATCAACTAATCGATGAATT
CGAGCTCG

GAGAACTAAGCGCTGTAACATTTTTAAGTGGACCTACGTTCGGATCCCCGGGTTAATTAA

GCTAACGTAAAAAAAGCTAAACTGAGGATATATGTATCAAGAATTCGAGCTCGTTTAAAC

CAGCAAACAGTACCTCACGT

TGTTGAAACCAAGAGCCATCG

TAGAGTACTGAAATAAAGCACAATCAGGAATAACAAATTAACTGACAATGCGTACGCTGC
AGGTCGAC

TGTACAGATGCTTATATACCAAATATTGTGACTTTATCGTAGAAAATTTAATCGATGAATTC
GAGCTCG
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Primer Name

Sequence (5°-3°)

Puf6 FL (LT)

Puf6 R1(LT)

Puf6é UpStr. F

Puf6 Internal F

Rps2 F

Rps2 R

Rps24b F

Rps24b R

Sptl5 F

Spt15 R

Rps20 RunOn F

Rps20 RunOn R

Rpl21b RunOn F

Rpl21b RunOn R

Actl RunOn F

CTGAAATAAAGCACAATCAGGAATAACAAATTAACTGACACGGATCCCCGGGTTAATTAA

ATGCTTATATACCAAATATTGTGACTTTATCGTAGAAAATGAATTCGAGCTCGTTTAAAC

AGGTAAAAGGAAGGAGACGCA

ACCGAAGAAGAGCACCCAAT

TCTGGTATCGTCGCTTCTCC

AACTGGCAATGGTTGTTCGG

CGTCTTGCACCCAAACAGAG

TCAGCCAAACCGTATCTGACT

CAACTGTGACTTTGGGGTGC

CAACCATTTTCCCTGAGGCA

GGTCAAGAAGGGTCCAGTCA

TTCGACATCCACACCAGGTT

CAACAAGATGGTCGGTAACAGA

TGGTTGAGCTGGTTGTCTCT

TGAAGTGTGATGTCGATGTCC

Actl RunOn R AGAACCACCAATCCAGACGG

Ubc6 RunOn F GAATGGACGTTTCAAGCCCA

Ubc6 RunOn R TGTAATTGATCCTGTCGTGGC

Mpt5 TAA-del F CACTTTGCCACCCGGGTACT

Mpt5 TAA-del R AGTACCCGGGTGGCAAAGTG

Mpt5 NLS TAA-del F AAAACGCAAAGTGCCCGGGTACTTTT

Mpt5 NLS TAA-del R AAAAGTACCCGGGCACTTTGCGTTTT

Mpt5 NES TAA-del F GGCATTGGCTTGCCCGGGTACTTT

Mpt5 NES TAA-del R AAAGTACCCGGGCAAGCCAATGCC

XmlF1(LT) ACTTGTAACAACAGCAGCAACAAATATATATCAGTACGGTCGGATCCCCGGGTTAATTAA
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Primer Name

Sequence (5°-3°)

XmlR1 (LT)

Xrnl UpStr. F

Xrnl Internal

Mx4 R

E3VGNEXT

ESVGNEXT

SINGV6

PSNEXTPTS

i7 Index Primer

5.4.2 Plasmids

TAAAGTAACCTCGAATATACTTCGTTTTTAGTCGTATGTTGAATTCGAGCTCGTTTAAAC

TCCTTTGCTCGTCTTTTCGC

ACCCATTACACCCTCACCAG

CTGCAGCGAGGAGCCGTAAT

ACACTCTTTCCCTACACGACGCTCTTCCGAT

CT[BC8][UMI10][T30]VN

ACACTCTTTCCCTACACGACGCIGrGrG

ACACTCTTTCCCTACACGACGC

AATGATACGGCGACCACCGAGATCTACACTCTTT CCCTACACGACGCTCTTCCG*A*T*C*T

CAAGCAGAAGACGGCATACGAGATI[i7]JGTCTCGTGGGCTCGG

Table 2: Plasmids used in this study.Plasmid name, source, and description is given.

Description or

Plasmid Source Integrated Cassette
pRS413 (Sikorski & Hieter, 1989) pBluescript 1I; AmpR; HIS3
pRS414 (Sikorski & Hieter, 1989) pBluescript 11; AmpR; TRP

pFA6a-13myc

pFAGa-GFP

pFA6a-His

pFA6a-HphNT1

Phyg-AID*-9Myc

pNHK53

pST1760

pST1868

pST1872

(Longtine et al., 1998)

(Longtine et al., 1998)

(Longtine et al., 1998)

(Janke et al., 2004)

(Morawska and Ulrich, 2013)

(Morawska and Ulrich, 2013)

(Tanaka et al., 2015)

(Tanaka et al., 2015)

(Tanaka et al., 2015)

AmpR; 13myc-HIS3

AmpR; GFP(S65T)-HIS3

AmpR; HIS3

AmpR; HphNT1 (Hygromycin B)

AmpR; C-terminal AID*9Myc-HphNT1 (Hygromycin B)

AmpR; OsTIR1-LEU2

AmpF; OsTIRL/TetR-HIS3

AmpR; OsTIR1/TetR-LEU2

AmpR; Tet Prom/N-terminal 3x mini-AlID-HphNT1 (Hygromycin B)
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Description or

Plasmid Source Integrated Cassette
pH3K56A Lab Collection AmpR; Alanine substitution at H3K56; TRP (shuffle)
pH3K56R This Study AmpR; Arginine substitution at H3K56; TRP (shuffle)
pH3K56Q This Study AmpR; Glutamine substitution at H3K56; TRP (shuffle)
pHAK16A This Study AmpR; Alanine substitution at H4K16; TRP (shuffle)
pH4K16Q This Study AmpR; Glutamine substitution at H4K16; TRP (shuffle)
pH3K4R This Study AmpR; Arginine substitution at H3K4; TRP (shuffle)
pH3K56A-Leu This Study AmpR; Alanine substitution at H3K56; LEU2 (shuffle)
pH3K56Q-Leu This Study AmpR; Glutamine substitution at H3K56; LEU2 (shuffle)

pH3/H4-Trp

pH3/H4-Leu

pH3K36R

Mpt5-Myc (pRS413)

Mpt5-RBD (pRS413)

Mpt5-NLS (pRS413)

Mpt5-NES (pRS413)

Mpt5-Real-(pRS413)

Mpt5-Full-(pRS413)

Mpt5-GFP (pRS413)

Mpt5-NLS-GFP (pRS413)

Mpt5-NES-GFP (pRS413)

Lab Collection

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

AmpR; HHT2/HHF2; TRP (shuffle)

AmpR; HHT2/HHF2; LEU2 (shuffle)

AmpR; Arginine substitution at H3K36R; TRP (shuffle)

pRS413; Mpt5-13Myc; HIS (shuffle)

pRS413; Mpt5-RNA Binding Mutant; HIS (shuffle)

pRS413; C-terminal Mpt5-NLS tag; HIS (shuffle)

pRS413; C-terminal Mpt5-NES tag; HIS (shuffle)

pRS413; Mpt5-truncated promoter; HIS (shuffle)

pRS413; Mpt5; HIS (shuffle)

pRS413; C-terminal Mpt5-GFP tag; HIS (shuffle)

pRS413; C-terminal Mpt5-NLS/GFP tag; HIS (shuffle)

pRS413; C-terminal Mpt5-NES/GFP tag; HIS (shuffle)
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5.4.3 Bacterial strains

Table 3: Bacterial strains used in this study. Strain nomenclature, source, and genotype are provided.

Strain Source Genotype
) F" proA+B+ laclgA lacZ M15/ fhuA2 A(lac-proAB) gInV gal R(zgb-
NEB Turbo New England Biolabs ]
210::Tn10) TetSendA1l thi-1 A(hsdS-mcrB)5
F~endAl ginV44 thi-1 recAl relAl gyrA96 deoR nupG purB20
DHS5a Lab
@80dlacZAM15 A(lacZYA-argF)U169, hsdR17(rkmk*), A~

5.4.4 S. cerevisiae strains

Table 4: Yeast strains used in this study. Strain nomenclature is indicated by PTY-numbering. If source refers

to the PTY number, then the strain was constructed in this study. Genotype details are also provided.

PTY Source Genotype
1021 W303/Lab Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
Collection p(URAB3)-HHT2/HHF2
1229 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; p(TRP1)-HHT2/HHF2
1230 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; p(TRP1)-hht2-K56 A/HHF2
1231 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; p(TRP1)-hht2-K56Q/HHF2
1232 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; p(TRP1)-hht2-K56R/HHF2
1233 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1
1234 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(TRP1)-HHT2/HHF2
1235 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(TRP1)-hht2-K56 A/HHF2
1236 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URAR3)-HHT2/HHF2; mpt5A::hphNT1; p(TRP1)-hht2-K56R/HHF2
1237 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URAR3)-HHT2/HHF2; mpt5A::hphNT1; p(TRP1)-hht2-K56 Q/HHF2
1238 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;

p(URA3)-HHT2/HHF2; pop2A::hphNT1
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PTY Source Genotype
1239 1238 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; pop2A::hphNT1; p(TRP1)-HHT2/HHF2
1240 1238 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; pop2A::hphNT1; p(TRP1)-hht2-K56 A/HHF2
1241 1238 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; pop2A::hphNT1; p(TRP1)-hht2-K56R/HHF2
1242 1238 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; pop2A::hphNT1; p(TRP1)-hht2-K56Q/HHF2
1243 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URAB3)-HHT2/HHF2; ccrd4A::HIS3
1244 1243 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; ccrd4A::HIS3; p(TRP1)-HHT2/HHF2
1245 1243 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; ccrd4A::HIS3; p(TRP1)-hht2-K56 A/HHF2
1246 1243 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; ccrd4A::HIS3; p(TRP1)-hht2-K56R/HHF2
1247 1243 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
P(URA3)-HHT2/HHF2; ccrd4A::HIS3; p(TRP1)-hht2-K56Q/HHF2
1248 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5::MYC-HIS3
1249 1248 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5::MYC-HIS3; p(TRP1)-HHT2/HHF2
1250 1248 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5::MYC-HIS3; p(TRP1)-hht2-56 A/[HHF2
1251 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(LEU2)-HHT2/HHF2
1252 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(LEU2)-hht2-K56 A/HHF2
1253 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(LEU2)-hht2-K56Q/HHF2
1254 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;

p(URAB3)-HHT2/HHF2; puf3A::hphNT1
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Materials

PTY Source Genotype
1255 1254 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natM X4,
p(URA3)-HHT2/HHF2; puf3A::hphNT1; p(TRP1)-HHT2/HHF2
1256 1254 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; puf3A::hphNT1; p(TRP1)-hht2-K56 A/HHF2
1257 1254 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; puf3A::hphNT1; p(TRP1)-hht2-K56Q/HHF2
1258 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URAB3)-HHT2/HHF2; puf4A::hphNT1
1259 1258 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; puf4A::hphNT1; p(TRP1)-HHT2/HHF2
1260 1258 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; puf4A::hphNT1; p(TRP1)-hht2-K56 A/HHF2
1261 1258 Mata; ade2-1; ura3-1; his3-11,15; trpl-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; puf4A::hphNT1; p(TRP1)-hht2-K56Q/HHF2
1262 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natM X4,
p(URAB3)-HHT2/HHF2; pufl A::HIS3
1263 1262 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; pufl A:HIS3; p(TRP1)-HHT2/HHF2
1264 1262 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; pufl A::HIS3; p(TRP1)-hht2-K56 A/JHHF2
1265 1262 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; pufl A::HIS3; p(TRP1)-hht2-K56Q/HHF2
1266 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URAB3)-HHT2/HHF2; puf2A::HIS3
1267 1266 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; puf2A::HIS3; p(TRP1)-HHT2/HHF2
1268 1266 Mata; ade2-1; ura3-1; his3-11,15; trpl-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; puf2A::HIS3; p(TRP1)-hht2-K56 A/HHF2
1269 1266 Mata; ade2-1; ura3-1; his3-11,15; trpl-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; puf2A::HIS3; p(TRP1)-hht2-K56Q/HHF2
1270 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;

P(URA3)-HHT2/HHF2; puf6A::HIS3
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Materials

PTY Source Genotype
1271 1270 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; puf6A::HIS3; p(TRP1)-HHT2/HHF2
1272 1270 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; puf6A::HIS3; p(TRP1)-hht2-K56 A/JHHF2
1273 1270 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; puf6A::HIS3; p(TRP1)-hht2-K56Q/HHF2
1274 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
P(URA3)-HHT2/HHF2; p(TRP1)-hht2-K4R/HHF2
1275 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natM X4,
P(URA3)-HHT2/HHF2; p(TRP1)-hht2-K36R/HHF2
1276 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; p(TRP1)-HHT2/hhf2-K16A
1277 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; p(TRP1)-HHT2/hhf2-K16Q
1278 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
P(URAZ)-HHT2/HHF2; p(TRP1)-HHT2/hhf2-K5A
1279 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; p(TRP1)-hht2-K79A/HHF2
1280 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natM X4,
p(URA3)-HHT2/HHF2; p(TRP1)-HHT2/hhf2-K12A
1281 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; p(TRP1)-HHT2/hhf2-K5-12AA
1282 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(TRP1)-hht2-K4R/HHF2
1283 1233 Mata; ade2-1; ura3-1; his3-11,15; trpl-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(TRP1)-hht2-K36R/HHF2
1284 1233 Mata; ade2-1; ura3-1; his3-11,15; trpl-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(TRP1)-HHT2/hhf2-K16A
1285 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(TRP1)-HHT2/hhf2-K16Q
1286 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;

p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(TRP1)-hht2-K79A/HHF2
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Materials

PTY Source Genotype
1287 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(TRP1)-HHT2/hhf2-K5A
1288 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(TRP1)-HHT2/hhf2-K12A
1289 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(TRP1)-HHT2/hhf2-K5-12AA

1290 1243 Mata; ade2-1; ura3-1; his3-11,15; trpl-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; ccrd4A::HIS3; p(TRP1)-hht2-K4R/HHF2

1291 1243 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; ccrd4A::HIS3; p(TRP1)-hht2-K36R/HHF2

1292 1243 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natM X4,
p(URA3)-HHT2/HHF2; ccrd4A::HIS3; p(TRP1)-HHT2/hhf2-K16A

1293 1243 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; ccrd4A::HIS3; p(TRP1)-HHT2/hhf2-K16Q

1294 1238 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natM X4,
p(URA3)-HHT2/HHF2; pop2A::HIS3; p(TRP1)-hht2-K4AR/HHF2

1295 1238 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; pop2A::HIS3; p(TRP1)-hht2-K36R/HHF2

1296 1238 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natM X4,
p(URA3)-HHT2/HHF2; pop2A::HIS3; p(TRP1)-HHT2/hhf2-K16A

1297 1238 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; pop2A::HIS3; p(TRP1)-HHT2/hhf2-K16Q

1298 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;

p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(HIS3)-empty; p(TRP1)-hht2-K56 A/HHF2
1299 1233 Mata; ade2-1; ura3-1; his3-11,15; trpl-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URAB3)-HHT2/HHF2; mpt5A::hphNT1; mpt5::HIS3; p(TRP1)-hht2-K56 A/HHF2
1300 1233 Mata; ade2-1; ura3-1; his3-11,15; trpl-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URAS3)-HHT2/HHF2; mpt5A::hphNT1; p(HIS3)-mpt5::NLS
1301 1300 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(HIS3)-mpt5::NLS; p(TRP1)-HHT2/HHF2
1302 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;

p(URAB3)-HHT2/HHF2; mpt5A::hphNT1; p(HIS3)-mpt5::NES
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Materials

PTY Source Genotype
1303 1302 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(HIS3)-mpt5::NES; p(TRP1)-HHT2/HHF2
1304 1300 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(HIS3)-mpt5::NLS; p(TRP1)-hht2-K56 A/HHF2
1305 1302 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(HIS3)-mpt5::NES; p(TRP1)-hht2-K56 A/HHF2
1306 1300 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(HIS3)-mpt5::NLS; p(TRP1)-hht2-K4R/HHF2
1307 1302 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(HIS3)-mpt5::NES; p(TRP1)-hht2-K4R/HHF2
1308 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
P(URAB)-HHT2/HHF2; p(LEU2)-HHT2/HHF2
1309 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; p(LEU2)-hht2-K56 A/HHF2
1310 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natM X4,
p(URA3)-HHT2/HHF2; p(LEU2)-hht2-K56Q/HHF2
1311 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; mpt5::GFP-HIS3; p(TRP1)-hht2-K56 A/HHF2
1312 1300 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(HIS3)-mpt5::GFP-NLS; p(TRP1)-hht2-K56 A/HHF2
1313 1238 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5::MY C-HIS3; pop2A::hphNT1
1314 1238 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5::MY C-HIS3; pop2A::hphNT1; p(TRP1)-HHT2/HHF2
1315 1302 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(HIS3)-mpt5::GFP-NES; p(TRP1)-hht2-K56 A/HHF2
1316 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natM X4,
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(HIS3)-mpt5::RBDmut; p(TRP1)-hht2-K56 A/HHF2
1317 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(HIS3)-mpt5::truncprom; p(TRP1)-hht2-K56 A/HHF2
1318 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;

p(URA3)-HHT2/HHF2; mpt5A::hphNT1; mpt5::RBDmut-HIS3
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Materials

PTY Source Genotype
1319 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natM X4,
p(LEU2)-OsTirl; p(TRP1)-HHT2/HHF2
1320 1021 Mata; ade2-1; ura3-1; his3-11,15; trpl-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(LEU2)-OsTirl; p(TRP1)-hht2-K56A/HHF2
1321 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
mpt5::c-terminal AID*9Myc-HphNT1; p(TRP1)-hht2-K56 A/HHF2
1322 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
mpt5::c-terminal AID*9Myc-HphNT1; p(LEU2)-OsTirl; p(TRP1)-HHT2/HHF2
1323 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
mpt5::c-terminal AID*9Myc-HphNT1; p(LEU2)-OsTirl; p(TRP1)-hht2-K56 A/HHF2

1324 1248 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;

pP(URA3)-HHT2/HHF2; mpt5::MY C-HIS3; mpt5::tetprom/N-terminal3xmini-AlD-hphNT1;
p(LEU2)OsTIR1/TetR

1325 1248 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5::MYC-HIS3; p(LEU2)OsTIR1/TetR; p(TRP1)-HHT2/HHF2

1326 1248 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;

p(URA3)-HHT2/HHF2; mpt5::MYC-HIS3; p(LEU2)OsTIR1/TetR; p(TRP1)-hht2-K56 A/HHF2
1327 1233 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5A::hphNT1; p(LEU2)OsTIR1/TetR; p(TRP1)-HHT2/HHF2
1328 1248 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5::MY C-HIS3; mpt5::tetprom/N-terminal3xmini-AID-hphNT1;
p(LEU2)OsTIR1/TetR; p(TRP1)-hht2-K56 A/HHF2
1329 1021 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; xrn1A::HIS3

1330 1248 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;
p(URA3)-HHT2/HHF2; mpt5::MYC-HIS3; mpt5::tetprom/N-terminal3xmini-AlD-hphNT1

1331 1248 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;

P(URA3)-HHT2/HHF2; mpt5::MYC-HIS3; p(LEU2)OsTIR1/TetR; p(TRP1)-hht2-KAR/HHF2
1332 1248 Mata; ade2-1; ura3-1; his3-11,15; trp1-1; leu2-3,112; can1-100; hhtl-hhfl::kanMX4; hht2-hhf2::natMX4;

p(URA3)-HHT2/HHF2; mpt5::MY C-HIS3; mpt5::tetprom/N-terminal3xmini-AlD-hphNT1;
P(LEU2)OsTIR1/TetR; p(TRP1)-hht2-KAR/HHF2
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5.5 Chemicals

All chemicals used in the study were analytical grade and purchased from Roth or

Sigma.

5.6 Growth media

5.6.1 Growth media components
Amino Acids (for Drop Out Medium)
Yeast Nitrogen Base without Amino Acids
Yeast Extract

Glucose, monohydrate

Peptone ex meat

Drop Out Mix (Minus)

Drop Out Mix (Complete)

Agar

5-FOA (Hydrate)

5.6.2 Growth media formulas

Name

Roth

Roth

Serva/Roth

Roth

Roth

US Biological Life Sciences
US Biological Life Sciences
Roth

Cayman Chemical/TRC Canada

Formula

LB-Media (Bacteria)

YPD-Media (Yeast)

5.7 Antibodies

Mouse a -actin
Rabbit o -Gapdh

Mouse a -Puromyocin

1% Peptone

0.5% Yeast Extract
1% NaCl

(2% Agar)

2% Peptone

1% Yeast Extract
2% Glucose

(2% Agar)

GeneTex
Sigma Aldrich
EMD Milipore Corp
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Mouse a -C-Myc

Rabbit o -H3K56ac

Mouse o -Anti-AlD-tag

Rabbit o -H3ac

Rabbit o -H3

Goat a -rabbit IgG (horseradish peroxidase)

Horse a. -mouse 1gG (horseradish peroxidase)

5.8 Antibiotics

Ampicillin (100 pg/mL)
Doxycycline (0.2-40 pg/mL)
Hygromycin B (150 pg/mL)
CIoNAT (100 pg/mL)
Kanamycin (20 pg/mL)

Sigma Aldrich
Active Motif
MBL International
Active Motif
ABcam

Cell Signaling
Cell Signaling

Roth
Sigma-Aldrich
Applichem
Sigma

Roth

5.9 Enzymes and miscellaneous proteins

Phusion High-Fidelity Polymerase
RNase A

Restriction Enzymes

T4 DNA Polymerase

DNA Pol. Lg. Fragm. exo-

T4 Polynucleotide Kinase (PNK)

Dream Taq Polymerase

5.10 Kits

NucleoSpin Plasmid EasyPure
NucleoSpin Gel and PCR Clean-up
QIAprep Spin Miniprep Kit

High Pure Plasmid Isolation Kit
Zyppy Plasmid Miniprep Kit

New England Biolabs
Sigma

New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs

Thermo Fisher Scientific

Macherey-Nagel
Macherey-Nagel
Qiagen

Roche

Zymoresearch
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YeaStar Genomic DNA Kit Zymoresearch
Western Turbo Blot Kit Bio-Rad
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6 Methods

6.1 Molecular biology methods

6.1.1 Molecular cloning

All molecular cloning performed in this study was based on the guidelines and
recommendations in previous literature (Malke, 1990). Plasmid preparation and DNA
extraction in the molecular cloning process was performed using the previously mentioned Kits
(5.10).

6.1.2 Agarose gel electrophoresis

Agarose flat-bed gels with concentrations between 0.8 — 1% in 1x TBE buffer were
poured and run to separate DNA-fragments in an electrical field (10 — 20 V/cm) for analytical
or preparative use. The desired amount of agarose was boiled in 1x TBE buffer until completely
molten. After cooling to ~60°C, ethidium bromide solution (5 pL per 100 mL agarose) was
mixed into the liquid agar, and then the solution was poured into a flat-bed tray with combs.
After solidification of the agar, the DNA in DNA-loading buffer was pipetted into the lanes and
separated through electrophoresis. The DNA was then detected using a Gel Viewer-BL Star 16

(Biometra).

6.1.3 Site-directed mutagenesis

Site-directed mutagenesis (SDM) is a method to create specific, targeted changes in
double stranded plasmid DNA such as nucleotide insertions, deletions, and substitutions, in
order to investigate how these changes influence protein activity and cell phenotype.

In this study, the SDM protocol was performed based on the QuikChange Il Site-
Directed Mutagenesis Kit (Agilent Technologies). Primers were designed based on the
guidelines provided in the QuikChange Il kit. PCR reactions were performed using the Phusion
HF Polymerase and Phusion HF Reaction Buffer (New England Biolabs) with 50 ng of dSDNA
template, 125 ng of each primer, and ensuring that the PCR program extension time was
adequate enough to cover the entire plasmid length based on the Phusion HF Polymerase

parameters. Following PCR amplification, 1 pL of Dpn restriction enzyme (New England
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Biolabs) was added directly to each PCR amplification, the tubes were gently vortexed, and
incubated for 60 min at 37°C. Following incubation, the amplified/digested plasmid was
transformed using DH5a E. coli, and the DH5a cells were plated on the corresponding selection
LB plates and incubated overnight at 37°C to select for positive colonies. The following day,

the QIAprep Spin Miniprep Kit (Qiagen) was used to extract and purify the plasmids.

6.2 S. cerevisiae techniques

6.2.1 Transformation of S. cerevisiae cells

S. cerevisae cells have a very efficient recombination system; about 50 base pairs of
homologous sequence, flanking large non-homologous sequence stretches, are sufficient for a
targeted insertion into the yeast genome. This approach can be utilized to generate gene
deletions by replacing the coding sequences with selection markers, or to insert fusions into the
genome, such as specific C-terminal or N-terminal tags. The knock-out and insertion cassettes
were amplified from vectors by PCR (Table 1), using specific primer designs based on previous
literature (Janke et al., 2004; Longtine et al., 1998). The resulting PCR product (“transformation
product”) was transformed into yeast cells with the following protocol, and potentially positive
clones were tested for correct gene deletion or gene fusion by PCR.

Single yeast colonies were picked and inoculated overnight in 4 mL of YPD media at
30°C. The following day, the cultures were diluted to an OD595 of ~0.15 in YPD media (with
10 mL of yeast cells per each individual transformation), and grown in canonical flasks at 30°C
to an OD595 of 0.5-0.8. The cultures were transferred to 50 mL Falcon tubes, centrifuged at
3,000 rpm for 3 min at 20°C, and the supernatant was removed. Transformation wash was then
added to each pellet based on % of the total volume of yeast culture in the previous step, the
cells were vortexed briefly, and centrifuged at 3,000 rpm for 3 min at 20°C. The supernatant
was discarded by pouring; the pellet was resuspended with the remaining supernatant using a
1000 pL pipette and transferred to a clean 1.5 mL Eppendorf tube. The tubes were centrifuged
at max speed for 5 sec at 20°C, the supernatant was removed, the pellet was resuspended in 1
mL of transformation wash, and the tubes were centrifuged at 5,000 rpm for 2 min at 20°C. The
supernatant was removed, 100 uL of transformation wash, per each individual transformation,
was added and the tubes were vortexed. 100 pL of cells were then added to each corresponding
1.5 mL Eppendorf tube (each individual transformation), followed by 20 pL of Salmon Sperm
DNA solution (10mg/ml) and the tubes were vortexed (Salmon Sperm DNA solution was boiled

for 10 min in a heat block and then snap frozen on ice before use to ensure the DNA was single
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stranded). The “transformation product” was then added to each tube (up to 15 uL if PCR
product or 0.5 pL if shuffle plasmid), 600 pL of PEG mix was added, the tubes were vortexed
vigorously, incubated in a heat block for 40 min at 30°C, and then directly incubated again in a
water bath for 18 min at 42°C. The tubes were then centrifuged at 3,000 rpm for 2 min at 20°C,
the supernatant was removed, and the pellet was resuspended in 100 pL of YPD media. Finally,
each transformation was plated onto selective plates and incubated at 30°C for two days if
selection was done through auxotrophic markers. Alternatively, if selection was done through
antibiotic resistance, cells were plated for one night on YPD plates, followed by replica-plating
onto selection plates.

Transformation wash:

0.1M LiAc

PEG mix:
40% PEG
0.1M LiAc

Salmon Sperm DNA:
Resuspend 200mg of DNA in 20 mL of ddH»O in a 50 mL Falcon tube, boil in a glass

beaker, snap cool on ice, and filter.

6.2.2 Serial dilution spot tests

In order to visualize S. cerevisiae growth phenotypes at a higher resolution and to test
growth behavior of different strains under various conditions, serial dilution spot tests were
performed.

Single yeast colonies were picked and inoculated overnight in 5 mL of YPD media at
30°C. The next day, the cell cultures were diluted to an ODsgs of 1.0 in 200 uL of water, and 5-
fold serial dilutions were performed in a 96-well plate. Spotting of the yeast cells was performed
in parallel and in triplicate, on both selection media plates (to induce the mutation) and SD
media plates (to verify equal quantity of yeast cells). Plates were incubated at 30°C for two to
three days, and images were taken using the ChemiDoc MP system (Bio-Rad).

6.3 Hot phenol RNA extraction

Single yeast colonies were picked and inoculated overnight in 5 mL of YPD media at
30°C. The next day, the cultures were diluted in 10 mL of YPD media to an ODsgs of ~0.15
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and grown in canonical flasks at 30°C until an ODsgs of 0.5-1.0 (with care being take to not
exceed an ODsgs greater than 1.0). The cultures were then transferred to 15 mL tubes and
centrifuged at 3000 rpm for 3 min at 20°C. The supernatant was discarded, the pellet was
resuspended in 1 mL of room temperature DNAse/RNAse free water (Invitrogen), transferred
to a DNAse/RNAse free 1.5 mL Eppendorf tube, and then centrifuged at max speed for 10 sec
at 20°C and the supernatant was removed. At this point, the pellet was snap frozen in liquid
nitrogen and stored at -80°C until the protocol was continued.

The pellet was resuspend in 400 uL of TES solution, 400 uLL of RNA extraction phenol
was added, and the tubes were vortexed vigorously for 10 sec. The tubes were then incubated
for 60 min in a heat block at 65°C, with brief vortexing every 15 min. Following incubation,
the tubes were placed on ice for 5 min and then centrifuged at max speed for 5 min at 4°C. The
aqueous phase was then transferred to a clean DNAse/RNAse free Eppendorf tube (with care
being taken to not disturb the phases), 400 pL of RNA extraction phenol was added to the
extracted aqueous phase, the tubes were vortexed vigorously, placed on ice for 5 min, and then
centrifuged at max speed for 5 min at 4°C. The aqueous phase was transferred again to a clean
DNAse/RNAse free Eppendorf tube (with care being taken to not disturb the phases), 400 uL
of chloroform was added, the tubes were vortexed vigorously, and then centrifuged at max
speed, for 5 min at 4°C. The aqueous phase was transferred a final time to a clean
DNAse/RNAse free Eppendorf tube (with care being taken to not disturb the phases), 40 uL of
3 M sodium acetate with a pH of 5.3 and 1 mL of ice-cold 100% ethanol was added, the tubes
were mixed by gentle inversion and precipitated overnight at -20°C. The following day, the
tubes were centrifuged at 11,000 rpm for 5 min at 4°C, and the supernatant was removed with
a vacuum pump (with care being taken to remove as much of the supernatant as possible without
disturbing the pellet). The RNA pellet was then resuspended and vortexed briefly in 1 mL of
ice-cold 70% ethanol, and the tubes were centrifuge at 11,000 rpm for 5 min at 4°C. The
supernatant was removed; the pellet was resuspended in 50 uL of DNAse/RNAse free water
(Invitrogen), and the tubes were incubated in a heat block for 7 min at 65°C. Finally, the quality
and concentration of the RNA was determined using a Nano-photometer (Implen), and the
RNA was stored at -80°C until further use.

TES Solution (in Invitrogen H.O):
10 mM Tris, pH 7.5

10 mM EDTA

0.5% SDS
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6.4 Protein analysis

6.4.1 Protein extraction

Single yeast colonies were picked and inoculated overnight in 5 mL of YPD media at
30°C. The next day, the cultures were diluted in 10 mL of YPD media to an ODsgs of ~0.2 and
grown in canonical flasks at 30°C until an ODsgs of 0.5-0.8. A volume equivalent to one ODsgs
was pipetted into a 2 mL Eppendorf tube, and the tubes were centrifuged at 5,000 rpm for 3
min at 20°C and the supernatant was removed. At this point, the cells were either stored at -
20°C or the protocol was continued.

The pellet was resuspended in 240 pL of 1.85 M NaOH and 1.06 M 2-mercaptoethanol
solution and incubated on ice for 10 min. An equal volume of 50% Trichloroacetic acid was
then added, the tubes were incubated on ice for 10 min, and centrifuged at 13,000 rpm for 10
min at 4°C. Next, the supernatant was removed, the pellet was washed in 1 mL of 1 M Tris
base, and the tubes were centrifuged at 13,000 rpm for 10 min at 4°C. The supernatant was
removed, 50 puL of 2x Laemmli protein loading buffer was added (Laemmli, 1970), and the

tubes were boiled in a heat block for 5 min and then stored at -20°C.

6.4.2 Gel-electrophoresis with SDS-PAGE

Proteins of different sizes can be denatured and separated by SDS-Polyacrylamide gel
electrophoresis (SDS-PAGE). The gels used in this technique are composed of two distinct
sections: A lower resolving gel, with polyacrylamide concentrations ranging from 8 to 15%
depending on the size of the proteins of interest; and an upper stacking gel with 4%
polyacrylamide, used to arrange the proteins before they move into the resolving gel. SDS-
polyacrylamide gels of varying concentrations were made using the formula provided below

(quantities provided are for two mini gels):

8% 10% 12% 15% Stacking
Water (mL) 4.6 4.0 3.3 2.3 4.1
30% Acrylamide 2.7 3.3 4.0 5.0 1.0
(mL)
1.5M Tris (pH 8.0) 2.5 2.5 2.5 2.5 0.75 (pH
(mL) 6.8)
10% SDS (uL) 100 100 100 100 60
10% APS (uL) 100 100 100 100 60
TEMED (uL) 6 4 4 4 6
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Once the gels solidified, 10 uL of prepared protein sample (6.4.1) and 5 uL of PageRuler
prestained protein ladder (Thermo Fisher Scientific) were loaded into the SDS-polyacrylamide
gel slots using a micropipette and long-tailed tips. All gels were run at 120 V using a Power
Pac — Basic (Bio-Rad) in 1x SDS gel running buffer until the gel front reached the bottom of

the gel plates, thus ensuring optimal separation of the proteins.

6.4.3 Western blot of SDS-PAGE gels

The western blot technique allows for transfer of proteins separated through SDS-PAGE
(reference section) from the SDS-polyacrylamide gel to a nitrocellulose membrane through the
application of an electric field; thus allowing for subsequent immunodetection of the proteins
of interest. In this study, transfer of proteins from SDS-polyacrylamide gels to nitrocellulose
membranes was performed using the Western blot transfer system (Bio-Rad), by following the
instructions and using the reagents/components in the Bio-Rad Western Turbo Blot Kit (5.10).
Once proteins were transferred to a nitrocellulose membrane using the Bio-Rad transfer system,
the proteins of interest were detected using immunological methods. First, the nitrocellulose
membrane was stained with Ponceau S solution for two min to ensure equal and proper transfer
of proteins to the membrane and for reference as a loading control. The dye was then washed
away with water, the membrane was blocked by incubation in 5% milk solution (5% milk
powder in 1x TBST) for one hour at room temperature, and then the membrane was incubated
in the primary antibody at 4°C overnight (antibodies were diluted in 5% milk solution based on
the manufacturer’s instructions). The following day, the membrane was washed three times
with 1x TBST for 10 min each time, and then the membrane was incubated in the secondary
antibody for one hour at room temperature (secondary antibody was diluted 1:10,000 in 5%
milk solution). All secondary antibodies used in this study were conjugated with horseradish
peroxidase, which produces an optically active hydroxyl peroxide through Enhanced
chemiluminescence (ECL). After incubation in the secondary antibody, the membrane was
washed three times with 1x TBST for 10 min each time, and then exposed to ECL Western
Blotting Substrate (Promega) for 3 min, with care being taken to expose the membrane evenly
to the ECL substrate. Next, the membrane was placed in a clear foil sheet, placed within a film
developing cassette (Roth), exposed to Amersham hyperfilm ECL (GE Healthcare) for 1 to 40
min depending on the protein of interest and antibody used, and then the hyperfilm was
developed using the Curix 60 (AGFA).
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Ponceau S Solution:
0.1% (w/v) Ponceau S
1% (v/v) Acetic Acid

1x TBST Buffer:

10 mM Tris/HCI (pH 7.5)
150 mM NaCl

0.1% (v/v) Tween 20

6.5 Chromatin immunoprecipitation (ChlP)

The chromatin immunoprecipitation (ChlIP) assay is a technique used for probing
protein-DNA interactions and to identify the scope of specific histone modifications within the
chromatin landscape of the cell. In this study, the ChlIP assay was performed and ChIP-seq
libraries were constructed in order to investigate genome wide changes for specific histone

modifications.

6.5.1 ChIP pulldown

Day One
Single yeast colonies were picked and inoculated overnight in 5 mL of YPD media at

30°C. The next day, the cultures were diluted in 60 mL of YPD media to an ODsgs of ~0.15
and grown in canonical flasks at 30°C until an ODsgs of 0.6-0.8. 50 mL of yeast culture was
then transferred to 50 mL Falcon tubes, 1.35 mL of 37% Formaldehyde (1% final Formaldehyde
concentration) was added, and the tubes were incubated on a shaker for 60 min at 20°C. Next,
the tubes were centrifuged at 3,000 rpm for 2 min at 4°C, the supernatant was discarded, the
pellet was resuspended in 10 mL of ice-cold PBS, centrifuged again at 3,000 rpm for 2 min at
4°C, and the supernatant was discarded. The wash step was then repeated with 10 mL of ice-
cold PBS and centrifugation at the same settings, but then 8 mL of PBS supernatant was
removed, and the pellet was resuspended in the remaining supernatant and transferred to a 2
mL Eppendorf tube. The tubes were centrifuged at max speed for 10 sec at 4°C, the supernatant
was removed, and the pellet was stored on ice (pellets can also be snap frozen in liquid nitrogen
and stored at -80°C until further use). The pellet was then resuspended in 500 pL of ice-cold
SDS buffer and 200 pL of glass beads were added to the tubes. Next, the tubes were vortexed
on the highest setting for 1 min using a Vortex Genie 2 (Scientific Industries) followed by

incubation on ice for 3 min (this vortex/incubation cycle was repeated four times). The bottom
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of the tubes were then needle pierced, the tubes were placed in 15 mL Falcon tubes, and the
tubes were centrifuged at 2,000 rpm for 30 sec at 4°C to get rid of the cell debris. The cells
were then sonicated using the M220 sonicator (Covaris) with the program: peak power 75,
cycles/burst 200, duty factor 25, duration 5 min. The sonicated cells were then transferred to a
15 mL Falcon tube, centrifuged at 14,000 rpm for 20 min at 4°C, the supernatant was removed,
and the pellets were resuspended in up to 10 mL of ice-cold IP buffer. At this point, a 30 pL
aliquot was taken as an input control and stored at -20°C. With the remaining cells, 1 mL
aliquots were pipetted into siliconized Eppendorf tubes, and 2-5 pL of antibody was added to

each tube. The tubes were then incubated on a rotating wheel overnight at 4°C.

Day Two
After incubation, 30 uL of Protein G Dynabeads (Invitrogen), washed in IP buffer, were

added to the tubes and incubated on a rotating wheel for 60 min at 20°C. The beads were then
washed with the listed buffers using a magnet system and incubation on the rotating wheel with
the listed timeframes:

1ml TSE-150 (3 min)

Iml TSE-500 (3 min)

Iml LiCl wash (3 min)

Add 1ml TE pH8 (3min)

After the washes, 200 pL of Elution buffer was added and the tubes were incubated on
the rotating wheel for 30 min at 20°C. Next, 20 uL of 5M NaCl and 10 puL of DNase-free RNase

was added, and the tubes were incubated in a heat block overnight at 65°C.

Day Three
All samples were purified using the Macherey-Nagel NucleoSpin Gel and PCR Clean-

up kit (1.10), and then eluted in 40-50 uL of DNAse/RNAse free water. Finally, either the
samples were used for ChIP Library prep (6.5.2), or 1-2 uLL were used for qPCR analysis.

IP Buffer

0.01% SDS
1.1%Triton-X-100

1.2mM EDTA

16.7mM Tris HCI (pH 8.0)
167mM NaCl
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0.5mM PMSF
0.8 pg/ml Pepstatin A
0.6 pg/ml leupeptin.

TSE-150/500

1% Triton-X-100
0.1%SDS

2mM EDTA

20mM Tris HCI (pH 8.0)
150mM/500mM NaCl

SDS Buffer

1% SDS

10mM EDTA

50mM Tris HCI (pH 8.0)
0.5mM PMSF-EtOH

0.8 pg/ml pepstatin A
0.6 pg/ml leupeptin

Elution Buffer
1% SDS
0.1M NaHCO3

LiCl Wash

0.25M LiCl

1% NP-40

1% dioxycholate

1mM EDTA

10mM Tris HCI (pH 8.0

6.5.2 ChIP library prep

Twenty microliters of prepared ChIP DNA (6.5.1) was used in the following steps for
the ChlIP library prep.
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Blunt DNA Ends (End Repair)
The following formula was followed and the tubes were incubated in a heat block for
30 min at 20°C:
20 pL ChIP DNA (=10ng)
5 uL NEB T4 DNA ligase buffer (without ATP)
5 uL ATP (10 mM)
2 uL dNTP’s (10 mM)
0,5 uL End-Repair-Enzyme-Mix*
17,5 uL H20
*End-Repair Mix:
5 uL T4 DNA Polymerase
1 uL Klenow fragment
5 uL T4 PNK

After the incubation step, 90 uL of Ampure XP beads (Beckman Coulter), per 50 puL of
reaction volume, were added to each tube, mixed by pipetting, and then incubated for 5 min at
20°C. Next, the samples were placed on a magnet system until a clear solution formed (~3 min),
and the supernatant was removed. The beads were then washed twice with 70% EtOH, air dried
for 5 min, and then the samples were eluted in 22 pL of water for 5 min, but only 18 puL of the

elute was transferred to a new Eppendorf tube.

Addition of “A” bases to the 3’ ends of the DNA fragments

After the Ampure XP bead clean up, the following formula was followed and the tubes
were incubated in a heat block for 30 min at 37°C, directly followed by incubation for 5 min at
70°C.

16.5 puL End-repaired DNA

2 uL. NEB buffer 2 (10X)

1 uL dATP (4mM)

0,5 uL Klenow 3’ to 5’ exo minus (5 U/ul)

Ligation of adapters to DNA fragments

After addition of “A” bases, the following formula was followed and the tubes were
incubated in a heat block for 15 min at 20°C, directly followed by incubation for 15 min at 30
°C.
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20 uL A-tailed DNA

27.25 uL 2X Quick ligase buffer

2.5 uLL Annealed adapters

375 uL H20

1 puL Quick Ligase (2000 U/ul NEB)

*Following the incubation step, 5.5 pl of 0.5 M EDTA with a pH of 8.0 was added.

After addition of 0.5 M EDTA, 108 pL of Ampure XP beads (per 60 pL of reaction
volume) were added to each tube, mixed by pipetting, and then incubated for 5 min at 20°C.
Next, the samples were placed on a magnet system until a clear solution formed (~3 min) and
the supernatant was removed. The beads were then washed twice with 70% EtOH, air dried for
5 min, and then the samples were eluted in 24 pL of water for 5 min, but only 20 puL of the elute

was transferred to a new Eppendorf tube.

Amplification of Library by PCR

After the Ampure XP bead clean up, the following PCR reaction was set up and
performed using the T100 Thermal Cycler (Bio-Rad) with a specified program (45 sec at 98°C;
17 cycles of 15 sec at 98°C, 30 sec at 63°C, 30 sec at 72°C; 60 sec at 72°C):

19 uL of DNA ligated

1 uL PCR primer Mix

20 uL HiFi HotStart 2X Kapa Mix

Double Sided Size Selection (=200-650bp)
After the PCR reaction, 20 pl of Ampure XP beads were added to 40 ul of the PCR

product (0.5 ratio) and the samples were mixed by pipetting. Next, the samples were placed on

a magnet system until a clear solution formed (~3 min) and the supernatant was transferred to
a new Eppendorf tube. 12 pl of Ampure XP beads were then added to the transferred
supernatant (0.3 ratio), the samples were mixed by pipetting, and incubated for 5 min at 20°C.
The samples were then placed on a magnet system until a clear solution formed (~3 min) and
the supernatant was removed. The beads were then washed twice with 85% EtOH, air dried for
5 min, and then the samples were eluted in 24 pL of water for 5 min, but only 20 uL of the elute

was transferred to a new Eppendorf tube.
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Library quality was checked using the tape station 2200 (Agilent Technologies) and
samples were sent for sequencing to the Max Planck Institute for Plant Breeding Research in

Cologne. Bioinformatics analysis of the data was performed by Dr. Swati Parkesh.

6.6 Improved Auxin-Inducible Degron (IAID) system and time

course sample extractions

An improved Auxin-Inducible Degron (iAID) system, which incorporates a Tetorr
promoter in parallel to target-specific AID mediated protein degradation, was also applied in
this study (Tanaka et al., 2015). The iAID system was generated by amplification of specific
vectors through PCR (5.4.2) and by following the previously described S. cerevisiae cell
transformation protocol (6.2.1). To induce and analyze growth phenotypes and collect cell
samples for further analysis, the following growth and cell preparation protocol was applied.

Single yeast colonies were picked and inoculated overnight in 5 mL of YPD media at
30°C. The next day, the cultures were diluted in 20 mL of YPD media to an ODsgs of ~0.15
and grown in canonical flasks at 30°C until an ODsgs of 0.6-0.8. From each cell culture, 10 mL
were collected for RNA extraction (6.3), one ODsgs for protein extraction (6.4.1), and 1 mL of
cell culture was diluted in 4 mL of YPD media containing 0.25 pg/mL of Doxycycline (Sigma)
and incubated overnight at 30°C. The following day, the overnight cultures were diluted in 40
mL of YPD media containing 0.25 pg/mL of Doxycycline to an ODsgs of 0.2 and incubated at
30°C to an ODsgs of 0.6-0.8. From each cell culture, 10 mL were then collected for RNA
extraction (6.3), 1 ODsgs for protein extraction (6.4.1), and the remaining cell culture was
diluted in 40 mL of YPD media containing 40 pg/mL of Doxycycline and ImM Auxin to an
ODsgs of ~0.2. The cell cultures were then incubated at 30°C for 90 min. After 90 min, ODses
measurements were taken, 10 mL of cell culture was collected for RNA extraction (6.3), one
ODsgs for protein extraction (6.4.1), and the remaining cell culture was incubated again at 30°C.
After an additional 150 min of incubation, ODsgs measurements were taken, 10 mL of cell
cuture was collected for RNA extraction (6.3), one ODsgs for protein extraction (6.4.1), and the
remaining cell culture was incubated at 30°C. Finally, after 120 more min of incubation, ODsgs
measurements were taken.

Growth curves were generated based on the ODsgs measurements, and RNA and protein

extraction was done on the collected cells as previously described (6.3 and 6.4.1).
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6.7 Bulk-RNA-Unique Molecular lIdentifier (UMI) sequencing
library prep

Common high-throughput RNA sequencing techniques rely on a PCR amplification step
that may result in different amplification rates between molecules, thus resulting in an
overrepresentation of some transcripts due to PCR duplicates. Unique molecular identifiers
(UMI) are molecular tags that can be incorporated into the RNA sequencing process to detect
and quantify polyadenylated transcripts without PCR duplicate bias. In this study, the UMI
approach was applied to bulk RNA-seq libraries.

RNA extraction was performed on the cells as previously described (6.3), and the
following protocol was used to generate bulk-RNA-UMI-seq libraries. All primers used in the

generation of the libraries can be found in Table 1.

Reverse Transcription

The following Reverse Transcription Mix was prepared and combined with 50 ng of
total RNA per sample, and reverse transcription was performed in the T100 Thermal Cycler
(Bio-Rad) for 90 min at 42°C:

Maxima H Minus RT 0.125 uL
Maxima RT Buffer (5x) 2 uL
dNTPs (25mM) 0.4 uL
Uni. ESV6NEXT (100uM) 0.1 uL
E3VENEXT-UMI (2uM) 1 uL
H20* 6.375 p*
RNA (50 ng)

*adjust H20 volume based on volume of RNA added

cDNA Pooling and Purification

All reverse transcribed samples were pooled into a single 2 mL Eppendorf tube, Ampure
XP (Invitrogen) beads were added at a volume to volume ratio of 1:1, mixed by pipetting, and
then incubated for 5 min at 20 °C. Next, the samples were placed on a magnet system until a
clear solution formed (~3 min), and the supernatant was removed. The beads were then washed
twice with 80% EtOH, air dried for 4 min, and then the samples was eluted in 20 pL of water
for 5 min, but only 17 pL of the elute was transferred to a new PCR tube.
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Exonuclease Treatment

1 uL of Exonuclease (New England Biolabs) and 2 uL. of Exonuclease buffer (New
England Biolabs) was added to the 17 puL of pooled and purified samples, and the samples were
incubated in the T100 Thermal Cycler (Bio-Rad) for 20 min at 37°C, followed by heat
inactivation for 10 min at 80°C.

Full Length cDNA Amplification
25 puL of NXT 2x reaction mix (New England Biolabs), 1 uL of SINGV6 Primer
(10uM), and 4 pL of DNAse/RNAse free water was added to the Exonuclease treated samples,

and the following PCR program was run:

Step Temp. Time

Initial Denaturation ~ 98°C 3min

Denaturation 98°C 15sec

Annealing 65°C 30sec 10 cycles
Elongation 68°C 4min

Final Elongation 72°C 10min

Store 4°C store

Full Length cDNA Purification
The PCR product was transferred to a 1.5 mL Eppendorf tube, Ampure XP beads were

added at a volume to volume ratio of 0:8, mixed by pipetting, and then incubated for 5 min at
20 °C. Next, the samples were placed on a magnet system until a clear solution formed (~3
min), and the supernatant was removed. The beads were then washed twice with 80% EtOH,
air dried for 4 min, and then the samples were eluted in 12 pL of water for 5 min, but only 10

uL of the elute was transferred to a new PCR tube.

Tagmentation
The purified cDNA samples were quantified using the Qubit 3 Fluoromoeter (Thermo

Fisher Scientific), and the following tagmentation mix was prepared and added to five separate

technical repeats:
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cDNA (0.8 ng in total per
replicate)

Tagment DNA Buffer
Amplicon Tagment Mix
H20*

Total

*adjust H20 volume based on volume of cDNA added

1x
0.8ng total

10uL
5uL
4 uL >
20 uL

Each technical repeat was then incubated for 10 min at 55°C, followed by addition of 5

puL of NT buffer (Illumina) and incubation for 5 min at 20°C.

Library Completion

25 uL of Index PCR mix (lllumina) was prepared and added to each tagmentation

replicate based on the following formula:

P7NXX (i7 Index) Primer (5 uM)
P5NextPT5 Primer (5 uM)

NPM PCR Mix

H.O

Total

1x
0.5uL
0.5uL
15uL
quL
25uL

Each tagmentation replicate was then amplified with the following PCR program:

Step Temp.
Elongation 72°C
Initial Denaturation ~ 95°C
Denaturation 95°C
Annealing 55°C
Elongation 72°C
Final Elongation 72°C
Store 4°C

Time
3min
30sec
10sec
30sec
Imin
5min

store

13 cycles

Following PCR amplification, all technical repeats were pooled into a single 1.5 mL

Eppendorf tube, Ampure XP beads were added at a volume to volume ratio of 0:6, mixed by

pipetting, and then incubated for 5 min at 20 °C. Next, the samples were placed on a magnet
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system until a clear solution formed (~3 min), and the supernatant was removed. The beads
were then washed twice with 80% EtOH, air dried for 4 min, and then the sample was eluted in
22 uL of water for 5 min, but only 20 uL of the elute was transferred to a new PCR tube.
Finally, the quantity and quality of the UMI-seq library was checked using the Tape
station 2200 (Agilent Technologies) and DNA High-Sensitivity tape (Agilent Technologies),
and the UMI-seq libraries were sent off for sequencing to the Max Planck Institute for
Molecular Genetics in Berlin. Bioinformatics analysis of the data was performed by Dr. Swati

Parkesh based on previous literature (Parekh et al., 2018).

6.8 Staining and imaging of S. cerevisiae cells

6.8.1 DAPI staining S. cerevisiae cells

Single yeast colonies were picked and inoculated overnight in 5 mL of minimal media
at 30°C. The following day, 900 uL of cell culture was transferred to a 1.5 mL Eppendorf tube
containing 100 pL of 37% formaldehyde (3.7% formaldehyde final concentration) and the tubes
were mixed by inversion. The tubes were incubated for 25 min at 20°C with gentle rotation,
centrifuged at 3,000 rpm for 3 min at 20°C, the supernatant was removed, and the pellet was
washed with 1x PBS. The tubes were centrifuged again at 3,000 rpm for 3 min at 20°C, the
supernatant was removed, and the pellet was resuspended in 1x PBS/0.1% Triton x-100 and
incubated for 10 min at 20°C. The tubes were then centrifuged at 3,000 rpm for 3 min at 20°C,
the supernatant was removed and the pellet was resuspended in 1x PBS, and the centrifugation
step was repeated. The supernatant was then removed, the pellet was resuspended in 1 mL of
1x PBS, 1 pL of 0.5 mg/mL DAPI (Thermo Fisher Scientific) was added, and the tubes were
incubated in the dark for 10 min at 20°C with gentle rotation. Following incubation, the cells
were washed two times with PBS as described previously, and the pellet was resuspended in
KPOs/Sorbitol buffer. At this point, cells could be stored in the dark for 1-2 weeks at 4°C).

KPOu/Sorbitol buffer:
41.7mL 1 M KzHPO4 (pH 7.5)
8.3 mL 1 M KH2PO4 (pH 7.5)
109.23 g Sorbitol

dH20 to 500 mL
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6.8.2 Microscopy imaging of DAPI stained cells

Cover slips (VWR) were coated with 5 pL of 0.5 mg/mL con A, allowed to air dry for
20 min, 3 pL of DAPI-stained cells (2.8.1) were pipetted onto the con A coated cover slip, and
the cover slip was placed on a clean glass slide (VWR). Imaging was performed using a gSTED
Superresolution and Confocal Microscope (CLSM, TCT SP8 gSTED, Leica) equipped with a
tunable white laser (470-670 nm) and 20x (PL Apo 20x/0.75 multi-immersion) objective at the
CECAD imaging facility in Cologne. Images were processed using FIJI (version 1.5f, Wayne
Rasband National Institute for Health).

6.9 Thiouracil (4TU) pulse-chase labelling

Pulse-chase labelling is a technique that allows for the examination of cellular processes,
such as protein or transcript degradation, by exposing the cells to a labelled compound (pulse)
and then to the same compound in an unlabeled form (chase) over a specific timeframe (Zeiner
et al., 2008). In this study, 4-thiouracil (4TU) labelling was utilized to measure the degradation
rate of specific transcripts.

Single yeast colonies were picked and inoculated overnight in 5 mL of YPD media at
30°C. The following day, the cultures were diluted to an ODsgs of ~1.5 in drop-out media
supplemented with 0.1 mM uracil and 0.2 mM 4TU (Sigma-Aldrich) and incubated at 30°C for
300 min (pulse). The cells were then centrifuged at 3,000 g for 2 min at 20°C, and resuspended
in drop-out media supplemented with 20 mM uracil (chase). Next, cell samples were collected
every 30 min (0, 30, and 60 min following the chase) and RNA extraction was performed (2.3).
The extracted RNA was then biotinylated and purified according to Zeiner et al., 2008, and
gRT-PCR analysis was performed on the purified RNA.

6.10 Surface Sensing of Translation (SUNSET) assay

The Surface Sensing Translation (SUnSET) assay is a technique used to monitor and
quantify global protein synthesis without the use of radioactive fluorescence (Schmidt et al.,
2009). Instead, protein synthesis is measured by immunodetection of puromycin, an
aminonucleoside antibiotic, which is incorporated into the nascent polypeptide chain.

S. cerevisiae cultures were grown and prepared as previously described (2.6), and for
each experimental sample, three, 1 ODsgs aliquots were collected into individual 2 mL
Eppendorf tubes. Cycloheximide (Sigma Aldrich) was then added to two of the aliquots to a
final concentration of 100 pg/ml. To only one of these aliquots, a 1:1000 dilution of 10 mg/mL
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puromycin (Millipore Sigma) was also added, while to the third aliquot, neither cycloheximide
nor puromycin was added. All the samples were then incubated at 30°C for 15 min. Protein
extraction and Gel-Electrophoresis with SDS-PAGE was then performed as previously
described (2.4), and western blot analysis was then performed using a Puromycin antibody

(Millipore Sigma) as previously described (2.4.3

6.11 Cell cycle arrest with a-factor and sytox-stained flow

cytometry analysis

Flow Cytometry is a technique used to detect and measure physical and chemical
characteristics of a population of cells. In this study, flow cytometry was used to perform cell
cycle analysis in S. cerevisiae by measuring DNA content through Sytox Green labelled cells

Single yeast colonies were picked and inoculated overnight in 5 mL of YPD media at
30°C. The next day, the cultures were diluted in 10 mL of YPD media to an ODsgs of ~0.2 and
grown in canonical flasks at 30°C until an ODsgs of 0.5 (with care being taken not to exceed an
ODsgs of 0.8). The cells were then centrifuged at 3,000 rpm for 3 min at 20°C, the supernatant
was removed, the pellet was washed with 50 mL of water, the cells were centrifuged again at
3,000 rpm for 3 min at 20°C, and the supernatant was removed. The cells were then resuspended
in YPD media containing 100 uM a-factor (Zymoresearch) and incubated at 30°C for 120 min.
Following incubation, the cells were centrifuged at 3,000 rpm for 3 min at 20°C, the supernatant
was removed, the pellet was resuspended in water, and this wash step was repeated. After the
second wash step, the cell culture pellet was resuspended in YPD media to an ODsgs of 0.4 and
incubated at 30°C. 312 uL aliquots of the cell culture were then pipetted into individual 1.5 mL
Eppendorf tubes every 10 min for 90 min, with 624 uL of 95% EtOH being added immediately
to each aliquot. The tubes were then vortexed and stored at -20°C overnight.

After overnight incubation, the cells were centrifuged at 6700 rpm for 20 min at 4°C,
the supernatant was removed (with care being taken to not disrupt the cell pellet), the pellet was
resuspended in 800 uL of 50 mM Sodium Citrate (pH 7.2), vortexed, and incubated at room
temperature for 10 min. Next, the cells were centrifuged at 6700 rpm for 20 min at 20°C, the
supernatant was removed, and the Sodium Citrate wash/incubation step was repeated. After the
second wash, the supernatant was removed, the pellet was resuspended in 500 puL of 50 mM
Sodium Citrate (pH 7.2) containing 20 ug/mL of RNase A (Thermo Fisher Scientific) and 2.5
uM Helix NP Green (Biozol). The tubes were then incubated in the dark for 60 min at 37°C.
Following digestion, 10 uL of 20 mg/mL proteinase K (Thermo Fisher Scientific) was added,
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the tubes were vortexed, and incubated in the dark for 60 min at 55°C. Finally, after incubation,
the tubes were stored in the dark for at least one night before Flow-Cytometric Analysis (Sytox
Green stained cells are stable in the dark at 4°C for weeks).

Flow-cytometric analysis was performed at the Max Planck Institute for Biology of
Ageing by the FACS core facility following guidelines from previously published literature
(Rosebrock, 2017).
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