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Abstract

Transcriptional regulation of target genes is a critical component of cellular
regulation. Changes in expression profiles characterize different cell types, stages of the
cell cycle, reactions to the environment, and many diseases including cancer. Knowledge
of transcriptional regulation is critical to understanding environmental adaption, cell fate,
and targeted treatment of genetic diseases. Transcription factors do not act in isolation,
and often have overlapping target genes or coordinated activity. As such, understanding
transcription factors requires a global approach that can be achieved with high-
throughput genomics. This study used Schizosaccharomyces pombe as a model organism
to look at transcriptional regulation. Expression and chIP microarrays were used to look
for the target genes of the calcineurin-responsive transcription factor Prz1. This work
uncovered hundreds of putative target genes that were both positively and negatively
regulated by Przl. These genes illuminated an evolutionarily conserved function in the
cell wall, and novel roles in flocculation and reproduction. The interplay between
transcription factors was examined with a synthetic genetic array screen between the
transcription factors. The double deletion mutants that were sicker suggest transcription
factors that share target genes or regulate related processes. A full genome screen of Przl
was used to look for possible genetic activators of Prz1. The pmrl* calcium transporter
gene was shown to negatively interact with prz/™, and increase Przl activity in the cell.
While the alp31" cofactor A gene also shared a negative genetic interaction with prz1¥, it
did not increase Prz1 activity. Finally, a synthetic dosage lethality screen was adapted for
S. pombe and used to look for regulators of fourteen transcription factors. This screen

found 195 sick interactions between the transcription factors and a miniarray of putative
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regulators. These interactions included two known upstream regulators of Yox1 and Scrl.
It also showed interactions between Scrl and two genes involved in protein degradation,
the E3 ligase Ubrl and the MYND domain protein SPBC31F10.10c, which are likely
responsible for the ubiquitination of Scrl. These results introduce new insight into the S.
pombe transcriptional-regulatory network, as well as providing a new methodology for

examining genetic relationships in S. pombe in the future.
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of the strains without the Kan-resistance cassette, relative to the fitness observed

in rich medium. Increasing the concentration of Kan counteracts the increased
growth and improves the selection. B) The nmtI promoter is induced by the

absence of thiamine in the media. The colony size is reduced after three days on
plates without thiamine as seen in the difference between the first two figures.

Three additional days on fresh minus thiamine plates increases the growth defect
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strains than in wild type (p<0.0001). The Scr1-GFP level in high glucose was
significantly higher in the Aubr/ strain than in wild type (p=0.0072). The total
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corrected cellular fluorescence values were calculated as described by McCloy et
al. (2014) and represent 30 cells over three biological replicates..............ceeeunen. 106

Figure 4.6: SDL interactions of foel " overexpression with gene deletions of the
SAGA complex and the Setl histone lysine methyltransferase. A) Confirmation
of SDL interactions of zoel " by serial dilutions. B) Quantitative PCR of toel”
and its pyrimidine-salvage target genes in wild type, Aset/, and SAGA mutant
backgrounds. Three replicates of the quantitative PCR were performed for each
gene and mutant pairing. The Aset/ and SAGA mutants reduced the expression
of Toel target genes relative to Wild type......ccceevieiiieiieeiiieieeeeeeeeee e 109
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Chapter One: Introduction
1.1 Transcriptional regulation

The information for encoding living things is stored in DNA. The information is
not static, but is dynamically expressed by the molecular machinery of each cell. The
specific expression of genes can create different cell lines, advance the cell cycle, and
react to changing environments (Chan et al. 2009; Lemercier et al. 1998; Aligianni et al.
2009; Tanaka et al. 1998). A specific subset of genes is transcribed to mRNA and
translated to proteins in reaction to the different needs of each cell. The RNA polymerase
IT complex transcribes genes by binding to conserved motifs in the promoters of genes,
such as the TATA box or the initiator elements, and creating mRNA copies to be
translated into proteins. The complex consists of multiple subunits that are responsible
for the recruitment of RNA polymerase II to the promoter followed by transcriptional
elongation (Chen ef al. 1994; Corey et al. 2003). The genes activated by the RNA
polymerase II complex are regulated by the chromatin state and sequence-specific
transcription factors (Stringer et al. 1990; Chen et al. 1994; Corey et al. 2003).
Chromatin is modified through small molecules added to histones, which change their
interaction with DNA. The most well-known modifications are acetylation of histones,
which is associated with open chromatin, and methylation, which can open or condense
the chromatin structure depending on the amino acid residue (Lee ef al. 1993; Brownell
et al. 1996; Suka et al. 2002; Noma et al. 2001; Huang et al. 2005). Other modifications
such as phosphorylation, sumoylation, and ubiquitination are also added to histones and
affect the chromatin structure (Chwang et al. 2006; Lo et al. 2001; Robzyk et al. 2000;

Joo et al. 2007).



Transcription factors have a DNA-binding domain that can recognize specific DNA
motifs in the promoters of their target genes. On binding to these promoters they are able
to activate or repress expression of the associated gene. Transcriptional activators have an
activation domain that recruits general transcription machinery, improves the
effectiveness of transcription, or alters chromatin structure (Stringer et al. 1990;
Atanesyan et al. 2012, Chen et al. 1994; Yudkovsky et al. 2000; Ogryzko et al. 1996).
These effects can be through direct interaction between the activation domain and the
transcriptional machinery or through the recruitment of cofactors (Stringer ef al. 1990;
Kim et al. 1994). The activation domain can interact with components of the RNA
polymerase II initiation complex or additional mediators and increase the DNA binding,
stability, or processivity of the complex (Stringer ef al. 1990; Kim et al. 1994; Kim et al.
2002). The transcriptional activators can also recruit factors that affect the chromatin
state to increase access to the target genes (Ogryzko et al. 1996; Kadam and Emerson
2003; Corey et al. 2003).

Transcription factors can also act as repressors that reduce the expression of their
target genes. There are multiple methods used to inhibit gene expression such as
neutralizing a positive activator by blocking a DNA recognition motif, obscuring an
activation domain, or competing for a coactivator (Hagen et al. 1994; Lemercier et al.
1998; Kakkis et al. 1989). Some repressors have repression domains that can reduce
expression when fused with other activators, while others work by binding specific
promoters or transcription factor activators (Hagen ef al. 1994; Lemercier et al. 1998;
Lillycrop et al. 1994; Yet et al. 1998). Specific recruitment of chromatin remodeling
elements such as histone deacetylases can also result in gene repression (Lu ef al. 2000).
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Some transcription factors can act as either activators or repressors depending on
posttranslational modifications or associated cofactors (Lillycrop et al. 1994; Lu et al.

2000).

1.2 Transcriptional-regulatory networks

The transcriptional-regulatory network describes the direct interactions between
transcription factors and the promoters of their target genes (Lee et al. 2002). These
networks govern the expression patterns of each cell and are a critical component of the
regulation for the cell cycle, response to different environmental conditions,
development, and cell type (Aligianni et al. 2009; Chen et al. 2008; Chan et al. 2009).
These networks are incredibly complex and involve thousands of interactions working
together to create the specific gene expression profile needed for each cell. Transcription
factors can work together to regulate target genes by forming protein complexes that fine-
tune their activity (Aligianni et al. 2009; Lemercier ef al. 1998). It is also possible for
different transcription factors to independently regulate identical, or overlapping target
genes (Kwon ef al. 2012). The overlap creates some redundancy between transcription
factors, as well as allowing the same gene to be activated in response to different
conditions or phases of the cell cycle.

Specific patterns of regulation have been identified in small network motifs that
consistently arise in biological networks. These motifs include feed forward loops, single
input motifs, multiple input motifs, and auto-regulatory motifs, which are small
reoccurring regulatory motifs that are described in Figure 1.1 (Luscombe et al. 2004; Lee

et al. 2002). The small motifs combine into a larger regulatory network with specific
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Figure 1.1: Small network motifs that reoccur in transcriptional regulation. The
figure was adapted from Lee et al. (2002). A) The feed forward loop in which an
activator A activates a second activator B and both activate a third downstream target C.
B) The single input motif where one regulator is the only input for many targets. C) The
multiple input motif in which the targets have multiple independent regulators. D) The
auto-regulatory motif where a transcription factor regulates its own transcription.



properties associated with specific tasks. Several of these motifs are present in the
transcriptional regulation of flocculation in fission yeast, including a negative feed
forward loop, multiple input motifs, and auto-regulation (Figure 1.2) (Kwon et al. 2012).
The transcription factors that are responsive to environmental stress tend to have simple
networks with fewer layers of regulation, whereas transcription factors that are involved
in normal cell cycle progression are more likely to interact with other factors in concert
or cascades of regulatory activity (Luscombe ef al. 2004). The cell cycle uses chains of
transcriptional activation where transcription factors regulate each other in sequence to
time the progression of gene expression (Lee ef al. 2002; Luscombe ef al. 2004). Some
transcription factors act as hubs that have a large number of targets and link multiple

processes together (Lee ef al. 2002; Luscombe ef al. 2004).

N \
Mbx2 H——— Rfl1 |

gsf2* pfl3*

Figure 1.2: A portion of the transcriptional-regulatory network of flocculation in S.
pombe. This figure was adapted from Kwon ef al. (2012). This partial network shows a
negative feed forward loop in which one of the transcription factors is an inhibitor. Rfll
inhibits mbx2" expression, as well as multiple downstream target genes that are activated
by Mbx2. The partial network also shows a multiple input motif and auto-regulation.



Transcriptional-regulatory networks can be inferred from gene expression data or
from physical interaction data, which describe the mRNA levels and gene promoters
bound by the transcription factor, respectively (Hu et al. 2007; Harbison et al. 2004).
Both have drawbacks: the gene expression based functional regulatory network can
connect indirect links, while the physical regulatory network can create edges that could
be non-functional in a biological context (Marbach et al. 2012). The physical regulatory
network can be examined in vivo or in vitro, and in metazoans, in vitro experiments are
predominant due to the low levels and specific expression of transcription factors in
multicellular organisms (Deplancke ef al. 2006). Integrative approaches in deciphering
regulatory networks attempt to combine data from multiple sources to get a more
complete picture of gene regulation (Marbach et al. 2012). The networks generated
should ideally be predictive of gene function or coexpression, in addition to providing
insight into the network topology (Marbach ef al. 2012). As these networks have been
created for multiple organisms, the patterns in topology such as scale-free distribution,
short path lengths, high clustering coefficients, and enrichment for feedforward and
feedback loops, have been consistently observed (Lee et al. 2002; Deplancke et al. 2006;
Boyer et al. 2005; Hu et al. 2007; Marbach et al. 2012). These network features arise
consistently because they are important for robustness and adaptiveness of the organism
(Marbach et al. 2012). The evolution of transcription-regulatory networks can occur
through changes in the DNA motif of the target gene, or changes to the binding
specificity and regulation of the transcription factor (Jarvela and Hinman. 2015). The
evolution of transcriptional-regulatory networks is a crucial component of evolutionary
adaption (Jarvela and Hinman 2015). Large-scale experiments looking at transcriptional
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regulation help in building these networks, which in turn offer biological insight into

cellular function and evolution.

1.3 Modes of transcription factor regulation

The activity of transcription factors is tightly regulated (Chuikov et al. 2004;
Salghetti ef al. 2001). An error in regulation of a transcription factor can cause severe
defects and disease because it can affect the transcription of many target genes (Lu et al.
2000; Barlev et al. 2001). The regulation of transcription factors is accomplished by strict
control of their levels, location, and activity in the cell. The upstream regulation is
accomplished by enzymes that modify the transcription factor through the addition of
small chemical groups. One of the most prevalent forms of posttranslational modification
is phosphorylation and dephosphorylation. The addition or removal of a phosphoryl
group can change the localization signal for the protein, change the transcription factor’s
ability to bind with cofactors, or target it for degradation (Hirayama et al. 2003; Lu et al.
2000; Gomez-Escoda ef al. 2011; Andreson et al. 2010). These changes often affect the
addition of other small molecules, such as ubiquitin, which can have further
consequences on transcription factor abundance or activity (Aberle ef al. 1997; Chi et al.
2001).

Ubiquitination is often used as a signal for proteolysis and regulates protein
stability (Bai ef al. 1996; Aberle et al. 1997; Kuras et al. 2002). This degradation can be
an important component of the transcriptional response. Ubiquitination can be a part of
rapid transcriptional activation. Some transcription factors like f-catenin are

constitutively degraded, until another signaling molecule alters the ubiquitination of the
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transcription factor resulting in a rapid increase in its protein level (Aberle ef al. 1997).
Protein degradation can also be closely related to target activation, where transcription
factors are actively targeted for degradation as part of the transcriptional activation of
their target genes (Chi et al. 2001; Salghetti et al. 2001). Ubiquitination also regulates
transcription directly through histone modification and changes to the chromatin
structure, which can affect the expression of transcription factors (Robzyk et al. 2000;
Sun and Allis 2002). Ubiquitin has the ability to affect the affinity of transcription factors
for specific promoters and influence their localization through cleavage from a membrane
component (Hoppe ef al. 2000; Stewart ef al. 2011; Kuras et al. 2002). Small ubiquitin-
like modifiers (SUMOs) are a related small molecule that use the same classes of
enzymes to interact with their targets. Sumoylation of transcription factors is common
and can result in activation or repression of their target genes (Gomez-del Arco et al.
2005; Yang and Sharrocks 2004). The activity of a transcription factor can be altered by
sumoylation through nuclear export, localization to PML nuclear bodies, or interactions
with cofactors such as components of the histone modification machinery (Santiago et al.
2013; Sachdev et al. 2001; Gémez-del Arco ef al. 2005; Yang and Sharrocks 2004).
Acetylation is used extensively on histones, and is usually associated with open
chromatin (Lee ef al. 1993; Brownell ef al. 1996; Suka et al. 2002). More recently,
acetylation has been observed regulating the activity of other proteins directly, including
transcription factors (Yao et al. 2001). Acetyltransferases and deacetyltransferases can
activate or repress the activity of transcription factors (Yao et al. 2001; Soutoglou et al.
2000). The acetyl group can change the affinity for DNA binding, alter protein stability,
or change the interaction with other regulators (Yao et al. 2001; Soutoglou et al. 2000;
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Barlev et al. 2001; Matsuzaki et al. 2005). Methylation also controls transcription
through histone modifications. Histone methylation is associated with both
heterochromatin and euchromatin depending on the specific amino acid residue targeted
(Noma et al. 2001; Huang et al. 2005). Methylation can also occur on non-histone
proteins such as transcription factors and affect their activity by influencing
posttranslational modification, protein-protein interaction, protein stability, protein
localization, and the affinity for DNA (Kontaki and Talianidis 2010; Huang et al. 2007,
Chuikov ef al. 2004; Yamagata et al. 2008; Ea and Baltimore 2009).

There is a lot of crosstalk between posttranslational modifications of transcription
factors to allow for complex regulation of transcriptional activity. For example, the tumor
suppressor transcription factor p53 is regulated by phosphorylation, ubiquitination,
sumoylation, methylation, and acetylation (Sakaguchi et al. 1998; Lukashchuk and
Vousden 2007; Gostissa et al. 1999; Chuikov et al. 2004; Barlev et al. 2001).

Protein expression can also be regulated at the mRNA level. RNA-binding proteins
can alter the levels and localization of mRNA under different conditions (Gerber et al.
2006). Sequence-specific RNA-binding proteins can bind in the 3* or 5> UTR to change
the splicing, translation, localization, stability, and decay of the mRNA (Lillycrop et
al.1994; Peng et al. 1998; Satoh et al. 2012; Gerber et al. 2004; Gerber et al. 2006).
There are multiple RNA binding domains such the K-homology domain, RNA
recognition motif, and Pumilio domain (Lorkovi¢ and Barta 2002; Gerber et al. 2006).
These RNA-binding factors alter gene expression at a posttranscriptional level and can
affect the activity transcription factors, their regulators, or their target genes (Peng et al.

1998; Gerber et al. 2006).



1.4 Schizosaccharomyces pombe as a model organism

The fission yeast S. pombe is an excellent model organism for eukaryotic cells. S.
pombe cells are normally haploid with 4914 genes, of which 26.1% are essential (Kim et
al. 2010). It is a single celled organism that divides by binary fission making it an
excellent model system for looking at components involved in cell cycle progression, as
cell division follows the same progression observed in multicellular organisms (Nurse
1975; Nurse et al. 1976; Russell and Nurse 1987). This property made the discovery of
the G2/M checkpoint of the cell cycle possible (Nurse 1975; Nurse et al. 1976). It also
has more extensive intron splicing than the other popular model yeast, S. cerevisiae
(Wood et al. 2002). S. pombe has 4730 introns spread through 43% of the genome,
compared to 272 predicted introns in only 5% of the S. cerevisiae genome (Wood et al.
2002). The intron length is much shorter than those of metazoans, but the processing
machinery is orthologous, and S. pombe possesses the machinery to excise mammalian
introns (Wood et al. 2002; Kiufer ef al. 1985; Kaufer and Potashkin 2000). It has a
longer and more complex centromere than S. cerevisiae, which is more similar to
metazoan centromeres (Wood ef al. 2002). In contrast to S. cerevisiae, S. pombe is also
capable of RNAi mediated chromatin silencing, another important regulatory mechanism
it shares with higher eukaryotes (Cam et al. 2005). The RNAi chromatin silencing is
important for silencing the centromeres, telomeres, and mating loci (Cam et al. 2005).
Unlike S. cerevisiae, S. pombe did not undergo a whole genome duplication event (Wood
et al. 2002). The lower percentage of duplicated gene classes may reduce the amount of

redundancy and simplify the process of functionally characterizing genes (Wood et al.
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2002). Together these features make it a good model organism to investigate a wide
variety of conserved eukaryotic cellular processes.

S. pombe has a rapid doubling time of approximately two hours in rich media at
30°C. It can be easily transformed using plasmids, or linear DNA to create deletion or
epitope-tagged strains by homologous recombination (Moreno ef al. 1991; Maundrel
1993; Janke et al. 2004). There is a large deletion library available with 4836 and 3400
diploids and haploids respectively (Kim et al. 2010). The deletion library uses the
kanamycin resistant cassette (KanMX4) for the gene replacements and is in a triple
auxotrophic background, lacking the ability to synthesize adenine, leucine, and uracil
(Kim et al. 2010). This background makes it a flexible tool for high-throughput screens

and assays (Ryan et al. 2012; Dixon et al. 2008; Kennedy et al. 2008).

1.5 Schizosaccharomyces pombe transcription factors

S. pombe has 129 transcription factors, determined from the double-stranded DNA-
binding domains predicted by multiple algorithms (Beskow and Wright 2006). In
metazoans, transcription factor genes make up 5-10% of the genome compared to only
~1.9% in S. pombe, which makes it an attractive system to look for a global view of
transcriptional regulation (Chua ef al. 2013; Deplancke et al. 2006). Of these 129
transcription factors, Vachon et al. (2013) identified 99 sequence-specific transcription
factors looking for genes that were not a part of the general transcription factor
machinery. For the work in this study, the 99 transcription factors identified by Vachon et
al. (2013) will be used, despite a few cases where alternate evidence suggests that some

may not have sequence-specific activity (Wood et al. 2012). These transcription factors
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have 19 different DNA-binding domains, some like the fungal Zn(2)-Cys(6) that are
specific to yeast, and others that are conserved in higher eukaryotes (Table 1.1)
(Kummerfeld and Teichmann 2006; Wood et al. 2012).

Of the 99 transcription factors, 91 have viable gene deletions, and only eight of
those 91 show a significant growth defect in rich medium (Kim ez al. 2010; Vachon et al.
2013). Considerably more of these transcription factors have defects when ectopically
overexpressed with the nm¢1 promoter, with 64 showing growth defects and 43
displaying abnormal cell length phenotypes (Vachon ez al. 2013). Sixty-eight of the 99
genes have been assigned a function based on experimentation or sequence homology,
the functions include cell cycle, meiosis, ion homeostasis, stress response, and

metabolism (Chua et al. 2013).
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Table 1.1: The DNA-binding domains of the 99 sequence-specific transcription
factors in S. pombe.

DNA-Binding Transcription Factors
Domain with the Domain
APSES

C2H2 Zn Finger
CAAT
CBF/LAG-1
Copperfist
Forkhead
Fungal Zn(2)-Cys(6)
GATA Zn Finger
Helix-loop-helix
Histone-like
HMG box
HMG-1/HMG-Y
Homeobox
HSF-type
IPT-TIG
Leucine zipper/bZIP
Myb-like
RFX
SRF-type
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1.6 High-throughput approaches in identifying transcription factor targets

The function of S. pombe transcription factors has only been partially mapped
(Chua et al. 2013). One important method to classify the function of transcription factors
is to identify their target genes and decipher the transcriptional-regulatory network. The
targets of transcription factors reveal how the cell regulates expression in response to
important environmental signals and over time. Expression microarray technology allows
for a view of global mRNA levels, which gives a picture of transcriptome changes within
the cell (Chua et al. 2006; Ptevorovsky et al. 2015). Two channel microarrays compare
global mRNA isolated from two separate cell cultures and detect differential gene
expression in response to perturbations. The design of a microarray experiment to
uncover transcription factor targets must have an experimental sample in which the
transcription factor of interest is active, and a control sample in which it is not (Chua et
al. 2006; Kwon et al. 2012). The simplest experimental design looks at the transcription
factor deletion strain relative to wild-type cells. This has been used to successfully
discover target genes of several S. pombe transcription factors such as Gsfl, Sepl, Ace2,
Yox1, and Cdc10 (Kwon ef al. 2012; Rustici ef al. 2004, Aligianni et al. 2009). A major
obstacle to this simple design is that many transcription factor deletion strains do not
have an obvious phenotype under standard laboratory conditions, which make it unlikely
that the transcription factor is required or active, indicating that the targets may not be
expressed (Vachon et al. 2013; Kim et al. 2010). Alternate designs use chemical or
environmental sensitivities of the transcription factor deletion strain to identify conditions
in which the transcription factor is necessary and presumably active. These treatments

can be used to induce the expression of the transcription factor and its targets. S. pombe
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transcription factors such Zipl, Atfl, Papl, Prrl, Toel, Srel, Cufl, and Fepl have had
target genes identified with chemical treatments or environmental perturbations (Harison
et al. 2005; Chen et al. 2008; Vachon et al. 2013; Todd et al. 2006; Rustici et al. 2007).
Cell cycle targets can also be identified by using synchronized cultures (Rustici ef al.
2004; Aligianni et al. 2009). In addition, gene deletions that increase the activity of the
transcription factor can be used to uncover the target genes by doing microarray
experiments using this genetic background (Zheng et al. 2010). Finally, ectopic
overexpression can be used to identify the targets of many transcription factors (Vachon
et al. 2013; Ptevorovsky ef al. 2015). Although transcriptional activity is tightly
regulated, in many cases overexpression will overcome this regulation and result in the
transcription factor binding to the promoters of its target genes due to mass action
(Vachon ef al. 2013; Chua et al. 2006). Several transcription factors in S. pombe have
been characterized in this manner, such as Mbx2, Toel, Toe2, Toe3, Cbfl2, and Cbfl1
(Kwon et al. 2012; Vachon et al. 2013; Ptevorovsky et al. 2015).

The main drawback of using DNA microarrays to uncover transcription factor
target genes is that they do not show direct interaction with the promoter. The conditions
used could result in some off target effects that differentially regulate genes through some
mechanism other than the transcription factor, although good microarray design should
limit this effect. The other issue is that the transcription factor may indirectly affect the
expression levels of some genes through an intermediary, for example by affecting the
expression of other transcription factors. Therefore, binding data of the transcription
factor to the promoter is important to establish direct regulation of the target genes.
Chromatin immunoprecipitation (chIP) microarrays can be used to uncover the DNA that

15



is directly bound by the transcription factor of interest (Aligianni et al. 2009; Kwon et al.
2012; Pievorovsky et al. 2015).

ChIP microarray experiments also require a design in which the transcription factor
is active. The same types of conditions used to activate transcription factors for
expression microarrays can be used for chIP microarrays. The transcription factors can be
ectopically overexpressed or investigated in a sensitizing genetic background (Kwon et
al. 2012; Vachon et al. 2013). The transcription factor can also be activated by exposing
the cells to chemical or other environmental perturbations, or synchronizing the cells to
the same stage of the cell cycle before performing the chIP experiment (Pievorovsky et
al. 2015; Vachon et al. 2013). These methods have been used to uncover transcription
factor target genes for Yox1, Cdc10, Gsfl, Mbx2, Toel, Toe2, and Toe3 (Aligianni et al.
2009; Kwon ef al. 2012; Vachon et al. 2013). A similar technique called chIP sequencing
can also be used to uncover transcription factor targets by sequencing the fragments of
DNA bound by the transcription factors, which has been used on the S. pombe
transcription factors Cbfl1 and Cbf12 (Pfevorovsky et al. 2015).

Few S. pombe transcription factors (~20%) have been tested by microarray based
approaches to uncover their direct target genes. This is in contrast to S. cerevisiae where
most of the transcription factors have identified target genes either from targeted studies,
or large-scale microarray screens (Hirayama ef al. 2003; Marion et al. 2004; Hu et al.
2007; Chua et al. 2006). In two studies alone, 263 transcription factor deletion mutants
and 55 transcription factor overexpression mutants were analyzed by expression
microarrays (Hu et al. 2007; Chua et al. 2006). The deletion microarray experiments
identified putative transcriptional regulators for 45% of the yeast genome (Hu et al.
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2007). This provides significant coverage, while also supporting the need for activation
of many transcription factors for microarray experiments. The 55 overexpression mutants
exhibiting reduced fitness phenotypes provide an alternative method to identify target
genes of a substantial number of transcription factors, although it is clearly not the only
solution as an additional 23 transcription factors did not show an overexpression
phenotype or activate their targets (Chua ef al. 2006). The DNA binding of 203
transcription factors has also been examined with chIP microarrays in a study that looked
at 1-12 different environmental conditions for 84 of the aforementioned transcription
factors (Harbison ef al. 2004). The binding specificity has also been examined for 89
transcription factors in vitro using 8 base pair DNA fragments (Zhu et al. 2009). Another
112 S. cerevisiae transcription factor binding specificities were tested using a protein-
binding microarray, which had every unique 10 base pair double DNA sequence
represented (Badis ef al. 2008). In vitro screens have the advantage of providing the
binding specificity of the transcription factor domain without needing to know the
activating conditions (Badis et al. 2008). The drawback is that the binding specificity of
the transcription factor does not necessarily reveal the in vivo DNA binding to the
promoter of the target genes or address the impact of other regulatory factors (Badis et al.
2008). This type of large-scale screening for transcription factor target genes is crucial for
the construction of transcriptional-regulatory network models of the cell, and has yet to

be performed in S. pombe.
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1.7 Synthetic genetic array screens

The budding and fission yeast genomes contain ~20% (Giaever ef al. 2002) and
26.1% (Kim et al. 2010) essential genes respectively, under standard laboratory
conditions. Genes are often nonessential because they are only needed under specific
environmental conditions or because they are functionally redundant with one or more
other genes. It is common for genes to be regulated by multiple transcription factors,
making a single transcription factor redundant in most conditions (Lee ef al. 2002).
Synthetic genetic array (SGA) technology looks for redundancy or other relationships
between genes by creating pairwise deletions in a high-throughput manner. Negative
interactions are when the double deletion is lethal or much sicker than expected based on
the single deletion, where each gene directly or indirectly compensates for the loss of the
other (Tong et al. 2001). Conversely, positive interactions are healthier than expected
based on the fitness of the two single mutants. This could result from a sick single mutant
phenotype being masked by a second mutation, but more often it is the result of the
double mutant fitness being less severe than expected based on a multiplicative model of
the combined fitness of the two single mutants. Positive interactions are enriched among
genes in signalling cascades and genes whose protein products are physically associated
(Costanzo et al. 2010).

The high-throughput SGA screens are performed by mating genes together using
high density yeast arrays and robotic pinning tools (Figure 1.3A) (Tong ef al. 2001). The
two collections of genes, the query and array genes, are distinguished by their different
selection markers and opposing mating types (Tong et al. 2001). To perform the screen,

each query is mated against the entire set of array genes and the double mutant progeny
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Figure 1.3: The SGA methodology in yeast. A) The protocol for the creation of double
mutants in S. pombe based on the one described by Dixon et al. (2008). The Kan-resistant
deletion array strains are pinned on a high density yeast array. The Nat-resistant deletion
query strain is crossed with the deletion array in step 1. The cells mate for three days on
SPAS plates at 25°C and spend 3 days at 42°C for selection of the spores. This was
followed by recovery for three days on rich medium with no drugs. The double deletion
mutants were selected by three days of growth on rich media with Kan and Nat. The final
colony size was imaged and scored using SGAtools. B) The final image of the screen.
The light blue boxes indicate negative interactions. C) The basic model for positive and
negative interactions. The negative interactions are shown in red, and usually occur
between two redundant pathways. The positive interactions are shown in blue, and often
occur between genes in the same pathway or complex.
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are selected using the two antibiotic resistant markers. The arrays are photographed and
the colony sizes of the double mutants are then scored and normalized to assess the
relative health of each double mutant combination (Figure 1.3B) (Tong et al. 2001). The
score uses a multiplicative model of genetic interactions in which the double mutant
combination is expected to be as sick as the multiplied sickness of each single mutant
(Dixon et al. 2008; Baryshnikova et al. 2010). Double mutants that are sicker than the
expected combination are called synthetic sick or negative interactions, and combinations
that are healthier than the predicted combination are called positive interactions (Figure
1.3C) (Dixon ef al. 2008; Baryshnikova et al. 2010).

The SGA technique was originally developed for S. cerevisiae, and to date, this
organism has the most complete interaction network. There are twice as many negative as
positive interactions among the S. cerevisiae genes profiled, which includes full or partial
coverage of 75% of the genome (Costanzo et al. 2010). The overall network shows a
power law distribution, with a few genes having many genetic interactions and many
genes having very few genetic interactions (Tong et al. 2004; Costanzo et al. 2010). The
sicker the single deletion mutant, the more likely it is to be a hub gene with a higher
number of negative and positive interactions (Costanzo et al. 2010). The similarity
between the interaction networks of genes can be used to uncover the functions and
relationships of unknown genes (Tong et al. 2004; Costanzo et al. 2010). If a gene of
unknown function genetically interacts with the same genes as a collection of genes with
known function, then the unknown gene likely shares that function (Tong et al. 2004;
Costanzo et al. 2010). A high degree of similarity can also indicate that the genes are in
the same complex (Costanzo ef al. 2010). Gene complexes often have a lot of shared
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interactions between their component proteins and these interactions tend to be all
positive or all negative within a complex (Baryshnikova ef al. 2010). Genes in the same
biological process are highly connected by genetic interactions (Costanzo et al. 2010;
Baryshnikova ef al. 2010). There are also higher level patterns between biological
processes that have a lot of interactions between their genes, but represent completely
distinct processes (Costanzo et al. 2010). One example is the large number of
connections between protein folding, glycosylation and the cell wall with genes involved
in cell polarity and morphogenesis (Costanzo et al. 2010). Different components of the
cell have different properties in their genetic interaction network (Zheng et al. 2010). The
kinase and phosphatase network is highly connected and enriched for positive
interactions (Fiedler et al. 2009), while the sequence-specific transcription factor network
is sparse and enriched for negative interactions (Zheng et al. 2010). The volume and
types of interactions give an indication about the topology of the regulatory networks.

The SGA approach has been applied to several other organisms including S. pombe
(Roguev et al. 2007; Dixon et al. 2008; Ryan et al. 2012), Escherichia coli (Babu et al.
2011), Caenorhabditis elegans (Lehner et al. 2006; Byrne et al. 2007), Drosophila
melanogaster (Horn et al. 2011), mouse cell lines (Roguev et al. 2013), and human cell
lines (Deshpande ef al. 2013; Vizeacoumar et al. 2013). The interactions between the two
popular model yeasts, S. pombe and S. cerevisiae, showed some conserved interactions,
with the majority of interactions being species specific (Dixon et al. 2008). The overlap
of genes between these two yeasts is considerable, with 75% of the genes sharing one or
more orthologs between the two fungi (Dixon et al. 2008). In a SGA study that focused
on conserved processes in S. pombe, 222 array and query genes were screened and

21



compared to the S. cerevisiae genetic interaction data (Dixon ef al. 2008). The
conservation of genetic interactions between the two organisms was estimated to be 29%
among the highly-conserved processes queried. This number was supported for both
positive and negative interactions in a larger comparative study (Ryan et al. 2012). The
highest conservation was observed among genes in the same complex with 70% of the
positive interactions and 68% of the negative interactions conserved (Ryan ef al. 2012).
The conservation also remained high in genes that were in the same biological process,
with 58% and 38% of the positive and negative interactions conserved respectively (Ryan
et al. 2012). The conservation was much lower, 19% and 15% of the positive and
negative interactions conserved, respectively, when the genes were in distinct biological
processes (Ryan et al. 2012). Even when specific genetic interactions were not
conserved, the overall trend of crosstalk between biological processes often was
conserved (Ryan ef al. 2012). Genes that are essential in one yeast generally have a larger
number of genetic interactions in the other yeast (Ryan et al. 2012). In contrast, genes
with no orthologs identified in another species have very few interactions indicating little
functional dependency with other systems (Ryan et al. 2012). By looking at networks
across a variety of species, a core genetic interactome should emerge (Dixon et al. 2008).
The ability to identify conserved genetic interactions becomes more difficult when
comparing between unicellular and multicellular organisms (Dixon et al. 2008). The use
of knockdowns, instead of complete knockouts, and the difference in fitness scoring
systems in the higher eukaryotes make direct comparison more challenging (Byrne ef al.
2007). The overlap probed to date is very low because metazoan screens preferentially
choose genes that usually cannot be studied in yeast, like those involved in development
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(Lehner et al. 2006; Byrne et al. 2007). The overlap between genetic interactions in C.
elegans and S. cerevisiae was 4.7%, which was not significantly more than would be
expected by chance (Bryne ef al. 2007). There have been some conserved genetic
interactions with medical relevance to the treatment of cancer (Deshpande et al. 2013;
Vizeacoumar et al. 2013). Genes that interact with genes misregulated in cancer can
provide targets for future drug therapies, which could minimize the impact on healthy

cells (Deshpande et al. 2013; Vizeacoumar et al. 2013).

1.8 Synthetic dosage lethality screens

The basic SGA technique of mating and scoring the progeny has been expanded in
S. cerevisiae to different genetic relationships such as triple gene deletions (Tong et al.
2004; Haber et al. 2013), dosage suppression interactions (Magtanong ef al. 2011), and
synthetic dosage lethality interactions (Measday et al. 2005; Sopko et al. 2006; Liu et al.
2009; Sharifpoor et al. 2012; Dufty et al. 2012). A synthetic dosage lethality (SDL)
interaction is a growth defect observed due to gene overexpression in a target deletion
background that is not present in a wild-type background (Measday and Hieter 2002).
Many genes do not have a strong phenotype when overexpressed, which can be exploited
in a SDL screen (Sopko et al. 2006). The lack of a strong phenotype could be due to
upstream regulation by multiple mechanisms, such as a kinase or phosphatase that
regulates the activity of its substrates (Sopko et al. 2006). Another possibility is that the
deletion and overexpression genes have opposing regulatory roles for a common process
(Dufty et al. 2012). A third explanation for a SDL interaction could be that the two

mutations disrupt the stoichiometry of a protein complex (Dufty et al. 2012).
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Several screens have been performed in S. cerevisiae to look for SDL interactions
(Measday et al. 2005; Sopko et al. 2006; Liu et al. 2009; Sharifpoor et al. 2012; Dufty et
al. 2012). The first steps of the SDL protocol are similar to SGA in that the query
deletion is mated with an array of overexpression strains and the double mutants are
selected. The SDL screen requires a final step to induce the plasmid from the query strain
before the colonies are imaged and the double mutant fitness is assessed (Sopko et al.
2006). The first high-throughput SDL screen was used to study chromosome segregation
in S. cerevisiae by looking for mutants sensitive to increased dosage of kinetochore
proteins (Measday et al. 2005). SDL interactions have also been used to look for
substrates of ubiquitin-binding proteins, kinases, and lysine deacetylases (Sopko ef al.
2006; Liu et al. 2009; Sharifpoor ef al. 2012; Duffy et al. 2012). A high-throughput SDL
screen looking at the ubiquitin-binding proteins Rad23 and Dsk2 was able to identify
multiple pathways affected by these gene deletions, as well as direct regulation of two
proteolytic substrates (Liu et al. 2009). Sopko et al. (2006) identified the calcineurin-
responsive transcription factor Crzl as a substrate of the kinase Pho85. These results
indicate that SDL interactions can be used to identify substrates in multiple regulatory
pathways (Sopko et al. 2006; Liu et al. 2009). Interactions between kinase deletion
strains and a whole genome overexpression array showed enrichment between kinases
and known substrates, physically associated kinases, and phosphoproteins (Sharifpoor et
al. 2012). There were also a large number of interactions that could not be accounted for
through direct kinase substrate interactions and therefore likely reflect information about
related pathways (Sharifpoor ef al. 2012). One example is when the deletion of a kinase
gene and its SDL partner have opposing regulatory roles in the same pathway. Increasing
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the activation or inhibition of the process through overexpression, while simultaneously
removing the opposing force through gene deletion, resulting in increased sickness in the
double mutant (Sharifpoor et al. 2012). Sharifpoor et al. (2012) also observed that under
standard laboratory conditions, not all of the existing interactions were detected because
the interaction may only occur under specific environmental conditions. The kinases that
interacted with more genes under standard growth conditions were mostly cell cycle
genes (Sharifpoor ef al. 2012). A similar set of interaction types was observed with the
lysine deacetylase gene deletion mutants (Duffy et al. 2012). The interactions from SDL
screens can also be compared with interactions from SGA screens to determine more

complex regulatory interactions (Sharifpoor ef al. 2012).

1.9 Specific aims

The aim of this study was to characterize multiple levels of regulation of S. pombe
transcription factors using high-throughput functional genomics techniques. These levels
include the identification of downstream target genes, functional redundancy among the
transcription factors, as well as the upstream regulators. All of these levels contribute to
the global view of transcriptional regulation in the cell. Applying multiple techniques in
the highly tractable model of fission yeast allows large portions of this network to be
explored. The interactions and regulatory patterns discovered in S. pombe are an
important step in understanding transcriptional regulatory networks in higher eukaryotes.
Specific Aim 1: The first aim was to use expression and chIP microarrays to uncover the

downstream targets of the calcium-responsive transcription factor Prz1. The identity of
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the target genes can then be used to explore the function of Przl transcription in the cell
and the conservation of function between Prz1 and its orthologs in other yeast species.
Specific Aim 2: The second aim was to look at functional redundancy among the 99
sequence-specific transcription factors using the SGA method. This was achieved by
crossing 38 query with 92 array transcription factor deletion strains to examine the
genetic interactions among the sequence-specific transcription factors. In addition to
looking at genetic interactions among the transcription factors, a full genome screen was
performed on Przl and used to explore negative interactions as a source to identify
activating conditions of the transcription factor.

Specific Aim 3: The final aim was to develop an SDL protocol for S. pombe, and apply
the technique to look for upstream regulators of several transcription factors. Fourteen
transcription factor overexpression query strains were crossed to a regulator miniarray
containing gene deletions of kinases, phosphatases, ubiquitin ligases, methyltransferases,

acetyltransferases, and RNA-binding proteins.
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This chapter describes the characterization of the downstream target genes of the
transcription factor Prz1. The work was done using prz/ " mutant strains that were created
by Gina Kwon and Lianne Vachon. The sensitivity of the Aprz/ strain to tunicamycin
was discovered in a larger drug screen performed by Lianne Vachon, and she also
performed that microarray experiment. I conducted the rest of the experiments and the

analysis with the guidance of my supervisor Gordon Chua.

2.1 Abstract

Gene regulation in response to intracellular calcium is mediated by the calcineurin-
activated transcription factor Przl in the fission yeast Schizosaccharomyces pombe.
Genome-wide studies of the Crz1 and CrzA fungal orthologs have uncovered numerous
target genes involved in conserved and species-specific cellular processes. In contrast,
very few target genes of Przl have been published. This paper identified an extensive list
of genes using transcriptome and ChIP-chip analyses under inducing conditions of Prz1,
including CaCl, and tunicamycin treatment, as well as a ApmrI genetic background. We

identified 165 upregulated putative target genes of Prz1 in which the majority contained a
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calcium-dependent response element in their promoters, similar to that of the
Saccharomyces cerevisiae ortholog Crzl. These genes were functionally enriched for
Crzl-conserved processes such as cell wall biosynthesis. Overexpression of przl*
increased resistance to the cell wall degradation enzyme zymolyase, likely from
upregulation of the O-mannosyltransferase encoding gene omhl™. Loss of omhl™
abrogates this phenotype. We uncovered a novel inhibitory role in flocculation for Przl1.
Loss of przI™ resulted in constitutive flocculation and upregulation of genes encoding the
flocculins Gsf2 and Pf13, as well as the transcription factor Cbf12. The constitutive
flocculation of the Aprz1I strain was abrogated by the loss of gsf2" or ¢bf12". This study
reveals that Prz1 functions as a positive and negative transcriptional regulator of genes
involved in cell wall biosynthesis and flocculation, respectively. Moreover, comparison
of target genes between Crz1/CrzA and Prz1 indicate some conservation in DNA-binding
specificity, but also substantial rewiring of the calcineurin-mediated transcriptional-

regulatory network.

2.2 Introduction

Calcineurin is a highly-conserved phosphatase central to Ca®" signaling. In metazoans,
calcineurin regulates a wide array of Ca**-dependent processes including T-cell activation
(Clipstone and Crabtree 1992), cardiac hypertrophy (Molkentin et al. 1998), neutrophil
motility (Hendey et al. 1992), apoptosis (Wang et al. 1999), angiogenesis (Graef et al.
2001), and memory development (Mansuy et al. 1998). One of the primary effectors of
calcineurin is the NFAT family of transcription factors that translocates into the nucleus

to regulate target genes when dephosphorylated (reviewed in Macian 2005). In fungi, the
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activity of the Crz1 C,H; zinc finger transcription factor is modulated by calcineurin in a
similar way (reviewed in Thewes 2014). Crz1 orthologs have been identified in various
fungal species and their function appears conserved in cell wall-related processes and
resistance to external stressors (Thewes 2014).

The S. cerevisiae Crzl is localized in the cytosol under optimal growth
conditions, but is activated and rapidly translocated into the nucleus through
dephosphorylation by calcineurin in response to exogenous Ca?" (Stathopoulos-
Gerontides et al. 1999). In addition to exogenous Ca®", Crzl1 is activated by numerous
external stresses including high salt, prolonged exposure to a-factor, alkaline pH,
antifungal compounds, blue light, nutrient deprivation, heavy metals, and ethanol
(Matheos et al. 1997; Stathopoulos and Cyert 1997; Edlind et al. 2002; Serrano ef al.
2002; Zhang and Rao 2007; Araki et al. 2009; Zakrzewska et al. 2005; Ruiz et al. 2008;
Ferreira et al. 2012; Bodvard et al. 2013). Transcriptome profiling of CRZ! was initially
performed with Ca** or Na" treatment, which identified 163 target genes (Yoshimoto et
al. 2002), and this list has been expanded subsequently with similar profiling under
alkaline stress, nutrient deprivation, and transcription factor overexpression (Viladevall et
al. 2004; Ruiz et al. 2008; Chua et al. 2006). The Crzl target genes are known to
function in 1on homeostasis, small molecule transport, cell wall maintenance, lipid and
sterol metabolism, and vesicle transport. Many of these target genes contain the
calcineurin-dependent response element (CDRE) motif (5’-GNGGC(G/T)CA-3’) in their
promoter (Yoshimoto et al. 2002). Crz1 binds this motif, which was originally discovered
in the promoter of FKS2, and is sufficient to drive the transcriptional activation of a
reporter gene (Stathopoulos and Cyert 1997; Yoshimoto et al. 2002).
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In S. pombe, the Ppb1 calcineurin catalytic subunit dephosphorylates the
transcription factor Prz1 in response to elevated Ca*" levels (Hirayama et al. 2003).
Similar to other Crzl orthologs, dephosphorylation of Prz1l causes nuclear translocation
and transcriptional regulation of its target genes through binding of a CDRE-like motif
(5’-AGCCTC-3") (Deng et al. 2006) or a Ca**-dependent response element (5’-CAACT-
3’) (Hamasaki-Katagiri and Ames 2010). Loss of prz/™ produces a normal phenotype
under optimal growth conditions, but results in hypersensitivity to Ca*" and reduced
mating efficiency (Hirayama et al. 2003; Sun et al. 2013). In contrast, the calcineurin
Appb1 strain exhibits a more severe phenotype with additional defects in cytokinesis, cell
polarity, and chloride hypersensitivity (Yoshida et al. 1994; Hirayama et al. 2003). These
defects are not suppressed by przl “overexpression indicating that Prz1 is not the sole
target of calcineurin (Hirayama et al. 2003). Besides Ca**, activation of Prz1 occurs upon
exposure to NaCl, DTT and tunicamycin (ER stressors), micafungin (a  glucanase
inhibitor), and heat shock, when assayed by either a CDRE-regulated reporter, nuclear
translocation, or przI™ mRNA levels (Deng et al. 2006; Hirayama et al. 2003). In
addition, prz/ overexpression activates the CDRE-regulated reporter, thus indicating
positive autoregulation (Koike ef al. 2012). The response to diverse external stimuli
indicates that Przl must regulate genes involved in multiple cellular processes as
observed in other fungal orthologs. However, the current target gene list of Prz1 is far
from complete. Only five target genes have been identified: pmcl™ (Hirayama et al.
2003), pmrl* (Maeda et al. 2004), ncs1* (Hamasaki-Katagiri and Ames 2010), cmkl™
(Cisneros-Barroso et al. 2014), and przI* (Deng et al. 2006). This is in contrast to other
fungal Crzl orthologs that have more extensive target gene lists, ranging from dozens up
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to several hundred genes, functioning in cellular processes such as cell wall biosynthesis,
ion transport, lipid metabolism, and vesicle transport (Yoshimoto et al. 2002; Karababa et
al. 2006; Chen et al. 2012; Hagiwara et al. 2008; Soriani et al. 2008).

Here, we substantially expand the number of putative target genes for Prz1 by
transcriptome and ChIP-chip profiling and uncover novel biological roles in
reproduction, cell wall structure, and flocculation. We discovered that the DNA-binding
specificity of the calcineurin-responsive transcription factors is conserved between
budding and fission yeasts, but considerable differences exist among orthologous target
genes. The role in cell wall biosynthesis is conserved between Prz1 and its orthologs, and
several putative target genes for this role were identified. Finally, we show that Przl

directly represses target genes implicated in flocculation.

2.3 Materials and methods
2.3.1 Yeast strains, media and general methods

Table A1 contains a list of yeast strains used in this study. Strains were grown in
yeast extract with supplements (YES) or EMM and supplemented with adenine (225
mg/L), leucine (225 mg/L), uracil (225 mg/L), thiamine (15 uM), geneticin (150 mg/L)
and nourseothricin (100 mg/L) when required. Calcium chloride, and tunicamycin
(T7765: Sigma Aldrich, St. Louis, MO) were added to YES medium at 0.15 M and 2.5
ug/mL, respectively. Cell wall sensitivity was assayed with 0.5 pg/mL micafungin
(A13270-1: AdooQ Bioscience, Irvine, CA) and 25 U/mL Zymolyase 100T (E1005:
Zymo Research, Irvine, CA). Deletion and epitope-tagged strains were constructed by a

PCR-based stitching method as described in Kwon et al. (2012). All constructed strains
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were verified by colony PCR and sequencing of the amplicons. For deletion strains, the
entire open reading frame (ORF) was replaced with the KanM X6 or NatMX4 cassettes,
while for endogenously-tagged prz/ strains, GFP and HA epitopes were PCR-amplified
from pYM27 and pYM14 plasmids, respectively (Janke et al. 2004), and inserted in-
frame at the C-terminal end of the prz/™ ORF. Functionality of the przI-HA and przI-
GFP strains was determined by comparing their growth to wild type on 0.15 M CaCl»-
containing medium. Overexpression of przI ™ with the nmtl or nmt41 promoter was
accomplished by cloning the ORF into the pREP1/pREP2 and pREP41 vectors,
respectively. Standard genetic and molecular methods were performed as described in

Moreno et al. (1991).

2.3.2 Microarray expression profiling

Wild type and AprzI cultures were concurrently grown in 100 ml liquid YES at
30°C for 16-20 hours to a matching cell density of ~8 x 10° cells/mL before harvesting.
Calcium chloride and tunicamycin treatment were 0.15 M for 0.5 hour and 2.5 pg/mL for
1.5 hours, respectively, prior to harvesting. The Apmrl and AprzI cultures were also
grown concurrently in 100 mL liquid YES at 30°C for 16-20 hours to a matching cell
density of ~8 x 10° cells/mL. For przl™ overexpression, cultures of the prz/ OE strain and
empty vector control were concurrently grown in 100 mL of EMM (supplemented with
adenine and uracil) without thiamine at 30°C for 18-22 hours to ~8 x 10° cells/mL and
then harvested. The same procedure was used in the heterologous overexpression of S.
cerevisiae CRZ1 with the nmtl or nmt41 promoter in the Aprz/ strain. Sample

preparation for hybridization to 8 x 15,000 Agilent S. pombe expression microarrays and
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scanning were carried out as described in detail in Kwon et al. (2012). All microarray
experiments were performed with a single dye-swap and normalized using the R Limma
package with Lowess scaling (Smyth and Speed 2003) and the eBayes method was used
to combine the replicates by fitting to a linear model (Smyth 2004). Hierarchical
clustering was performed using the uncentered Pearson correlation with Cluster 3.0
(Eisen et al. 1999) and the tree image was generated using Java Treeview (Saldanha
2004). The microarray expression data has been submitted to the NCBI Gene Expression

Omnibus Database (GSE77761).

2.3.3 ChIP-chip profiling

The endogenous C-terminal-tagged prz/-HA strain was grown in 200 mL liquid
YES medium at 30°C for 16-20 hours and treated with calcium chloride or tunicamycin
as described above. A detailed description in sample preparation for hybridization to 4 x
44,000 Agilent S. pombe Genome ChIP-on-chip microarrays is found in Kwon et al.
(2012). All ChIP-chip experiments were performed with dye swaps for two biological
replicates. The data was normalized using the median correction method and replicates
were combined with eBayes from the R limma package (Smyth and Speed 2003; Smyth
2004). Significant peaks were identified using chIPOTle (Buck et al. 2005). To detect
potential promoter occupancy, the peak was considered only when within 1000 base pairs
(the average length of the sonicated DNA fragments) of the promoter region, defined as
0-1500 base pairs upstream of the start codon. The chIP-chip data has been submitted to

the NCBI Gene Expression Omnibus Database (GSE77761).
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2.3.4 Motif and functional enrichment analyses

Motif searching for the DNA-binding specificity of Prz1 was carried out in
MEME using promoter sequences consisting of 1000 base pairs upstream of the start
codon (Bailey and Elkan 1994). The maximum size of the motif was set at 10 base pairs
and at zero or one motif per promoter sequence. Functional enrichment was performed

with the Princeton GO term finder (Boyle et al. 2004).

2.3.5 Crzl target genes:

A list of Crz1 target genes in S. cerevisiae was assembled from a literature review
of genome wide, as well as smaller scale, studies (Ruiz et al. 2008; Yoshimoto et al.
2002; Matheos et al. 1997; Cai et al. 2008; Chua et al. 2006; Fardeau et al. 2007; Hu et
al. 2007). In most cases, the Crzl target genes identified as significant were used. For the
Chua et al. (2006) study, no specific cut-off was defined and a logio-fold change of 3 was
selected. The Crz1/CrzA target genes used for C. albicans, C. glabrata, A. nidulans, and
A. fumigatus were from individual studies in each organism which performed
transcriptome analysis using microarray experiments (Karababa et al. 2006; Chen et al.
2012; Hagiwara et al. 2008; Soriani et al. 2008).

The list of S. pombe genes with orthologs in S. cerevisiae was obtained from the
V2.18 orthologue list (Wood ef al. 2012). The orthologs in the other species were
determined using Inparanoid datasets (Sonnhammer and Ostlund 2015) and from the
Fungal Orthogroups Repository (Wapinski ef al. 2007), except for A. fumigatus which

relied solely on Inparanoid data.
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2.3.6 Cell wall degradation assays

Strains were grown with their respective controls as described for the expression
microarray experiments. Wild type and Aprz! strains were grown in liquid YES medium,
while genetic backgrounds containing nmt/-driven przI™ or empty vector were grown in
liquid EMM minus thiamine for 18-24 hours. The cells were washed twice with 0.9%
saline solution and resuspended in TE buffer at ~1.2 x 107 cells/mL. Three milliliters of
cell suspension was transferred to test tubes in the presence and absence of 25 U/mL
Zymolyase 100T (Zymo Research, Irvine, CA) and shaken at 37°C. ODgoo readings were
taken every 15 minutes to assess the degree of cell wall degradation. The significance of
the different treatments was assessed at the two hour time point with an ANOVA

followed by a two tailed t-test.

2.3.7 Flocculation assays

Constitutive flocculation was assessed by inoculating cells in liquid YES at an
initial cell density of ~107 cells/mL and growing at 30°C in a shaking incubator. After 24
hours, 10 mL of culture was transferred to a 90 mm plastic petri dish and rotated slowly
on an orbital low-speed shaker (Labnet International, Woodridge, NJ) for 10 minutes at

room temperature. Images of flocs were acquired with a SPImager (S&P Robotics Inc.,

Toronto, ON).

2.3.8 Fluorescence microscopy

The intracellular localization of natively-regulated Prz1-GFP was determined in

the przI-GFP strain treated with CaCl; or tunicamycin and in the Apmr1 przI-GFP
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strain. Cells were grown and treated as described for the expression microarray
experiments. Images of live przI-GFP cells were captured with a Zeiss Imager Z1
microscope and AxioCam MRM digital camera (Zeiss, Thornwood, NY). The proportion
of cells containing Prz1-GFP predominantly in the cytoplasm, nucleus, or both

compartments was determined manually in ~300 cells from three biological replicates.

2.4 Results
2.4.1 Chemical and genetic activation of Przl

Identification of target genes using genome-wide approaches requires that the
transcription factor be in an active state. Dephosphorylation of Prz1 by calcineurin results
in nuclear translocation and regulation of its target genes. Therefore, we first determined
whether several types of chemical treatment and a change in genetic background resulted
in activation of Przl by promoting its translocation into the nucleus. Several studies have
examined the intracellular localization of GFP-tagged Prz1, but expression of the fusion
protein was controlled by the nmt/ promoter. The elevated expression in this strain could
potentially increase the nuclear localization of Prz1 through mass action. As a result, we
constructed a strain expressing a Prz1-GFP fusion protein under control of the native
promoter to examine its nuclear localization in response to CaCl, and tunicamycin
treatment, as well as deletion of pmrI*, which encodes a Golgi Ca?>"/Mn?** ATPase. The
przIl-GFP strain exhibited sensitivity to CaCl> comparable to wild type, indicating the
fusion protein was functional. When cells were grown in rich medium, Prz1-GFP was
primarily localized in the cytoplasm and not in the nucleus in the majority (>85%) of

cells (Figure 2.1A and B). Only ~2% of these cells exhibited predominantly nuclear
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Figure 2.1: Intracellular localization of endogenously-controlled Prz1-GFP. A) Wild-
type cells expressing endogenously-controlled Prz1-GFP were exponentially grown in
YES medium (upper left), and treated with 0.15 M CaCl; (upper right) or 2.5 pg/mL
tunicamycin (lower left) for 0.5 and 1.5 hours, respectively. The lower right panel shows
the intracellular localization of endogenously-controlled Prz1-GFP in Apmr1 cells grown
in rich medium. B) Bar graph showing the percentage of cells in each category of Przl1-

GFP localization from Figure 2.1A. The data is from three replicates of approximately
100 cells each.
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localization. In contrast, Prz1- GFP exhibited mostly nuclear localization (~90%) when
exposed to 0.15 M CaCl, and 2.5 pg/mL tunicamycin for 0.5 and 1.5 hours, respectively
(Figure 2.1A and B). These results indicate that Prz1 is activated when treated with CaCl,
and tunicamycin, which is in agreement with previous studies (Hirayama et al. 2003;
Deng et al. 2006). We also investigated the intracellular localization of Prz1-GFP when
pmrl” was deleted. Loss of pmrI™ was synthetic lethal with the Aprz/ strain (Ryan et al.
2012), suggesting that Prz1 function is required in the Apmrl background. Moreover,
calcium homeostasis may be disrupted in the Apmr1 strain (Maeda et al. 2004) which
could result in activation of Przl. The frequency of nuclear localization of Prz1-GFP in
Apmrl cells (~14%) was greater than unperturbed wild-type cells (Figure 2.1A and B).
Interestingly, a substantial proportion of ApmrI cells (~38%) displayed Prz1-GFP present
in both the nucleus and cytoplasm. These results suggest a robust activation of Przl in
response to CaClz or tunicamycin treatments and intermediate activation in Apmr/ cells

compared to untreated wild type.

2.4.2 Identification of Przl target genes by genome-wide analyses

There are currently only a handful of known direct target genes of Przl. To
expand the list of Prz1 target genes, we performed transcriptome profiling and ChIP-chip
analysis under the inducing conditions determined by our Prz1-GFP intracellular
localization studies. Transcriptomes were compared between the Aprz/ mutant with wild
type exposed to 0.15 M CaCl or 2.5 pg/mL tunicamycin, as well as between the
untreated AprzI and the Apmrl strains. As a control, transcriptome profiling was

performed on the Aprz/ and wild-type strains grown in rich medium. We identified 339
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genes that were differentially regulated by more than two-fold with a p <0.001 in at least
one of the four expression microarray experiments (Figure 2.2A). Lower expression
levels in the Aprzl1 strain, relative to the wild type or Apmrl strain, represented
positively-regulated target genes of Prz1, while higher expression indicated negatively-
regulated targets. CaCl, treatment resulted in the most differentially-expressed genes (150
lower and 67 higher in Aprz1), followed by the Apmr1 strain (109 lower and 67 higher in
Aprzl) and the tunicamycin treatment (94 lower and 51 higher in AprzI) (Figure 2.2A).
In contrast, only 17 and 51 genes had lower and higher expression, respectively, in the
Aprz1 strain relative to wild type. This is consistent with previous observations that
transcriptome profiling of most transcription factor deletion strains does not uncover
many direct target genes in S. pombe under optimal growth conditions (Chua 2013;
Vachon et al. 2013). Hierarchical clustering revealed that the tunicamycin treatment and
the Apmr1 strain expression profiles were the most similar (Figure 2.2A), which is in
agreement with the observations that both tunicamycin and pmr/™ are involved in
endoplasmic reticulum stress (Deng et al. 2006; Diirr ef al. 1998) and therefore may
activate Przl in a similar way.

ChIP-chip profiling of a natively-regulated Prz1-HA strain was performed to
further confirm that the differentially-expressed genes retrieved from the transcriptome
studies are putative target genes of Prz1. These ChIP-chip experiments were carried out
under inducing conditions of Prz1 in the presence of CaCl> or tunicamycin with the same
dosages as the transcriptome studies. We found that Prz1 bound to the promoters of 254
and 257 genes during CaCl, and tunicamycin treatments, respectively, and the overlap of
genes (197 genes or ~77%) between both treatments was substantial (Figures 2.2B and
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Figure 2.2: Identification of Przl target genes by transcriptome and chIP-chip
profiling. A) The heat map shows two dimensional hierarchical clustering of 339 genes
that were differentially expressed by at least 2-fold in at least one of the microarray
experiments. The first four columns of the heat map compare transcriptomes of the
following conditions: the Aprz/ strain and wild type, the Aprz/ strain and wild type
supplemented with 0.15 M CaCl: for 0.5 hours, the Aprz/ strain and wild type
supplemented with 2.5 pg/mL tunicamycin for 1.5 hours, and the Aprz! strain compared
to the Apmrl strain. All of the above experiments were performed in rich medium. In the
heat map, genes upregulated and downregulated in the Aprz/ strain relative to the control
are indicated in red and green, respectively. The two rightmost columns in the heatmap
show ChIP-chip analysis of a prz/-HA strain treated with 0.15 M CaCl; or 2.5 pg/mL
tunicamycin for 0.5 and 1.5 hours, respectively. B) The heat map shows the expression
profiles of 165 putative target genes that are positively-regulated by Prz1. The first four
columns of the heat map match the expression data from Figure 2.2A while the fifth
column shows the expression profiles of the same target genes upregulated in a prz/*
overexpression strain compared to the empty vector (EV) control. The next two columns
in the heat map show ChIP-chip analysis of a prz/-HA strain treated with 0.15 M CaCl
or 2.5 pg/mL tunicamycin for 0.5 and 1.5 hours, respectively. The rightmost column of
the heat map shows the 91 genes containing the CDRE motif within their promoter in
orange. The colour bars indicate relative expression and chIP enrichment ratios between
experimental and control strains. All microarray expression and chIP-chip experiments
were performed in replicate with dye reversal. C) The Venn diagram shows the overlap
between the 339 differentially-expressed genes in the transcriptome experiments and the
genes identified from the chIP-chip analysis with Przl promoter occupancy in the
presence of CaCly or tunicamycin. The significance of the overlap is indicated as p-values
that were determined using a hypergeometric distribution. D) A DNA motif generated by
MEME from promoter analysis of the 165 putative target genes of Prz1. This motif is
similar to the CDRE motif (5’-AGCCTC-3’) previously discovered in Deng et al. (2006).
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C). Moreover, we detected Przl occupancy in its own promoter in response to both CaCl»
and tunicamycin treatments (Tables A2 and A3), which is in agreement with other studies
(Deng et al. 2006). For the CaCl; treatment, 80 of the 254 promoter-bound genes (31.4%)
were differentially expressed in the Aprz/ strain (p=2.55¢>° using a hypergeometric
distribution) (Figures 2.2B and C). In response to tunicamycin treatment 81 of the 257
promoter bound genes (31.5%) were differentially expressed in the Aprz/ strain (p=8.27¢
3%) (Figures 2.2B and C). Overall, 94 of the 339 genes (27.7%) differentially-expressed in
the transcriptome experiments were bound in one of the chIP-chip experiments (Figures
2.2B and C). This amount of overlap between transcriptome and chIP-chip analyses of
Prz1 is comparable to a similar study on the fission yeast CSL transcription factors Cbfl1
and Cbf12 (Ptevorovsky ef al. 2015).

Among the 339 differentially-regulated genes, 165 genes were consistently lower
in the Aprz/ strain relative to wild type when treated with CaCl, or tunicamycin,
indicating that Prz1 may positively regulate these target genes (Figure 2.2B). We next
subjected these 165 putative target genes of Przl to gene ontology analysis using the
Princeton GO Term Finder. The gene products were enriched for biological process
categories such as reproduction (p=5.1e™), cell wall organization or biogenesis (p=4.9¢"
3), as well as components of membranes (p=2.2¢°°) and the Golgi apparatus (p=1.1¢")
(Table 2.1). Moreover, the vast majority of these target genes were also upregulated in
the prz1™* overexpression strain, and Prz1 was found to be associated with the promoters
of 37 of these genes (p=2.3¢"'?) (Figure 2.2B). All the known target genes of Prz1 (przI”,
pmcl™, pmrl”, nesl™, and cmkl™) were also found within these 165 genes (Table 2.1).
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Table 2.1: The gene ontology terms that are significantly enriched among the 165
putative target genes positively regulated by Prz1 using Princeton GO Term Finder.
The target genes that have the CDRE motif in their promoter (Figure 2.2D) are indicated
in bold and those with an ortholog that is regulated by Crzl in S. cerevisiae are
underlined. Only the genes with enriched gene ontology terms are shown.

Gene Ontology
Term

P-value

Gene List

Reproduction
(GO:0000003)

5.1e*

cdel”, dicl®, gpal”, gwtl”, isp3”, krpl™, mam2”,
mapl”, matPc*, mcp2*, mep5”', mde6", meil”,
meul3*, meul7", meu22", meu7", mfm2", mst2",
mugl08", mugl33", mugl36", mug63”, mugs",
nesl, pmp317, ppk35°, recl107, scd2”, set3”,
SPAPB1A10.08, stell”, sted”, bgsl”, cfrl”, pvg5"

Cell wall
organization or
biogenesis
(GO:0071554)

4.9¢3

bgsl™, cfr1*, pvg5™, cfh2*, gas2*, gmh2*, omhl",
punl”, pvgl”, rga5", SPAC13C5.05¢, SPAC9G1.10c,
SPBC1198.07¢, SPBC19C7.05, SPBC21B10.07

Membrane
(GO:0016020)

2.18¢®

gdal”, sen54", SPAC977.02, mugl33”, imal ", pet2”,
SPBC21B10.07, git3", SPBC1271.03¢, ppk35", nesl™,
punl®, SPAC23C11.06¢, SPCPB1C11.02, gas2”,
krpl*, SPAC14C4.07, dnf1", SPBC15C4.06c,
pmp317, imt2*, mfm2”, cki2®, fip1*, SPAC18B11.03c,
SPCC1529.01, ost2", mam2*, omhl", furd”,
SPAC212.01¢, bgsl™, isp5*, ggcl™, cfh2", rsnl”,
psd2", SPAC630.04c, ergl”, SPBC1348.03, meu22”,
tcol”, bstl*, SPAC869.03c, meul7*, SPAC5D6.04,
SPAC750.04¢, ppr3”, SPAC1687.08, SPBC19C7.05,
macl®, gwtl”, yip5*, SPBC1198.07¢, itr2*, gga2l”,
petl”, SPCC553.12¢, lcb4™, pvgl", SPAC869.05c¢,
SPCC794.03, SPAC4C5.03, strl”, tvpl5*, gmh2”,
pmrl”, SPCC4B3.02¢, mfs1*, SPAC23D3.12, gpal”,
imtl", pvg5"

Golgi apparatus
(GO:005794)

1.08¢

fmd2", gdal”, tcol”, bstl", cfrl*, mugl33",
SPAC869.05¢, pet2*, SPAC869.03¢c, meul7,
SPAC3A11.10¢, omhl", tvpl5”, furd”,
SPBC19C7.05, gmh2”, punl”, yip5*, SPCC4B3.02c,
gga2l’, SPAC23D3.12, kipl™, petl*, SPAC14C4.07,
dnfl”, Icb4", imt1", mugl36", pvg5™, pvgl”, imt2*
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Strikingly, promoter analysis by MEME revealed a common motif in 91 of the 165
putative Prz1 target genes that closely resembled the CDRE sequence 5’-AGCCTC-3’
(Deng et al. 2006) (Figures 2.2D and Table A4). Altogether, these results indicate that the

majority of these 165 genes are likely direct targets that are positively regulated by Przl.

Interestingly, 92 genes were upregulated at least two-fold in the Aprz/ strain
during CaCl or tunicamycin treatment (Figure 2.3), indicating that Prz1 may also
negatively regulate a different set of target genes. In addition, 46 of these genes were
downregulated in the przI " overexpression strain, and Przl was associated with the
promoters of 40 of the 92 putative target genes (p=5.2¢’>) (Figure 2.3). However, unlike
the positively-regulated genes, no common binding motif was detected by MEME. Gene
ontology analysis of these 92 genes detected functional enrichment in ion transmembrane
transport (p=4.7¢™*) and small molecule catabolic processes (p=3.0e™) (Tables 2.2 and
A5). Direct transcriptional repression of target genes has not been detected for Prz1 or

confirmed in fungal Crzl orthologs (Thewes 2014).

Table 2.2: The gene ontology terms that are significantly enriched among the 92
putative target genes negatively regulated by Prz1 using Princeton GO Term
Finder. The genes that have an ortholog regulated by Crzl in S. cerevisiae are
underlined. Only the genes with enriched gene ontology terms are shown.

Gene Ontology P-value | Gene List

Term
Small molecule 3.0e* SPAC2F3.05¢, carl™, SPAC139.05, SPAC4H3.08,
catabolic process gut2*, gpd3”, atdl”, tms1*, SPCC1223.09, enol(2*

(GO:0044282)
Ion transmembrane | 4.7¢* | gtil”, tgpl”*, phol™, mfs3*, mug86*, SPCPB1C11.03,

transport SPBPB2B2.01, SPBC36.02¢c, SPBC1683.01
(GO:0034220) pho84*, mael*, SPBPB10D8.01, SPBC3H7.02,

pgtlt, SPCCT94.04c
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Figure 2.3: The heat map shows the expression profiles of 92 putative target genes
that are negatively-regulated by Przl. The first four columns of the heat map match the
expression data from Figure 2.2A while the fifth column shows the expression profiles of
the same target genes in a prz/ " overexpression strain compared to the empty vector (EV)
control. The next two columns in the heat map show ChIP-chip analysis of a prz/-HA
strain treated with 0.15 M CaCl2 or 2.5 pg/mL tunicamycin for 0.5 and 1.5 hours,
respectively. The colour bars indicate relative expression and chIP enrichment ratios
between experimental and control strains. All microarray expression and chIP-chip
experiments were performed in replicate with dye reversal.
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Orthologous target genes between S. pombe Przl and other fungal Crzl1/CrzA

The known target genes of Prz1 are well conserved in S. cerevisiae. All of the
known Prz1 target genes (przl", pmcl™, pmrl™, ncsl™ and cmkl ™) have budding yeast
orthologs regulated by Crz1 with the exception of ncs/™ (Hamasaki-Katagiri and Ames
2010). However, the proportion of the remaining Prz1 putative target genes that have
Crzl1 target gene orthologs was considerably lower. There were 24 Crzl target gene
orthologs among the 165 putative target genes upregulated by Prz1 (Tables 2.1 and A4)
(Ruiz et al. 2008; Yoshimoto et al. 2002; Matheos et al. 1997; Cai et al. 2008; Chua et al.
2006; Fardeau et al. 2007; Hu et al. 2007). The conservation of target genes is highest for
the conserved biological process of cell wall organization or biogenesis in which 40% of
the Prz1 putative target genes annotated in this gene ontology category have Crz1 target
gene orthologs (Table 2.1). Interestingly, there were eight putative target genes (atdI ™,
sual”, bfr1", SPBC1683.01, pho84", fhnl", plb1* and SPAC513.07) seemingly repressed
by Prz1 that had orthologs that were positively regulated by Crz1 (Ruiz et al. 2008; Chua
et al. 2006; Yoshimoto et al. 2002). This phenomenon is further supported by the
observation that the promoters of seven of these eight genes were bound by Prz1 in one
or both of the chIP-chip experiments (Table AS).

The number of orthologous target genes decreases with more distantly-related
fungi (Figure 2.4). Comparison with a study in C. albicans found that of the 65 Crz1
targets, only five overlap with the 165 positively-regulated targets and two overlap with
the negatively-regulated target genes in S. pombe (Karababa et al. 2006). A similar
overlap was also observed between the 34 target genes of C. glabrata Crz1 (Chen et al.

2012). CrzA target genes in A. nidulans and A. fumigatus showed even less overlap with
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Figure 2.4: The orthologs of the 339 differentially regulated genes in S. pombe that
are regulated by a Prz1 ortholog in other fungal species. The highest number of
orthologs is found between S. pombe and S. cerevisiae. This is likely due to several
factors including the closer evolutionary distance. The other factors include the better
characterized ortholog list between S. pombe and S. cerevisiae as well as the greater
number of experiments and conditions used to find Crzl1 targets in S. cerevisiae compared
to the other species included.
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the S. pombe Prz1 target genes (Hagiwara et al. 2008; Soriani et al. 2008). Cell wall
organization is positively regulated by Prz1, as well as its orthologs in fungi, which
would indicate conservation among the target genes implicated in that process. However,
this conservation was not as extensive as expected. Only two Przl target genes with cell
wall functions (SPBC21B10.07 and bgs!™"), share orthologs in S. cerevisiae and C.
albicans. Other cell wall genes like gas2™ and SPAC9G1.10c were conserved in more
distantly-related species C. glabrata and A. fumigatus, respectively, while not sharing an
ortholog in S. cerevisiae.

The difference in the number of orthologs suggests an increasingly distant
relationship between Przl and its Crz1/CrzA orthologs over evolutionary time. However,
it may reflect incomplete data because unlike S. cerevisiae, the other targets are each
determined from a single study (Karababa et al. 2006; Chen et al. 2012; Hagiwara et al.
2008; Soriani et al. 2008). The curation of the ortholog lists may also play a role in the
overlap observed. The ortholog list between S. cerevisiae and S. pombe has been
extensively refined (Wood ef al. 2012), whereas with the other species, orthology was
determined using Inparanoid datasets (Sonnhammer and Ostlund 2015) and the Fungal
Orthogroups Repository (Wapinski et al. 2007). Although the overlap with these other
species offers an interesting look at conserved elements, it is clearly an incomplete

picture.

2.4.3 Przl activates target genes functioning in cell wall synthesis and structure

The activation of Prz1 upregulates 15 putative target genes implicated in the

biosynthesis and structure of the cell wall (Figure 2.5A; Table 2.1). Among these 15
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genes, nine contained a CDRE motif in the promoter while Prz1 occupancy was detected
in four (Figure 2.5A; Tables 2.1 and A4). To further investigate this, we first determined
whether AprzI and przI OF strains possessed an altered cell wall structure. The Aprz/ and
przl OF strains were tested for resistance to cell wall degradation by zymolyase (a B
glucanase) relative to their controls. The short duration of the zymolyase assay was ideal
because of the reduced fitness exhibited by the prz/ OF strain (Koike et al. 2012; Vachon
et al. 2013). We found that overexpression of przI " with the nm¢1 promoter confers
increased resistance to zymolyase (p=1.0e™), suggesting that the upregulation of these
target genes could enhance the strength of the cell wall (Figure 2.5B). In contrast, no
change in resistance to zymolyase was observed in the Aprz/ strain compared to wild
type (Figure 2.5B). We next attempted to identify the putative target genes that could be
responsible for the increased resistance to zymolyase in the prz/ OF strain. Loss of these
target genes could potentially result in sensitivity to cell wall perturbing agents. Thirteen
deletion strains of the Prz1 putative target genes implicated in cell wall processes were
assayed for growth sensitivity to the antifungal micafungin, which inhibits -1,3-glucan
production. The remaining two genes gas2 " and bgsI", the latter being an essential gene,
were not available in the Bioneer deletion collection. Among the thirteen deletion strains,
only Apvgl, Apvg5, and Aomhl were sensitive to micafungin (Figure 2.5C). Both pvgl™*
and pvg5™" function in the synthesis of pyruvated galactose residues in N-linked glycans
(Andreishcheva ef al. 2004; Yoritsune et al. 2013), and omhl ™ encodes a putative al,2-
mannosyltransferase for synthesis of O-linked glycans (Ikeda et al. 2009). The Aprz1
strain, in addition to not being sensitive to zymolyase, was not sensitive to micafungin
(Figure 2.5C). The lack of sensitivity is perhaps due to redundancy in the regulation of
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Figure 2.5: Characterization of putative target genes of Przl implicated in cell wall-
related processes. A) The heat map shows relative expression and Przl promoter
occupancy for 15 putative target genes annotated to function in cell wall organization or
biogenesis. The colour bars indicate relative expression and chIP enrichment ratios
between experimental and control strains. All microarray expression and ChIP-chip
experiments were performed in replicate with dye reversal. B) Cell wall degradation
assays. Wild type and Aprz1 strains were grown in liquid YES medium, while nm¢1-
driven przl™ or empty vector (EV) were grown in liquid EMM minus thiamine for 18-24
hours. The samples were adjusted to matching cell densities and transferred to test tubes
in the presence of 25 U/mL Zymolyase 100T. The samples were shaken at 37°C and
ODsoo readings were taken every 15 minutes to assess the degree of cell wall degradation.
Overexpression of przl ™ caused resistance to the cell wall degrading enzyme zymolyase
(p=1.0e™*) while Aprz1 cells did not show significant sensitivity to zymolyase compared
to wild type. C) Spot dilution for micafungin sensitivity of deletion strains of the putative
Prz1 target genes involved in cell wall-related processes. Exponentially growing wild
type and deletion strains were pinned on solid YES medium containing 0.5 pg/mL
micafungin and incubated at 30°C for three days. D) Cell wall degradation assays. The
Aomh]1 strain was more sensitive to zymolyase treatment than wild-type (p=1.6e?). The
zymolyase-resistant phenotype from overexpression of przI™ was abrogated by loss of
omhl* (p=5.0e™*). The zymolyase experiments were repeated in triplicate and error bars
represent the standard error. The p-values were determined with ANOVA followed by a
two-tailed t-test after two hours of zymolyase treatment.
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these cell wall target genes by a transcription factor other than Prz1. We then
overexpressed przl " with the nmtl promoter in the Apvgl, Apvg5, and Aomhl strains to
determine if the zymolyase resistance exhibited in the prz/ OFE strain was affected by loss
of these genes. Consistent with the micafungin assay, the Aomhl strain was more
susceptible to degradation by zymolyase than the control after two hours of treatment
(p=1.2¢2), while the Apvgl and Apvg5 strains did not show a significant increase in
sensitivity (Figures 2.5D and 2.6). Indeed, loss of omh1" almost completely abrogated the
zymolyase resistance caused by przI* overexpression (p=5.0e™). A similar genetic
interaction was also observed in the Apvg/ background except the degree of abrogation
was less (p=6.8¢™) (Figure 2.6). Together, these results indicate that the cell wall function

of Przl1 involves activation of its target genes omhl™ and pvgl™.

2.4.4 Przl repression of flocculation

The Aprz1 strain exhibited a slightly crumbly texture on solid media that is often
present in flocculent strains. To determine if Aprz/ cells are flocculent, we cultured the
strain in liquid YES and EMM with an initial density of ~107 cells/mL for 24 hours. The
Aprzl cells, but not wild type, formed large flocs in both EMM and YES media (Figure
2.7A). In contrast, overexpression of prz1 " did not suppress the flocculation of wild-type
cells in flocculation inducing-medium (data not shown). We next examined whether
putative target genes in our genome-wide data could be responsible for the constitutive
flocculent phenotype of Aprz/ cells. Interestingly, several genes implicated in triggering
flocculation were upregulated in the Aprz/ strain. These upregulated genes (1.6 to 5.3-

fold) encoded the flocculins Gsf2 and Pfl3, and the transcription factor Cbf12 which is
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Figure 2.6: Cell wall degradation assays. A) The zymolyase-resistant phenotype from
overexpression of przl™ was abrogated by loss of pvgl™ (p=6.8¢7*). B) The Apvg$5 strain
does not suppress the zymolyase-resistant phenotype from overexpression of prz1™. The
samples were adjusted to matching cell densities and transferred to test tubes in the
presence and absence of 25 U/mL Zymolyase 100T. The samples were shaken at 37°C
and OD600 readings were taken every 15 minutes to assess the degree of cell wall
degradation. The zymolyase experiments were repeated in triplicate and error bars
represent the standard error. The p-values were determined with ANOVA followed by a
two-tailed student t-test after two hours of zymolyase treatment.
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Figure 2.7: Constitutive flocculation of the AprzI strain. A) Wild type and the Aprzi
strain were grown at an initial cell density of ~107 cells/mL in liquid YES medium for 24
hours at 30°C and assayed for flocculation. B) Negative regulation of flocculation genes
by Prz1. The heat map shows relative expression and Prz1 promoter occupancy for the
flocculation genes chf12*, gsf2*, and pfI3*. The colour bars indicate relative expression
and chIP enrichment ratios between experimental and control strains. All microarray
expression and ChIP-chip experiments were performed in replicate with dye reversal. C)
The Aprz1 flocculation phenotype was abolished by loss of ¢hf12" or gsf2". Cells were
assayed for flocculation as described for Figure 2.7A.
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known to activate gsf2" (Pfevorovsky et al. 2015; Kwon et al. 2012) (Figure 2.7B). In
addition, these three genes were downregulated in the prz/ OF strain and the promoters of
pfI13" and cbf12" were bound by Przl in both CaCl and tunicamycin treatments (Figure
2.7B). These results suggest that Prz1 inhibits flocculation by repression of gsf2*, pfI3*,
or chf12". To further confirm this hypothesis, we examined whether the constitutive
flocculent phenotype of the Aprz/ strain in YES medium could be abrogated in a Agsf2,
Apfl3, or Acbf12 genetic background. Indeed, we discovered that loss of gsf2" or c¢bf12",
but not pfI13" could abrogate the constitutive flocculation observed in Aprz1 cells (Figure

2.70).

2.5 Discussion

In this study, we substantially expanded the target gene list and implicated new
functional roles for the calcineurin-responsive transcription factor Prz1 in S. pombe.
Moreover, we presented genetic evidence that link putative target genes to these new
functions of Prz1. Our results also demonstrate that identification of target genes by
genome-wide approaches requires that the transcription factor be active. Transcriptome
profiling of the Aprz1 strain grown in rich medium did not identify many direct target
genes of Przl. We used several inducing conditions that promote Prz1 activity including
chemicals (Ca®" and tunicamycin), overexpression of przI*, and the Apmrl genetic
background. Both Ca?" and tunicamycin and have been shown to activate a CDRE-
regulated reporter, and Ca®" has also been shown to cause Prz1 to translocate to the
nucleus (Hirayama et al. 2003; Deng et al. 2006). Systematic overexpression of yeast

transcription factors, combined with transcriptome profiling, has been used effectively to
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identify direct target genes (Chua et al. 2006; Vachon et al. 2013, Chua 2013). The

prz1 OF strain displays reduced fitness, which is common for transcription factors
overexpressed in fission yeast (Vachon et al. 2013). This reduced fitness is likely caused
by increased promoter occupancy and aberrant expression of target genes. When
overexpressed, Prz1 is still largely localized in the cytoplasm (Hirayama et al. 2003).
Despite this, Prz1 overproduction allows some of the transcription factors to override the
normal cytoplasmic retention signals and enter the nucleus, resulting in differential
expression in a large number of putative target genes (893 upregulated and 532

downregulated by more than 2-fold).

2.5.1 Genetic activation of transcription factors

In addition, Prz1 activation was observed in the ApmrI genetic background. The
pmrl* gene encodes a Golgi P-type Ca**/Mn**-ATPase which functions to reduce
abnormally high levels of cytosolic Ca*" (Cortés et al. 2004). Therefore, loss of pmrI™ is
expected to cause elevated cytosolic Ca** relative to wild type and result in the
downstream activation of Prz1. Our results show that nuclear localization of Prz1-GFP
was increased in Apmrl cells compared to unperturbed wild-type cells (Figure 2.1).
Although the Prz1-GFP nuclear localization in ApmrI cells was less than wild-type cells
treated with Ca®" or tunicamycin, the putative target genes of Prz1 could still be
recovered by comparing the transcriptome profiles of Apmrl and Aprz1 strains (Figure
2.2). Interestingly, synthetic lethality is observed in the Apmrl AprzIl double mutant
(Ryan et al. 2012) indicating that Prz1 activity is required in the Apmr/ strain. This

observation is intriguing as it suggests that synthetic-lethal interactions could be used to
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identify genetic backgrounds that contain transcription factors in their active state
(genetic activation). Subsequently, the comparison of transcriptomes between the
transcription factor deletion strain and a deletion strain with which it shares a synthetic-
lethal interaction, could conceivably identify direct target genes. We are currently
exploring whether this approach is indeed effective in identifying target genes of

transcription factors in S. pombe.

2.5.2 Przl cellular functions

The annotated functions of the positively-regulated 165 putative target genes of
Przl1 align well with certain functions of the fungal Crz1 orthologs: ion homeostasis and
transport, lipid metabolism, and cell wall biosynthesis. In S. pombe, functional
enrichment was only detected for genes implicated in reproduction and cell wall
organization or biogenesis. There were 15 putative target genes of Prz1 that have a role in
cell wall processes, six of which have orthologs in S. cerevisiae. These genes are
implicated in B-glucan synthesis (bgs!+/FKSI and rga5+/SAC7), mannosidase activity
(SPBC1198.07¢c/DFG5), cell wall integrity (punl+/PUNTI), as well as chitin deposition
(SPBC19C7.05/RCR1) and transglycosylation (SPBC21B10.07/UTR?2). In contrast, two
S. pombe-specific target genes (pvg! ™ and pvg5") were involved in the synthesis of
pyruvylated galactose residues which are not found in the cell wall of S. cerevisiae
(Andreishcheva et al. 2004; Yoritsune et al. 2013). The upregulation of omhl”, which
encodes a putative mannosyltransferase, and pvg! ™ by przl " overexpression contributes

to the zymolyase-resistant phenotype of the prz/ OF strain (Figures 2.5 and 2.6).
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In addition, 33 target genes implicated in reproduction were identified as
positively-regulated by Przl. These genes involved in reproduction are consistent with
the decreased mating efficiency observed in Aprz/ mutants (Sun ef al. 2013). In S.
cerevisiae, Crzl is required for survival in prolonged exposure to mating pheromones
(Stathopoulos and Cyert 1997), but pheromone genes have not been identified as targets
of Crz1. The function of Prz1 in the mating process is likely different since very few of
the target genes have orthologs in S. cerevisiae (Table 2.1). Interestingly, we detected
Prz1 promoter occupancy of stel I", which encodes the primary transcriptional activator

of the mating response (Sugimoto et al. 1991).

2.5.3 Przl binding motif

Our expanded list of 165 putative target genes upregulated by Prz1 identified a
CDRE motif in 91 promoters similar to the 5’-AGCCTC-3" motif found by Deng ef al.
(2006). This motif is also similar to the S. cerevisiae CDRE motif (5’-TG(C/A)GCCNC-
3’) (Stathopoulos and Cyert 1997). The apparent conservation in binding specificity of
Crz1 and Przl indicates the possibility of heterologous complementation. To test this, we
overexpressed CRZI with the nmtl or nmt41 promoter in the Aprz! strain. In contrast to
przl" overexpression, heterologous overexpression of CRZ! did not cause reduced fitness
or suppress the calcium sensitivity of the Aprz/ strain (data not shown). Transcriptome
profiling of nmtl-driven CRZI in the Aprz1 strain did not result in differential regulation
of the Przl target genes. The inability of Crz1 to regulate Prz1 target genes may be due to

the absence of binding to the CDRE motifs or required trans-acting factors. In contrast,
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the C. albicans Crz1 was able suppress the Ca" sensitivity of the S. cerevisiae Acrzl

strain, as well as drive expression of the CDRE-reporter (Karababa et al. 2006).

2.5.4 Gene repression by Przl

We have also uncovered a novel repressive role of Przl in flocculation. Loss of
przl”" causes constitutive flocculation in high-density cultures and the induction of both
the transcription factor gene cbf12" and the dominant flocculin gene gsf2* (Figures 2.7A
and B). The constitutive flocculation is dependent on the presence of c¢bf12" and gsf2*
(Figure 2.7C). Prz1 promoter occupancy was also detected for chf12" and the pfI3*
flocculin gene (Figure 2.7B). Although CDRE motifs were not detected in the promoters
of these genes, five copies of the Ca**-dependent response element (5°’-CAACT-3’) were
present in the cbf12" promoter. Prz1 has been shown to bind to this motif in the ncsl”
promoter (Hamasaki-Katagiri and Ames 2010). The repressive flocculation function of
Prz1 and the Ca*"-dependent response element have not been discovered in other fungal
Crzl1 orthologs.

Previous studies on Przl orthologs have predominantly focused on positively-
regulated functions and target genes. One exception was three genes identified as
negatively regulated by C. glabrata Crz1 (Chen et al. 2012). In A. fumigatus, 31 genes
were also identified as being downregulated in response to calcium treatment, and some
may represent direct targets of CrzA (Soriani et al. 2008). The low number of identified
negatively-regulated target genes of Prz1 orthologs could be the result of limitations in

previous studies, which do not contain genome-wide binding data.
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The repression of target genes by Prz1 could be the result of S. pombe-specific
rewiring of the transcriptional-regulatory network due to an alteration in the amino acid
sequence of the transcription factor. In contrast to S. cerevisiae Crzl, S. pombe Prz1 does
not contain a polyglutamine tract domain, which is often associated with transcriptional
activation (Hirayama et al. 2003). It could be the absence of this domain that provides
Prz1 with its transcriptional repressive function. Interestingly, Schaefer ef al. (2012)
observed that considerably fewer S. pombe genes (3) compared to S. cerevisiae genes
(79) contain this domain. In addition, we examined whether the repressed putative targets
of Prz1 could be the result of transcriptional interference where a transcribed gene can
repress the transcription of the adjacent gene (Martens et al. 2004). Among the 92
negatively-regulated putative target genes of Prz1, only 13 (14.1%) are located adjacent
to a putative activated target gene. This indicates that the vast majority of putative
negatively-regulated target genes of Prz1 are not a result of transcriptional interference.
One notable example, SPAC513.07, which encodes a flavonol reductase, is negatively
regulated by Przl in S. pombe, but its orthologs are activated by Crzl in S. cerevisiae, C.
albicans, and C. glabrata. This may indicate a rewiring of the transcriptional regulation
of this gene between fungal species. The specific mechanism of Przl-mediated negative
regulation remains unknown, and more experimentation will be needed to determine if
there is nucleosome remodeling occurring at these sites or some undiscovered cofactor

involved.
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2.5.5 Conserved Crzl targets

Our genome-wide analysis of Prz1 has uncovered gene regulation in conserved
and species-specific functions among fungal Crzl orthologs. Preliminary comparison
with other Crz1 target genes among different fungi shows substantial rewiring within the
transcriptional-regulatory network controlling calcineurin-mediated processes. This
rewiring is evident even in well conserved processes such as cell wall biogenesis, where
distinct fungi accomplish a similar function by positive regulation of different target
genes. Moreover, this study revealed that the calcineurin-mediated transcriptional-
regulatory network of S. pombe has undergone substantial rewiring to include negative

regulation of target genes implicated in species-specific processes such as flocculation.
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Chapter Three: Genetic interactions of S. pombe transcription factors

Kate Chatfield-Reed and Gordon Chua

This chapter was entirely my own work, although it uses strains constructed in the lab
and previously published in Vachon et al. (2013). The contents of this chapter are

currently being assembled for submission to G3.

3.1 Abstract

The interactions of transcription factors and their target genes occur in a complex
regulatory network. Transcription factors regulate multiple target genes, and target genes
can be regulated by multiple transcription factors. Negative genetic interactions capture
relationships between genes by identifying pairs of mutants that are sicker than expected
when combined. A synthetic genetic array (SGA) screen was used to map novel
interactions between 38 query and 92 array transcription factor deletion strains in S.
pombe. The screen identified 48 negative interactions, most of which were novel. These
negative interactions suggest functional redundancy between the two transcription factors
due to overlapping targets, or negative interactions between the downstream targets of
transcription factors. Negative genetic interactions between a transcription factor and
other genes can reveal their biological function, or potentially be used to identify
backgrounds that result in the activation of the transcription factor. A full genome SGA
screen of the calcineurin-responsive transcription factor Prz1 detected 62 negative
interactions. We tested the activity of Prz1 through fluorescence microscopy and

expression microarrays to see if two of the 62 negative interactions could act as genetic
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activators of the transcription factor. While the ApmrI mutant exhibited enhanced Prz1
activity, the Aalp31 strain was not able to enhance Prz1 activity over wild-type levels.
These experiments show that SGA screens can potentially be used to identify genetic

backgrounds that promote activation of the transcription factor.

3.2 Introduction

Full genome deletion analysis revealed that, when assayed in rich media conditions,
essential genes comprise only ~20% (Giaever et al. 2002) and 26.1% (Kim et al. 2010) of
the budding and fission yeast genomes, respectively. Genes are often nonessential
because they are only needed under specific environmental conditions or because they are
functionally redundant with one or more other genes. Chemical and synthetic genetic
screens can be used to look for condition-specific function or functional redundancy,
respectively, in nonessential genes, which potentially have no visible phenotype (Parsons
et al. 2006). A synthetic genetic array (SGA) screen tests for functional redundancy
between pairs of genes, and buffering between pathways. SGA screens create double
mutants in a high-throughput manner by mating single deletion mutants together on high
density arrays and selecting for the double deletion progeny (Tong et al. 2001). The
double deletion mutants are then scored for fitness based on whether they are sicker or
healthier than the expected combined fitness of the two single deletions (Tong ef al.
2001). Sick or lethal combinations are called negative genetic interactions and indicate
genes that buffer each other, either directly or through interactions between their
pathways. Positive genetic interactions are cases where the combined double deletion is

healthier than the expected combined fitness of the two single deletions, such as in some
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physical complexes or genetic suppression (Wagih et al. 2013). This technique was
developed for S. cerevisiae, where 75% of the genes have full or partial genetic
interaction data (Tong et al. 2001; Tong et al. 2004; Costanzo et al. 2010). This includes
mostly nonessential genes as well as some temperature-sensitive essential alleles. These
studies can be used to uncover unknown gene function or physical interactions by
looking at genes that share similar genetic interaction profiles (Tong et al. 2004). The
data also shows relationships between different biological processes based on the genetic
interactions between genes annotated with different biological functions (Costanzo et al.
2010). This technique has been adapted in several other organisms including S. pombe,
where ~50% of the genome has partial genetic interaction data (Roguev et al. 2007;
Dixon et al. 2008; Ryan ef al. 2012).

SGA was used to explore the transcription factor interaction network in S.
cerevisiae (Zheng et al. 2010). Zheng et al. (2010) used the epistatic miniarray profile
approach to look at genetic interactions between general and sequence-specific
transcription factors. This approach applies the SGA methodology to a small
functionally-related group of genes to look at connections within the network. The
sequence-specific transcription factors had fewer genetic interactions than the general
transcriptional machinery, and these genetic interactions were enriched for negative
interactions over positive interactions. This indicates that sequence-specific transcription
factors tend to work in parallel instead of cooperatively or in sequence (Zheng et al.
2010). Sequence-specific transcription factors that shared target genes were more likely
to share a negative interaction. Of the 49 pairs of sequence-specific transcription factors
that shared a significant number of targets, 10 pairs had negative interactions (Zheng et
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al. 2010). Zheng et al. (2010) concluded that negative interactions between sequence-
specific transcription factors were not generally the result of genetic interactions between
their targets, as transcription factors that shared negative interactions did not have an
enrichment of negative interactions between their target genes. The number of genetic
interactions increased among the general transcription factors (Zheng et al. 2010).
Sequence-specific transcription factors were also more likely to interact with a general
transcription factor than with a second sequence-specific transcription factor. This is
likely because general transcription factors affect many more processes than most
sequence-specific transcription factors. This supports the cooperative role between
general and sequence-specific transcription factors in regulating gene expression (Zheng
et al. 2010). Unpublished work from the same group indicated that the same trends held
for S. pombe transcription factors.

This study looks at the genetic interactions among the sequence-specific
transcription factors in S. pombe. Thirty-eight query transcription factor deletion strains
were mated to 92 array transcription factor deletion strains to uncover genetic interactions
among the transcription factors. These screens uncover areas of functional redundancy
between the transcription factors. A full genome screen was also performed on prz/™,
which encodes a calcineurin-responsive transcription factor, to identify genes that
genetically interact, share functional redundancy, and can act as candidates for genetic
activation of the transcription factor. The transcription factor SGA screens uncovered
both novel and previously-identified negative interactions between S. pombe transcription
factors. The przI™ whole genome screen also identified genetic interactions with the
deletion mutants of the genes encoding the calcium transporter Pmr1 and the pB-tubulin
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folding cofactor A Alp31. These deletion strains, that were synthetic sick with the Aprz/
strain, were tested as candidates for genetic activation of Prz1 (Maeda et al. 2004;
Radcliffe ef al. 2000). These experiments show that negative genetic interactions are a
potential source for deletions that cause transcription factor activation, but cannot be

universally applied.

3.3 Materials and methods
3.3.1 Yeast strains, media, and general methods

Table A6 contains a list of yeast strains used in this study. Strains were grown on
YES medium and supplemented, when required, with adenine (225 mg/L), leucine (225
mg/L), and uracil (225 mg/L). Plates used in the SGA screen were also supplemented
with histidine (225 mg/L) because of an additional auxotrophic strain used as a control.
The drugs genetecin (Kan) and nourseothricin (Nat) were used for selection at 150 mg/L
and 100 mg/L, respectively. SPAS media was used for mating and supplemented with
adenine (45 mg/L), leucine (45 mg/L), uracil (45 mg/L), and histidine (45 mg/L) in the
SGA screens. Standard genetic and molecular methods were performed as described in

Moreno et al. (1991).

3.3.2 Nat-resistance cassette switch

The Nat-resistant strains were made by PCR amplification of the Nat-resistance
cassette, which shares sequence homology in the outer regions with the Kan-resistance
cassette. The Nat-resistance cassette was inserted into the Kan-resistant deletion strains

via a lithium acetate transformation. Strains were confirmed by checking for the presence
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of Nat-resistance and the absence of Kan-resistance, followed by colony PCR. The
mating type was switched by mating the Nat-resistance strain to wild type, followed by

tetrad dissection to separate and genotype the progeny.

3.3.3 Synthetic genetic array screens

The SGA screen was based on the methodology developed by Dixon ef al. (2008).
In the transcription factor screen, the array strains were knockouts with the transcription
factor gene replaced by the Kan-resistance cassette (KanMX6) in a prototrophic
background (972 k"), while in the query strains the transcription factor gene was replaced
with the Nat-resistance cassette (NatMX4) in the prototrophic 975 i*. The control for the
query strains was the Aleu/ mutant which was used to obtain an estimate of the single
mutant fitness of the array strains. The procedure was carried out with the Aleu/ mutant
using the Nat-resistance cassette in the JK366 h* background. The Aleu! control was
created from the Aleul in the Bioneer haploid deletion collection v2, and as a result has
auxotrophic markers for adenine, leucine, and uracil, that were not present in the other
query strains. Since all of the SGA media was supplemented with 225 mg/L of each
amino acid and nucleotide, the auxotrophic markers should not affect the fitness unduly.
In the Prz1 full genome screen, the array strains were from the Bioneer haploid deletion
collection, where the genes are replaced by the Kan-resistance cassette (KanMX4) in a
JK366 h" background that is auxotrophic for adenine, leucine, and uracil. The Aprzl
query strain was made in the 972 &~ background and prz/™ was replaced with the
NatMX4 cassette. The control strain was Aleu! mutant using the Nat-resistance cassette

in the JK366 h” background.
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The screens were performed with an array density of 768 colonies per plate,
which was based on a 384 array layout with each array strain present in duplicate. The
screens were not performed at a density of 1536 in the early stages of the screen as
described in Dixon et al. (2008), because the higher density impeded the growth of the
colonies. Each array had a border of A/is5 to control for spatial bias at the edges of the
plate, as well as at least one blank spot. The query and array strains were mated by
pinning them one over the other with mixing on SPAS plates with the BM3 BioMatrix
Robot (S&P Robotics Inc.). The pins were dipped in sterile water before transferring the
array strains to help with the mixing. Once both strains were on the plates the pins were
used to gently mix the cells together by repeated contact with the plate. The plates were
left at 25°C for 3 days to allow the query and array strains to mate. The plates were then
moved to a 42°C incubator for 3 days to select for the mated spores and select against
unmated vegetative cells. The spores were pinned onto YES solid medium to recover and
left at 30°C for 3 days. The cells were then pinned on YES+Kan+Nat plates to select for
recombinants that have both Kan and Nat resistance, which represent the double mutants.
In this final step, the two colony replicates were copied to four colonies to give a final
array density of 1536 colonies per plate which resulted in four replicates of each double
mutant combination. In the transcription factor SGA screen, each array strain was present
on the array three times, giving a total of 12 replicates of each double mutant
combination at the final step.

The plates were photographed using the spImager-M system (S&P Robotics). The
colony sizes were measured and normalized to account for spatial biases that can occur
due to competition effects during the protocol. Colonies that are surrounded less densely
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because of empty spots or sick mutants on the plate tend to grow larger due to greater
availability of nutrients. The screens were also corrected for batch effects, where small
variations in factors like media, plate thickness, and humidity can cause the growth of
colonies to vary in each screen. The normalized double mutant colony sizes were
compared to the colony sizes from the control plates. The double mutants created with
the control strain Aleul were used to obtain a set of mutants that represent the fitness of
the single mutant, as the Aleul should have very little fitness defect in media
supplemented with leucine. The fitness scores of the double mutants were determined in
relation to these single mutants. In the transcription factor screen, the genes within
200,000 base pairs of the query strain on the chromosome were also removed from
consideration. These gene combinations would look like negative genetic interactions, as
genetic linkage would make it very unlikely for crossover to occur. None of the
transcription factors were within 200,000 base pairs of the leul™ control gene. For the
Prz1 full genome screen, the linkage distance was set at 325,000 base pairs from przl™ or
leul™, because genetic interactions within this range were strongly enriched for negative
interactions. Finally, the four replicates on the plate and across the three replicate
experiments were averaged, and scores were also combined for the double mutants which
were generated by reciprocal crosses. The cut-offs used to determine a negative or
positive genetic interaction were based on interactions that fell more than two standard
deviations from the mean value for all of the genetic interaction scores. The final fitness
score was based on a multiplicative model, where the single mutant fitness weights were
multiplied to generate a predicted double mutant fitness. The array strain single mutant
fitness was based on the fitness obtained with that single mutant when crossed to the
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Aleul control, while the query mutant fitness was based on the average fitness for all the
array strains crossed with that query mutant. The predicted fitness weight was then
subtracted from the double mutant fitness (W;; — W;W;), where Wij was the observed
double mutant fitness, and W; and W; were the single mutant fitness values (Wagih ef al.

2013).

3.3.4 Random spore analysis

Random spore analysis (RSA) was performed to validate some of the negative
interactions from the screens. The two strains were mated in 10 pl of sterile water on
SPAS plates and incubated for 3 days at 25°C. The patch was checked for the presence of
mated spores under light microscopy before being suspended in 1 ml of 0.5% glusalase
for 6 hours at 30°C to kill the unmated vegetative cells. The cells were spun down at
3000 RPM for 5 minutes and washed twice in sterile water to remove the glusalase. The
resulting cells were diluted by 1/1000 and plated at a ratio of 1:2:2:4 on YES, YES+Kan,
YES+Nat, and YES+Kan+Nat solid medium (Dixon ef al. 2008). The plates were left to
grow at 30°C for 3 to 5 days, depending on the growth of the single mutants, before the
relative density of colonies on the four plates was compared. Double mutant
combinations were considered lethal when fewer than 10 colonies were present on the
YES+Kan+Nat plates, while a low colony density relative to the single mutant fitness
was considered a moderate negative interaction. Mild genetic interactions were scored
when the double mutant colony density was high, but could still be recognized as lower

than the single mutants by blind selection.
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3.3.5 Tetrad dissection

Tetrad analysis was performed on a Zeiss AxioScope Al tetrad microscope (Zeiss,
Thornwood, NY). Tetrads were selected and the asci were left to break down for 3-5

hours at 37°C. The tetrads were split and left to grow for ~5 days at 30°C.

3.3.6 Microarray expression profiling

The wild-type and deletion mutants were grown concurrently in 100 ml liquid
YES at 30°C for 16-20 hours to a matching cell density of ~8 x 10° cells/mL in
experimental and control cultures. The mRNA sample preparation, Cy5 and Cy3 labeling,
hybridization to 8 x 15,000 Agilent S. pombe expression microarrays, and scanning were
carried out as described in detail in Kwon ef al. (2012). All microarray experiments were
performed with a single dye-swap and normalized in the R Limma package with Lowess
scaling (Smyth and Speed 2003), and the eBayes method was used to combine the
replicates by fitting to a linear model (Smyth 2004). Hierarchical clustering was
performed using the uncentered Pearson correlation and average linkage with Cluster 3.0
(Eisen et al. 1999), while the tree image was generated using Java Treeview (Saldanha

2004).

3.3.7 Fluorescence microscopy

The intracellular localization of natively-regulated Prz1-GFP was determined in
wild type and several deletion backgrounds. Cells were grown and treated as described

for the expression microarray experiments. Images of live prz/-GFP cells were captured
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with a Zeiss Imager Z1 microscope and AxioCam MRM digital camera (Zeiss,

Thornwood, NY). The nuclear localization was determined by visual inspection.

3.4 Results
3.4.1 SGA screen design

An SGA screen of the sequence-specific transcription factors was performed in
triplicate. Ninety-two nonessential transcription factor deletion mutants were used as the
array strains and 38 of these 92 deletions were also selected as query strains (Table A7).
The query genes were involved in a range of biological processes including the cell cycle,
ion homeostasis, reproduction, stress response, and several with no annotated function.
Twelve of eighteen DNA-binding domains found among the sequence-specific
transcription factors in S. pombe were represented in the products of the query genes. The
38 query strains were crossed against the 92 array strains to produce a potential 3496
genetic interactions (38%92) among the S. pombe transcription factors. This was reduced
to 2714 potential interactions when the double mutants obtained from reciprocal crosses
were combined, and double mutants that were linked or self-crossed were omitted (Figure
3.1). This dramatically increased the number of genetic interactions available from
previous whole genome SGA studies that looked at 10x10 and 27%37 interactions among
the sequence-specific transcription factors (Roguev et al. 2007; Ryan et al. 2012). These
screens resulted in 39 and 824 potential genetic interactions, of which 34 and 554,
respectively, overlap with the 2714 potential genetic interactions covered in this study
(Roguev et al. 2007; Ryan et al. 2012). This screen adds a considerable number of

transcription factor genetic interactions to those screened in previous works.
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Figure 3.1: A heatmap of the genetic interactions between the 38 query and 92 array
transcription factor deletion strains. The interaction scores are mapped to colours as
indicated by the colour bar at the bottom right, with negative scores in cyan and positive
scores in yellow. The grey squares indicate interactions that were omitted due to the
possibility of gene linkage. All of the screens were performed in triplicate, with each
array strain at three different locations on the plate.
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3.4.2 Negative interactions between S. pombe transcription factors

There were 48 negative genetic interactions using a cut-off of -0.185 (Table AS8),
which was used because it was two standard deviations below the mean. Of the 48
negative genetic interactions, only eight of these negative interactions were also tested in
the genome-wide screen by Ryan et al. (2012). The Ryan et al. (2012) screen had a total
of 29 negative interactions among the transcription factors, but only 12 were also crossed
in the present study. Three of the overlapping negative interactions agreed between the
two studies (Ryan et al. 2012). The conserved negative genetic interactions were between
tos4" and res2”, yox1* and sepl”, and przI" and sepl” (Ryan et al. 2012).

The transcription factor Res2 is part of the MBF transcription factor complex
responsible for activating S-phase primarily in the meiotic cell cycle (Zhu et al. 1997).
The MBF complex detaches from the DNA of its target genes in response to DNA
damage, although this seems to be through the essential MBF transcription factor Cdc10
(Ivanonva et al. 2013). Tos4 is not well characterized in S. pombe, but its S. cerevisiae
ortholog 1s involved in the DNA damage response, and it is regulated by the MBF
complex in both yeasts (Basto de Oliveira ef al. 2012; Aligianni ef al. 2009). The
regulation of 70s4" by MBF indicates that both transcription factors are normally active
during the mitotic/meiotic cell cycle, and this common role could explain the negative
interaction between the two genes.

Yox1 is another member of the MBF complex that negatively regulates genes
involved in the G1/S transition of the cell cycle (Aligianni et al. 2009). The transcription
factor Sepl is involved in activating genes in the M phase of the cell cycle (Rustici et al.

2004). The double mutant would be expected to have a higher expression of genes
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involved in the G1/S transition of the cell cycle and lower expression of genes involved
in the M phase. This extra level of disruption to the cell cycle could result in an increased
double mutant fitness defect. Cell cycle transcription factors often work in cascades, and
disrupting two points of regulation would increase the likelihood of catastrophic errors.

Prz1 is a calcineurin-responsive transcription factor that plays a role in cell wall
biogenesis and reproduction (Sun et al. 2013). Prz1 regulates multiple processes, which
makes genetic interactions with Prz1 harder to characterize, as they could be the result of
its role in the cell wall, ion homeostasis, or reproduction. The sep!/przI™ negative
interaction may be the result of problems with cytokinesis or cell polarity as both Asepl
and Appb1 (the gene encoding calcineurin which is an upstream regulator of Prz1) have
septation defects and hyphal growth (Yoshida et al. 1994; Ribar et al. 1999).

There were several transcription factors that had a higher number of interactions
such as lozI" (zinc ion homeostasis), scrl™ (cellular response to glucose starvation), and
SPAC3F10.12¢ (unknown function), each of which had eight or more negative genetic
interactions (Figure 3.1) (Corkins ef al. 2013; Tanaka et al. 1998; Wood et al. 2012). This
could indicate that some genes interact more readily than others. Eighteen of the 48
negative interactions were tested by RSA. The interactions tested included the eight
strongest negative interactions, the reciprocal interactions, the conserved interactions, as
well as seven other interactions from the top half of the scores. The relative growth after
mating was compared between the wild type, single mutant, and double mutant progeny.
Photographs were taken after 3-5 days, depending on the growth of the single mutants.
Strikingly, the RSA confirmed 16/18 negative interactions identified by our SGA screen
(Table 3.1 and Figure 3.2). The negative interactions often had one single mutant that
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Table 3.1: Comparison of the interaction scores among the S. pombe transcription
factors measured by the SGA screen to the strength of the interaction observed by
RSA for the 16 confirmed negative genetic interactions.

. . Interaction

Query Strain Array Strain Score RSA Score
Aprrl Ascrl -0.37
Acufl Ascrl -0.33 Lethal
Aprrl Aatf21 -0.25 Interaction
ASPAC3F10.12¢ | Ascrl -0.25
ASPCC320.03 ASPAC3C7.04 -0.58
Alozl Asre?2 -0.43
Aprzl Asepl -0.41
Aprrl ASPCC1393.08 -0.38 Moderate
ASPAC3F10.12¢ | Amugl51 -0.32 Negative
Ares?2 Aace? -0.30 Interaction
Alozl Asepl -0.27
Ares?2 Atos4 -0.25
ASPAC3F10.12¢ | ASPAC3HS.08¢c -0.22
Aprzl ASPBC56F2.05¢ -0.34 Mild
Acbf12 Ascrl -0.31 Negative
Achf12 Aace? -0.24 Interaction
Arsvl Ascrl -0.41 No Interaction
Ayox1 Asepl -0.20
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YES + Nat + Kan

A

Aprrl x Aatf21 Lethal Interaction

B

Aloz1 x Asre2 B

| Moderate Negative
Interactions

ASPAC3F10.12c x g
ASPAC3H8.08c |

C

| Mild Negative

Achf12 x Aace2 Interaction

Figure 3.2: Examples of lethal, moderate negative, and mild negative interactions by
RSA. A) A lethal interaction between Aprrl and Aatf21. Interactions were considered
lethal if there were fewer than 10 colonies on the YES+Kan+Nat plate containing the
double mutant. B) Two examples of moderate negative interactions one between Aloz!/
and Asre2, and another between ASPAC31F10.12¢ and ASPAC3HS.08c. C) A mild
negative interaction between Acbf12 and Aace?2. Negative interactions were considered
mild when the colony density on the YES+Kan+Nat plate was high, but still easily
chosen as the lowest density plate without prior knowledge of which plates contained
which drugs.
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was considerably sicker than the other. Interestingly the negative interaction between
yoxI" and sepl™, which was also observed by Ryan et al. (2012), failed to confirm by
RSA. The other negative interaction that failed to confirm was between the highly related

glucose responsive transcription factors Scrl and Rsv1 (Saitoh et al. 2015).

3.4.3 Positive interactions between S. pombe transcription factors

The transcription factor SGA screen detected 99 positive interactions using a cut-
off of 0.204 (Table A9), which was used because it was two standard deviations above
the mean. Of the 554 putative transcription factor genetic interactions tested by Ryan et
al. (2012) 15 were positive. Nine of those were included in our screen, while six of our
positive interactions were included in their screen. The overlap of the included, or cross
study, interactions only yielded one conserved positive interaction, the interaction
between cuf2" and resI™ (Ryan et al. 2012). The Cuf2 transcription factor negatively
regulates genes during meiosis and has a meiotic defect (Ioannoni et al. 2012). The Res1
transcription factor is a member of the MBF complex and is involved in the activation of
mitotic G1/S phase genes, whereas its paralog Res?2 is associated with meiosis (Caligiuri
and Beach 1993). It is possible that the replacement of Resl with Res2 in the MBF
complex in the Ares/ strain rescues some of the mating defects associated with the Acuf2
strain by improving the efficiency of meiosis. There was also a genetic interaction that
strongly disagreed between the two studies, which was fepl " with php5™, as it displayed a
positive interaction in this screen, and a negative interaction in the Ryan et al. (2012)
screen. The fepl™ gene encodes a transcription factor involved in iron ion homeostasis

which negatively regulates the expression of pap4". Php4 is a member of the CCAAT-
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binding complex that also includes Php5 (Pelletier ez al. 2002; Mercier et al. 2006). The
fepl " with php5 " genetic interaction was not negative, nor noticeably positive, when
tested by RSA (data not shown). Twelve genes had eight or more positive interactions
(Figure 3.1), two of which, lozI™ and SPAC3F10.12c, also had a high number of negative

interactions.

3.4.4 Comparison with S. cerevisiae transcription factors

One aim of mapping the genetic interactions in yeast is to establish a conserved
interaction network across species. The transcription factor genetic interaction network
has been partially covered in S. cerevisiae using SGA (Zheng et al. 2010). Thirty-eight of
the S. cerevisiae sequence-specific transcription factor genes had one or more orthologs
present in the S. pombe transcription factor array strains (Zheng et al. 2010; Wood et al.
2012). Some of the transcription factors from one yeast had multiple orthologs in the
other, which expanded the 38 transcription factors to a 51x51 matrix containing 1228
potential interactions for comparison. Using the cut-off selected by Zheng et al. (2010),
there were 18 negative interactions and zero positive interactions among the S. cerevisiae
transcription factors with S. pombe orthologs. This increased to 28 possible overlapping
negative interactions when the genetic interactions in transcription factors with multiple
orthologs were accounted for. These genetic interactions overlapped poorly between the
two screens with only one conserved interaction. The S. cerevisiae transcription factor
genes MIG1 and MIG2 shared a negative interaction, which is orthologous to the negative
genetic interaction between rsvI™ and scrl™ in S. pombe, an interaction that failed to

confirm by RSA. This low level of overlap suggests that the transcription factor genetic
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interaction network between species has been substantially rewired. Not only were the
specific genetic interactions poorly conserved, but the trend of fewer negative than

positive interactions was also not observed in the S. pombe transcription factor SGA data.

3.4.5 Przl full genome screen

Next we performed a full genome screen involving non-transcription factor genes
to identify functional redundancy and genetic activation of the transcription factor Prz1.
The deletion mutant of the gene encoding the calcineurin-responsive transcription factor
Prz1 was crossed against the Bioneer haploid deletion collection v2 (Hirayama et al.
2003; Kim et al. 2010). This resulted in 2682 interactions, once the genes that were
linked with prz/™ and the leul ™ control were omitted. Genetic interactions that were more
than three standard deviations away from the mean were classified as high stringency
interactions, and those that were between two and three standard deviations away from
the mean were classified as lower stringency interactions. The negative interaction cut-
offs were -0.301 and -0.200 for the high and low stringency, respectively. There were 62
negative interactions, 17 of which were considered high stringency (Table 3.2). These
negative interactions were enriched for several membrane components as well as the
biological process dolichol-linked oligosaccharide biosynthetic process (p=5.1¢) (Table
3.3). These genetic interactions matched well with the role of Przl in cell wall
organization or biosynthesis, as creation of cell wall glycoproteins occurs in the
endoplasmic reticulum through the transmembrane movement of dolichol-linked
oligosaccharides (Helenius and Aebi 2002). The negative interactions were enriched for

genes in the endoplasmic reticulum membrane with ten genes localized to that component
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Table 3.2: The 17 genes with high stringency negative genetic interactions with

przl™.
Interaction . .
Gene Score Biological Process
SPAC2E1P3.05¢ -0.61 Unknown
ctrd” -0.54 Copper ion import across the plasma membrane
mugl34”" -0.46 Regulation of phosphoprotein phosphatase activity
alp31" -0.44 Post-chaperonin tubulin folding pathway
o2t -0.44 Chromatin silencing at centromere/rDNA/silent
mating-type cassette
pmrl”® -0.41 Calcium/manganese ion transmembrane transport
ppkl 1" -0.39 Signaling
rdsl" -0.38 Unknown
SPACI9AS8.11c -0.37 Unknown
4 -0.35 Endoplasmic reticulum to Golgi vesicle mediated
arfb
transport
spc2” -0.34 Protein targeting to endoplasmic reticulum
kbl -0.33 Negative regulation of transcription from RNA
polymerase Il promoter
+ -0.33 Pheromone-dependent signal transduction involved
zfsl . . . . .
in conjugation with cellular fusion
vps26™" -0.32 Retrograde transport, endosome to Golgi
N -0.32 Mitochondrial ATP synthesis coupled proton
atpl6
transport
o -0.31 Chromatin silencing at centromere/centromere outer
sSwi6 . . .
repeat region/silent mating-type cassette/telomere
ypal2* -0.30 Unknown
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Table 3.3: The functional enrichment of GO terms among the 62 genes that share
negative interactions with przI* using the Princeton GO term finder (Boyle et al.
2004).

Gene Ontology Term P-value | Gene List

Dolichol-linked 5.1¢7 alg9”, alg12*, algl0*

oligosaccharide biosynthetic

process (GO:0006488)

Endoplasmic reticulum 5.5¢* pmrl”, mga2*, SPAC1071.04c, sur2",
membrane cerl™, pdtl™, algl0*, alg9”,
(GO:0005789) SPAC3HS5.08¢c, SPCC1795.10c
Nuclear outer membrane- 1.1e7 pmrl", mga2*, SPAC1071.04c, sur2”,
endoplasmic reticulum cerl™, pdtl™, algl0", alg9”,
membrane network SPAC3HS5.08c, SPCC1795.10¢

(GO:0042175)
Endoplasmic reticulum part 3.3¢7 pmrl”, mga2*, SPAC1071.04c, sur2”,

(GO:0044432) cerl™, pdtl™, algl0", alg9”,
SPAC3HS5.08c, SPCC1795.10c¢
Bounding membrane of 6.6 pmrl”, mga2*, SPAC1071.04c, sur2”,
organelle cerl™, pdtl™, algl0", alg9”,
(GO:0098588) SPAC3H5.08¢c, SPCC1795.10c¢, sft2”,
tom7", arf6", pmcl”, SPBC25H2.03
Organelle membrane 9.5¢ pmrl", mga2*, SPAC1071.04c, sur2”,
(GO:0031090) cerl™, pdtl™, algl0", alg9”,

SPAC3H5.08¢c, SPCC1795.10c¢, sft2”,
arf6*, pmcl”, SPBC25H2.03, tom7",
dsc3”, atpl6”, mpcl”

(p=5.5¢*). This enrichment was likely due to the disruption of calcium storage in the
endoplasmic reticulum, which would be more detrimental to cells without Prz1 (Deng et
al. 2006). The top ten high stringency negative interactions were tested with RSA and
only 4/10 (SPACI19A8.11c, arf6™, rdsl™, alp31") confirmed (data not shown). The ten
interactions were also tested by tetrad dissection, where only ApmrI and Aalp31 showed
reduced colony sizes for the double mutants. The crosses between AprzI and Appkl 1
generated progeny that only contained kanamycin resistance, indicating that there could

be a mating defect. It appears as though the Bioneer strain Appkl I is homothallic as it
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was able to mate to either mating type. The crosses between AprzI and Ardsl only
generated parental ditypes, which usually occurs when genes are linked. However, this
was unlikely as the przI™ and rdsI" genes are 878,907 base pairs apart (Wood ef al.
2012). This could indicate a problem with crossover of genetic material between these
two strains.

The positive interaction cut-offs were 0.309 and 0.207 for high and low
stringency, respectively. There were 85 positive interactions in the screen, 34 of which
were considered high stringency. There was no functional enrichment found among the
positively interacting genes using a p-value cut-off of 0.01. Interestingly, positive
interactions occurred with three of the four genes in the SGA screen that were part of the
CORVET complex, an endosomal tethering complex involved in transport between the
Golgi, endoplasmic reticulum, and vacuoles (p=1.4e%) (Peplowska et al. 2007). These

organelles may affect Prz1 through their role as cellular stores for cytoplasmic Ca?".

3.4.6 Comparison of Przl full genome screens

Many potential przI" interactions were assayed by Ryan et al. (2012) as part of a
larger screen. Of the 1683 potential interactions between prz1* and other genes tested in
that screen, 272 were negative interactions and 76 were positive interactions. Our screen
identified 62 negative interactions, 39 of which were also measured by Ryan et al.
(2012). Most of these genes had negative interaction scores in the Ryan et al. (2012)
screen, though many were not below the cut-off (Figure 3.3A). The two screens shared

14 common negative genetic interactions.
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Figure 3.3: Comparison of genetic interactions of przI* from this study and Ryan et

al. (2012). A) The negative interactions discovered in this study had mostly negative
scores in the previous study. Fourteen of the 39 overlapping genetic interactions shown
were scored as negative interactions in both. B) The positive interactions do not agree
well with the scores obtained in the previous study. Of the 49 overlapping interactions
shown only three were considered positive interactions in both. The cut-off scores used
by Ryan et al. (2012) to determine negative and positive interactions are indicated with
red lines.

The positive interactions were far less consistent, with only three shared positive
interactions between the two screens. There were also five genes displaying negative
interactions with prz/™ in the Ryan et al. (2012) screen that were positive interactions in
this screen. Figure 3.3B shows the 49 positive interactions found in this screen that were
also measured in Ryan ez al. (2012), the interaction scores do not match between the

Screens.

3.4.7 Przl SGA and genetic activation

SGA screens can uncover functional redundancy from negative genetic interactions
in the double mutants. A negative interaction could also indicate that in each single
deletion mutant, the other gene product is likely active in the cell. This is because the

activity of the one gene product is required for viability in the other deletion strain. If the
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gene product was not active, and compensating for the loss of the first gene, there would
be no additional fitness defect in the double mutant. This means that gene deletions that
share negative genetic interactions with prz/™ could represent backgrounds in which Przl
is more active. This was the case with Apmr1, a negative interaction seen in this study as
well as by Ryan et al. (2012), as was discussed in chapter 2. This particular interaction
has a known explanation. Pmrl is a transporter involved in calcium sequestering in the
endoplasmic reticulum, which when removed would result in considerably higher
cytoplasmic calcium (Maeda ef al. 2004). The high cytoplasmic calcium in the Apmr1
mutant would trigger the activation of Prz1. In wild-type cells Prz1 upregulates pmri™, a
known downstream target gene, to sequester calcium into the endoplasmic reticulum in
response to elevated calcium levels (Maeda et al. 2004).

In chapter 2 we performed microarray experiments to look for target genes of Przl
(Figure 2.2A). The four microarray experiments looked at wild type compared to Aprz1,
wild type compared to Aprz! treated with either CaCl, or tunicamycin, and Apmr]
compared to Aprzl. These experiments identified 339 genes that were differentially
regulated by more than two-fold in at least one of the experiments. There are eight genes
(SPAC2EI1P3.05c¢, ctr4”, alp31™, clr2”, pmrl™, rds1”, SPBC1289.14, and pmcl ™) among
the 62 genes that shared negative genetic interactions with prz/™ that were up- or down-
regulated by more than two-fold in at least one of the four microarray experiments. Six of
these genes were among the top eight strongest negative interactions with prz/™. Some of
these genes, such as pmrl* and pmcl™, are known targets of Prz1, and have a clear
relationship with the calcium response. These gene targets were downregulated in the
Aprzl mutant relative to wild type, along with c/r2", a third putative target gene that
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encodes a histone deacetylase. The expression change was presumably because they were
not activated by the Przl response to calcium in the Aprz/ mutant. There were also three
genes that were upregulated in the Aprz/ mutant relative to the wild type or Apmrl strain.
These represent genes whose mRNA levels increase in response to the loss of Prz1,
whether by direct DNA binding or indirect mechanisms. The alp31" levels increased
more than any other gene in the Aprz/ mutant relative to wild type (4.9-fold), which
further supports a relationship between Prz1l and Alp31 activity. Alp31 is an ortholog to
cofactor A, a part of the pathway responsible for folding B-tubulin (Radcliffe ez al. 2000).
We used fluorescence microscopy to look for Prz1 activity in the Aa/p3 ] mutant. Prz1-
GFP did not localize to the nucleus more frequently in Aa/p31 than in wild type (data not
shown). We also performed a microarray experiment comparing the Aalp31 mutant to the
AprzI mutant, looking for increased activity of Prz1 as was observed in the Apmr]
background. The result of the microarray was consistent with the results of the
microscope work as Prz1 targets were not activated to a greater degree in the Aalp31
mutant than they were in wild type (Figure 3.4). The Aprz/ strain compared to Apmr]
microarray experiment shows greater than two-fold differential regulation for 98/165
genes activated by Prz1, and 49/92 genes repressed by Przl. The Aprz! strain compared
to Aalp3 1 microarray experiment shows greater than two-fold differential regulation for
only 4/165 genes activated by Przl, and 8/92 genes repressed by Prz1. This level of
differential regulation is similar to the AprzI strain compared to wild type microarray
experiment which had only 5/165 and 5/92 genes differentially regulated by more than

two-fold in the activated and repressed target genes, respectively. This indicates that not
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all negative genetic interactions involving transcription factors are equally amenable for

their activation.

<.] T T
Log, fold change

AprzT vs Apmri
Apirz1 vs wt
Aprz1vs Aalp31

Figure 3.4: The use of negative interactions between pmrI* and alp31”, with przI* to
uncover Przl target genes using microarray experiments. The heat map shows two-
dimensional hierarchical clustering of the 165 positively- and 92 negatively-regulated
putative target genes of Przl. In the heat map, genes upregulated and downregulated in
the Aprz1 strain relative to the mutant or control are indicated in red and green,
respectively. The ApmrI causes Prz1 activation and results in the differential expression
of many of its target genes. This regulation was comparable to activation by a 30 minute
treatment with 0.15 M CaCl or a 90 minute treatment with 2.5 pg/mL tunicamycin, as
discussed in chapter 2. In contrast the Aalp3 1 mutant was not able to activate Prz1 target
genes, and the comparison of AprzI to Aalp31 was not considerably different from Aprz1/
compared to wild type.
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3.5 Discussion

The genetic interactions between the sequence-specific S. pombe transcription
factors were investigated using a SGA screen that identified 48 negative and 99 positive
interactions. A quarter of the negative interactions were tested by RSA, and 16/18
interactions were confirmed. A SGA screen of Aprz/ crossed to the full haploid deletion
collection was also performed. This screen resulted in 62 negative and 85 positive
interactions predicted for przI*. The negative interactions were enriched for genes
involved in the dolichol-linked oligosaccharide biosynthetic process and endoplasmic
reticulum localized proteins. The przl* interactions did not confirm as well when tested
by RSA and tetrad dissection, with only 5/10 genes confirmed by one or the other method

and only one gene confirmed by both.

3.5.1 Noise in SGA data

SGA screens, like many high-throughput methodologies, are inherently noisy.
The data from SGA screens are normalized to help account for systematic sources of
bias, such as competition effects that change depending on the position on the plate, and
the fitness of the neighbouring strains (Baryshnikova ef al. 2010). Batch effects are
another source of systematic error, where small differences in media or the robot used
can introduce systematic errors that mask the true interactions (Baryshnikova ef al. 2010).
Although the number of screens performed per query was the same for the transcription
factor array and the prz/™ full genome screen, the transcription factor array had more

replicates for each interaction. This was due to each transcription factor array strain being
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present at three different locations on the array. This had the added benefit of reducing
the effect of spatial bias, and may account for the improved accuracy of the screen as

confirmed by the RSA experiments (88.9% compared to 40%).

3.5.2 Redundancy between S. pombe transcription factors

The negative genetic interactions between the transcription factors can describe
different regulatory relationships. Two transcription factors could bind the same binding
motif and regulate the same target genes either redundantly, or under different conditions.
This is more likely to be the case when the transcription factors are paralogs (Zheng et al.
2010). The transcription factor pairs could also regulate an overlapping set of target genes
through different binding motifs in the promoter region. Finally the transcription factors
could regulate different sets of target genes that genetically interact.

There were only two negative interactions of 48 identified that involved
transcription factor paralogs in S. pombe. The genes encoding the transcription factors
Rsv1 and Scrl are paralogs, although this interaction did not confirm by serial dilution
(Villela et al. 2009). The genes encoding the transcription factors Prz1 and Ace2 are also
paralogs (Villela ef al. 2009). However, these two transcription factors do not appear to
regulate the same target genes or possess the same functions (Alonso-Nuifiez et al. 2005;
Rustici et al. 2004). The Sepl transcription factor is an upstream regulator of the
expression of the cell cycle gene ace2™ and like ace2” the sepl™ gene interacts with przl™
(Garg et al. 2015). This is further confirmation that przI™ interacts with the cytokinesis
pathway regulated by Sepl and Ace2, even though the interaction cannot be explained

through the transcriptional targets (Garg et al. 2015). The negative interaction between
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przl" and ace2” could be the result of non-overlapping target genes that negatively
interact.

Without prior knowledge of the target genes or functions of the transcription
factors involved in a genetic interaction, it is difficult to explain the nature of the
relationship. Unlike negative interactions between transcription factors and other genes,
negative interactions between two transcription factors in most cases will not reveal
overlapping targets with microarray experiments. The possibility of overlapping targets
means the target genes may not display differential expression between the two
transcription factors. Genetic activation microarray experiments are only able to identify
target genes when the transcription factors regulate different genes. However, it is
impossible to know with certainty that the two transcription factors do not share target
genes, meaning the experimental design may mask any overlap. Zheng et al. (2010)
observed that genetic interactions between transcription factors were often direct, in that
they could not be explained by negative interactions between the target genes of
interacting transcription factors.

When the transcription factor double mutant is sick, as opposed to lethal, both of
the single mutants and the double mutant can be explored by expression microarrays.
Zheng et al. (2010) performed expression profiling on four sets of negative interactions
between S. cerevisiae transcription factors. Two of the negative interaction pairs shared
common targets between the transcription factors, with one acting as a major regulator
and the other acting as a minor regulator. The expression pattern of the deletion strain of
the major regulator was closer to that of the double mutant (Zheng et al. 2010). The other
two negative interactions involved transcription factors that did not share common
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targets. Microarray expression profiling of the single and double transcription factor
mutants revealed that often one transcription factor will play a larger role in the fitness
defect and that there are multiple reasons for transcription factors to negatively interact
(Zheng et al. 2010).

The negative interactions between transcription factors could potentially identify
backgrounds that result in the activation of one of the transcription factors. A deletion
mutant of either transcription factor could enhance the activity of the other and result in
differential expression of the target genes. This could be due to either the loss of a
regulator to the same set of target genes, or due to stress to a completely different
biological process. DNA-binding data from chIP microarray or chIP sequencing
experiments for one transcription factor in the deletion mutant of the other transcription
factor, should in theory reveal the target gene promoters it binds. This experimental
design works whether the target genes of the transcription factors are shared or not,

because it does not rely on the expression changes in the two deletion mutants.

3.5.3 SGA and the genetic activation of transcription factors

Negative genetic interactions appear to be a good approach to identify mutations
that result in the activation of a transcription factor. If a single deletion mutant is viable
on its own, but lethal when combined with the deletion of a transcription factor, then the
transcription factor must be active to improve the fitness in the single mutant. This was
confirmed by fluorescence microscopy and microarray expression profiling looking at the
activity of Prz1 in the ApmrI mutant. In the ApmrI strain, Prz1l nuclear localization was

enhanced and its target genes were differentially expressed. The Aalp3 ] mutant did not
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seem to affect Przl activity when assayed by either method, despite the fact that the
negative interaction was confirmed by RSA and tetrad dissection. Because the interaction
was confirmed, the lack of activation was not due to a false hit caused by noise in the
screen. It is possible that even though the basal activity of Prz1 is low, this level of
activity is sufficient for viability in the Aalp31 strain. Hirayama et al. (2003) observed
that Prz1 nuclear localization increased in binucleate cells before septum formation. This
brief activation of Prz1 during the normal progression of the cell cycle is typical of wild-
type cells, and therefore would not result in increased Prz1 activity in Aalp31 relative to
wild type. In S. cerevisiae, Costanzo et al. (2010) observed a large number of overlapping
genetic interactions between the following biological processes: cell wall biosynthesis
and integrity, and genes involved in cell polarity and morphogenesis. The negative
interaction between przI " and alp31" could be the result of the interdependence of these
two pathways. This demonstrates that not all negative genetic interactions are equally
effective at activating a transcription factor.

Costanzo et al. (2010) observed that single mutants that were sicker had more
genetic interactions than those with a fitness similar to wild type. This was supported by
the major and minor players observed by microarray when looking at negative
interactions between transcription factors (Zheng et al. 2010). The Aalp3 1 mutant was
much sicker than the Aprz/ mutant, indicating that the former plays a larger role in the
defect observed in the double mutant. The fact that alp371™ expression levels are
extremely high in the Aprz/ mutant relative to wild type, indicates that the Aprz/ mutant
results in upregulation of alp31" expression, and that Aalp31 does not cause upregulation
of prz1™ expression. The health of the interacting partner may be a useful metric to
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eliminate poor candidates for genetic activation. Further study will be needed to identify
whether negative interactions elucidated with SGA can be generally applied to determine

mutants which genetically activate transcription factors.
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Chapter Four: Identification of novel putative regulators of fission yeast transcription
factors by synthetic dosage lethality

Kate Chatfield-Reed and Gordon Chua

This chapter was entirely my own work, although it uses strains constructed in the lab
and previously published in Vachon et al. (2013). The contents of this chapter are

currently being assembled for submission to G3.

4.1 Abstract

The regulation of transcription factors is necessary to ensure the appropriate
abundance of mRNAs in the cell in response to various environmental and physiological
conditions. Here, we developed a synthetic genetic array (SGA)-based method for
systematic screening of synthetic dosage lethal (SDL) interactions to identify novel
regulators of several transcription factors in the fission yeast Schizosaccharomyces
pombe. Fourteen transcription factor overexpression strains were mated by SGA to a
miniarray of 279 strains, containing gene deletions encoding primarily posttranslational
modifying enzymes, and subsequently assayed for SDL interactions. The frequency of
SDL interactions isolated in our screens was ~5% and consisted of known and putative
regulators often implicated in similar cellular processes as the transcription factor. We
discovered that the ubiquitin ligase Ubrl and putative E2/E3-interacting protein Mual
both function to degrade the glucose repressor Scrl in response to low glucose. In
addition, certain components of the SAGA complex appeared to be required for

activation of the pyrimidine-salvage target genes by Toel. Our study reveals that SDL
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screening is an effective approach to uncover novel regulators of transcription factors and

their target genes.

4.2 Introduction

Cells need to regulate gene expression in response to external stimuli during
growth and development. Transcription factors are an integral component of this
regulation as they activate and repress mRNA synthesis of the appropriate target genes.
Transcription factors themselves are also regulated to control their abundance,
localization, and activity in the cell. They undergo posttranslational modifications (e.g.
phosphorylation, acetylation, ubiquitination, methylation, and sumoylation) that modulate
their activity via alterations in intracellular localization, stability, or protein-protein
interactions (Hirayama et al. 2003; Barlev et al. 2001; Huang et al. 2007). The
interactions between different upstream regulators create a complex network that controls
the activity of each transcription factor accordingly (Chuikov et al. 2004; Gostissa et al.
1999). The elucidation of the upstream regulators of each transcription factor is necessary
to understand the establishment of gene expression programs.

A synthetic dosage lethality (SDL) interaction is when overexpression of a gene is
normally viable, but is lethal in certain deletion backgrounds. SDL interactions usually
involve two genes with opposing regulatory roles and result in the hyperactivation of a
pathway that is detrimental to cell viability (Measday et al. 2005; Sopko et al. 2006). For
example, SDL could potentially occur if the deletion of a repressor further increases the
activity of an overexpressed protein. This is in contrast to synthetic lethal/synthetic sick

interactions in double deletion strains, which usually involve two genes in redundant
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pathways (Tong et al. 2001; Costanzo et al. 2010; Dixon et al. 2008; Ryan et al. 2012).
SDL interactions can also involve genes whose products are components of the same
complex. In this case, the SDL interactions are attributed to a disruption in the
stoichiometry of the protein complex (Dufty et al. 2012).

Several large-scale systematic screens have used the synthetic genetic array
(SGA) approach to identify SDL interactions in S. cerevisiae. (Measday et al. 2005;
Sopko et al. 2006; Liu et al. 2009; Sharifpoor et al. 2012; Dufty ef al. 2012). Similar to
deletion mutants, overexpression of the vast majority of genes does not result in a large
fitness defect under standard laboratory conditions (Sopko et al. 2006). The availability
of a full-genome overexpression array in budding yeast allows for comprehensive
screening of SDL interactions by systematic mating between a deletion query strain and
the overexpression array strains. SDL has been used to explore chromosome segregation,
the kinome, the ubiquitinome, and the acetylome in S. cerevisiae (Measday et al. 2005;
Liu et al. 2009; Sharifpoor et al. 2012; Duffy et al. 2012).

SGA protocols have been developed for S. pombe, but not adapted for SDL
screening. The nature of SDL interactions and the availability of SGA-based screening
make it an attractive screen to elucidate upstream regulators of transcription factors,
which has not been attempted to date. Moreover, a collection of 99 overexpression strains
covering almost all S. pombe transcription factor ORFs, under control of the nm¢1
promoter, has been previously constructed and used to identify direct target genes by
expression microarrays and ChIP-chip (Kwon ef al. 2012; Vachon et al. 2013). When
overexpressed, approximately two thirds of transcription factors exhibited mild to severe
fitness defects that were presumably due to aberrant expression of their target genes
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(Vachon et al. 2013). Therefore, SDL interactions could be used as genetic backgrounds
that exacerbate the aberrant regulation of target genes in the transcription factor
overexpression strain. These genetic backgrounds could represent putative negative
regulators of transcription factor activity.

Here, we developed a modified SGA method to screen for SDL interactions in S.
pombe and applied the protocol to search for upstream regulators of several transcription
factors. Fourteen transcription factor overexpression strains were systematically crossed
to a regulator miniarray, consisting of 279 strains deleted for genes primarily encoding
posttranslational modifying enzymes, to select for SDL interactions (Table A11). SDL
interactions revealed a known upstream regulator for each of the transcription factors
Scrl and Yox1 (Gémez-Escoda et al. 2011; Saitoh et al. 2015). It also revealed several
novel regulatory interactions with Scrl, including the E3 ubiquitin ligase Ubrl and the zf-
MYND type zinc finger protein Mual/SPBC31F10.10c, both of which cause
accumulation of the Scrl protein when deleted. These regulators appeared to be
repressors of their respective transcription factors, indicating that the SDL interactions
may be due to an increase in aberrant regulation of target genes in the deletion
backgrounds compared to the transcription factor overexpression strain alone. In addition,
the screens uncovered a role for components of the SAGA complex and the Setl histone
lysine methyltransferase in the transcriptional regulation of Toel target genes. These
results demonstrate that SDL screening is a useful tool in identifying upstream regulators

of transcription factors.
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4.3 Materials and methods
4.3.1 Yeast strains, media and general methods

Table A10 contains a list of yeast strains used in this study. Strains were grown on
YES or EMM supplemented with 225 mg/L each for adenine (A), leucine (L) or uracil
(U) and 15 uM thiamine when required. The glucose concentration of YES low glucose
medium was 0.08% instead of 3%. Cells were mated on SPAS medium supplemented
with 45 mg/L each for adenine, leucine, and uracil. Selection of deletion mutants
containing the pREP] vector, overexpressing the transcription factor ORF by the nm¢1
promoter, was performed on PMG medium containing 225 mg/L each for adenine and
uracil as well as 300 mg/L geneticin (Kan). All media used in the SDL protocol was
supplemented with 2% galactose to limit cell-cell adhesion and promote better pinning.
The Kan concentration was increased to 300 mg/L because PMG medium was observed
to reduce the Kan sensitivity of strains that did not contain the KanMX4 cassette (Figure
4.1A). The miniarray consisted of 279 Bioneer haploid deletions, with the KanMX4
cassette in place of their ORFs, whose genes encode potential regulators of transcription
factors including kinases, phosphatases, ubiquitin ligases, SUMO transferases, chromatin
remodelling enzymes, and RNA-binding proteins (Table A11). The vectors for the query
strains were constructed in Vachon et al. (2013) and contained transcription factor ORFs
cloned in the pREPI vector (LEU2-marked) and overexpressed by the nmt/ promoter.
The vectors were transformed into the JK366 h strain, so that the query strains would
have the same auxotrophic background as the array strains. The endogenously-tagged
scrl GFP strain was created by PCR-amplification of the EGFP ORF and KanMX4

cassette from the pYM27 plasmid (Janke et al. 2004), which were PCR-stitched to
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Figure 4.1: Experiments that determined the variables used for selection of the
deletion mutants and induction of the overexpression plasmid. Minimal medium is
required to maintain leucine selection of the transcription factor overexpression plasmid
during the S. pombe SDL procedure. Standard minimal medium is not conducive to Kan
selection, so Pombe Minimal Glutamate (PMG) medium was used instead. A) Several
trials were performed to test the impact of the minimal media on Kan selection. PMG
medium reduces the Kan sensitivity of the strains without the Kan-resistance cassette,
relative to the fitness observed in rich medium. Increasing the concentration of Kan
counteracts the increased growth and improves the selection. B) The nmt] promoter is
induced by the absence of thiamine in the media. The colony size is reduced after three
days on plates without thiamine as seen in the difference between the first two figures.
Three additional days on fresh minus thiamine plates increases the growth defect even
further.
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homologous flanking regions, and inserted in-frame at the C-terminal end of the scrl™*
ORF. Standard genetic and molecular methods were performed as described in Moreno et

al. (1991).

4.3.2 SDL screens

A systematic SDL screening method was developed in S. pombe by modifying the
SGA procedure from Dixon ef al. (2008). SDL screening to identify deletion
backgrounds of regulator genes that cause lethality in a transcription factor
overexpression strain was conducted with a BM3 SGA Robot (S&P Robotics). The
regulator gene deletions (miniarray strains) and the transcription factor overexpressor
(query strain) were assembled in a 384 colony format on YES+Kan and EMM+AU with
thiamine plates, respectively, and incubated at 30°C for three days. The query and
miniarray strains were mated to introduce the transcription factor overexpression vector
into the regulator gene deletion strains by pinning onto a common SPAS plate. To
improve mating efficiency, the robotic pins were dipped in sterile water before the first
transfer and cells were gently mixed. The SPAS plates were incubated for three days at
25°C to allow mating, and then incubated at 42°C for three days to select for spores and
kill unmated vegetative cells. The spores were subsequently transferred through pinning
onto EMM+AU with thiamine plates and incubated for three days at 30°C to allow for
germination. The colonies were then pinned onto PMG+AU+Kan without thiamine plates
and incubated for six days at 30°C to select for regulator gene deletion strains and allow
induction of the nm¢/ promoter and overexpression of the transcription factor ORF. There

was an intervening pinning step after three days to reduce the amount of carryover of

97



cells from the previous pinning and allowed for better detection of SDL interactions
(Figure 4.1B). The final set of plates was then photographed and colony sizes determined
using the spImager-M system (S&P Robotics).

Normalization to correct for spatial biases, resulting from variation in the media
or local environment on the plate, was performed with SGAtools (Wagih et al. 2013).
The screen was also performed with an empty vector control strain as the query to obtain
an estimate for the single mutant fitness of the deletion strains. The normalized colony
size of the regulator gene deletion strain with the overexpressed transcription factor ORF
was then compared to the expected fitness of the combination, which was generated using
a multiplicative model of the individual fitness of the query and miniarray strains. The
predicted fitness was subtracted from the double mutant fitness (W;; — W;W;), where Wj;
was the observed double mutant fitness, and W; and W; were the single mutant fitness
values (Wagih et al. 2013). A conservative cut-off for SDL interactions of -0.5 was
selected to reduce false positives, where a cut-off of -0.3 is normally considered a strong
effect (Wagih et al. 2013).

Serial spot dilutions were used to confirm putative SDL interactions. The
transcription factor overexpression vector was retransformed into candidate regulator
deletion strains and their fitness were compared to the empty vector control, transcription
factor overexpression strain, and the regulator gene deletion containing the empty vector.
The comparisons were performed on EMM+AU media in the presence and absence of

thiamine after three to five days growth at 30°C.
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4.3.3 Microscopy

The intracellular localization and intensity of natively-regulated Scr1-GFP was
compared in wild type and gene deletion backgrounds that exhibited SDL interactions
when scrl™ was overexpressed. Strains were logarithmically grown for 6 hours in YES
and YES low glucose media and live cell images were captured with a Zeiss Imager Z1
microscope and AxioCam MRM digital camera (Zeiss, Thornwood, NY). The
quantification of GFP signal intensity was assessed for the entire cell area using ImagelJ
(v1.48, NIH). The corrected total cellular fluorescence was calculated as described by
McCloy et al. (2014) and represented 30 cells over three biological replicates. Three
different locations per image were selected for background corrections. The significant
difference of corrected total cellular Scr1-GFP fluorescence, between the wild type and
gene deletion backgrounds, was determined with a two-tailed t-test.

Colony morphology was examined and compared between wild type and various
deletion backgrounds that displayed SDL interactions with yox1* overexpression. Strains
were grown for 24 hours at 30°C on EMM+AU plates, then streaked onto a new plate and
incubated for another 24 hours to allow full yox!"* overexpression. Colony morphology
was examined at this point with a Zeiss AxioScope Al tetrad microscope (Zeiss,

Thornwood, NY).

4.3.4 Quantitative PCR

Deletion strains of SAGA components and wild type were cultured to mid-
exponential phase in liquid YES medium for 18-20 hours at 30°C. The mRNA expression

levels of toel ™ and its target genes were compared between the SAGA deletion strains
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and wild type by quantitative PCR as previously described in Vachon et al. (2013). Three
technical replicates were performed for each gene-strain combination, with act/™ used as

the reference gene, and fold changes were determined by the AACt method.

4.4 Results
4.4.1 SDL screens and known interactions

A systematic SDL screening method using SGA was developed and applied in S.
pombe to identify potential regulators of transcription factors (Figure 4.2). The SDL
screens involved mating query strains containing the pREP vector with transcription
factor ORFs overexpressed by the nmt promoter to a miniarray of 279 Bioneer haploid
deletion strains of mainly posttranslational-modifying enzymes including kinases,
phosphatases, ubiquitin ligases, SUMO transferases, and chromatin remodeling factors
(Table A11). Fourteen transcription factor overexpression strains were selected as queries
for the SDL screens. These fourteen included the transcription factors Cbfl1, Eta2, Sre2,
Stpl, Scrl, Toel, Mbx1, Tos4, and Yox1, which have been implicated in a variety of
biological processes including cell cycle regulation, glucose metabolism, pyrimidine
salvage, and flocculation. The remainder were the uncharacterized transcription factors
SPACIF7.11c, SPAC19B12.07c, SPBC19G7.04, SPBC29A10.12, and SPBC530.08.
Seven of the fourteen transcription factors have predicted human orthologs. The
transcription factor overexpression strains exhibited fitness defects ranging from similar
to wild type, to severe. Robotic pinning of the transcription factor overexpression strains
in the absence of thiamine exhibited fitness defects that agreed with those previously

observed in Vachon et al. (2013) with the exception of Toel (Figure 4.3). Five additional
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Figure 4.2: The SGA-based screening protocol for identifying SDL interactions in S.
pombe. The 279 deletion array strains were arrayed on a single plate at a colony density
of 384. The nmtI-driven overexpression query strain was crossed to the deletion
miniarray in Step 1. The selection of mated spores in Step 2 was similar to the SGA
protocol outlined by Dixon et al. (2008) with a 3-day incubation on SPAS plates at 25°C
followed by another 3-day incubation at 42°C for mating and selection of spores,
respectively. This was followed by a 3-day incubation on EMM+AU medium
supplemented with thiamine to allow for spore germination and growth of vegetative
cells. The selection of the double deletion mutants and induction of the nmt/ promoter
was performed in Steps 5 and 6 to detect putative SDL interactions. PMG+AU+Kan was
used to select for both the gene deletion and the plasmid, while overexpressing the
transcription factor target gene. The final colony size was imaged with the spImager-M
system (S&P Robotics) and scored using SGAtools (Wagih et al. 2013).
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Figure 4.3: Correspondence of reduced fitness of transcription factor overexpression
strains detected by robotic pinning and microscope visualization of cells/colony from
Vachon et al. (2013). A) The fitness scores of the transcription factor overexpression
strains from SGA screening are located on the left and the manual scores of cells/colony
are on the right side of the heat map. The difference in colony size between plates with
thiamine and without thiamine (ectopic expression of the transcription factor gene) in the
medium after robotic pinning are shown in B) and C), respectively.

102



transcription factors (przI™, mapl™, SPCC1393.08, grtl”, and gaf1 ") were also selected

as queries for the SDL screen were omitted due to irregular growth on multiple replicates.

The total frequency of putative SDL interactions in our screens was 195 of a
potential 3906 genetic interactions (~5%) based on an interaction score cut-off of -0.5
(Figure 4.4 and Table A12). Forty-three of the 195 SDL interactions were tested by serial
dilution. Approximately 51% of the SDL interactions identified from SGA screening
confirmed by serial dilutions, while ~23% did not. The remaining ~26% of interactions
could not be confirmed because some of the SDL strains also exhibited a severe fitness
defect when grown on thiamine-containing medium, which should repress the nmz1-
driven transcription factor gene. An explanation for the fitness defect in repressive
thiamine-containing medium is that the nmt/ promoter is leaky, and the deletion
background in these SDL strains may be highly sensitive to elevated expression of the
transcription factor gene. In addition, some of the single deletion mutants were extremely
sick, which also prevented confirmation by serial dilution. Altogether, these results were
comparable to the false discovery rates obtained from other SGA-based SDL screens (Liu

et al. 2009; Sharifpoor et al. 2012).

Five of the transcription factor genes in the SDL screens have 20 putative
upstream regulators previously reported (Saitoh et al. 2015; Matsuzawa et al. 2012;
Gomez-Escoda ef al. 2011; Papadopoulou et al. 2008; Takada et al. 2010; Papadopoulou
et al. 2010; Stewart et al. 2011; Stewart et al. 2012), eight of which were represented on
the miniarray. Two of the eight regulatory interactions appeared as SDL interactions in

the screen: yoxI™ and scrl™ overexpression with deletions of cds!™ and sds23™,
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Figure 4.4: The S. pombe genetic interactions from the SDL screens. The 121 of 279
genes that showed a genetic interaction score of either >0.5 or <-0.5 with one of the 14
transcription factor query strains are shown in the heat map. Each column represents an
overexpression query strain and each row represents a deletion array strain. Positive
interactions are indicated in yellow and negative interactions (SDL) are indicated in cyan.
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respectively (Gomez-Escoda et al. 2011; Saitoh et al. 2015). Both of these SDL
interactions involved known negative regulators of their respective transcription factors.
The Cdsl kinase phosphorylates and inhibits Yox1 in response to DNA damage (Goémez-
Escoda et al. 2011), while the Sds23 kinase phosphorylates Scrl to prevent its nuclear
translocation under low glucose conditions (Saitoh ef al. 2015). An SDL interaction was
not detected between scrl™ overexpression and loss of ssp2™ despite the latter having the
same effect on Scrl nuclear localization as observed in the Asds23 strain (Matsuzawa et
al. 2012). The known interaction of dscI™ and sre2", which encode a putative ubiquitin
ligase and SREBP transcription factor, respectively, was not recovered in our SDL
screens. In this case Dscl positively regulates Sre2 by cleaving it from the membrane,
which allows translocation into the nucleus (Stewart et al. 2011). Although the sample
size 1s small, these results indicate that SDL interactions may be enriched for negative

regulators of transcription factors.

4.4.2 Novel SDL interactions of scrl*

The Scrl transcription factor represses its target genes (invl™, fbpl™, gldI™, and
ght5") in response to glucose (Tanaka et al. 1998; Janoo et al. 2001; Matsuzawa et al.
2010; Saitoh et al. 2015). Scrl displays nuclear localization when wild-type cells are
grown in rich media but remains localized in the cytoplasm under low glucose conditions
(Saitoh ef al. 2015). In addition to sds23", we discovered five other genes that exhibited
SDL interactions with scr/™ overexpression when deleted (Figure 4.5A). Two of these
genes, amk2" and gad8", encode kinases that are known to be responsive to glucose

levels (Valbuena and Moreno 2012; Hatano et al. 2015). Gad8 has been shown to have a
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Figure 4.5: SDL interactions of scrI*. A) Confirmation of SDL interactions with scrl™
by serial dilutions. B) Fluorescence microscopy images of Scr1-GFP under either high or
low glucose conditions in wild-type, Aubrl, and Amual strains. C) The quantification of
the Scr1-GFP total corrected cellular fluorescence in the three corresponding strains at
the two different concentrations of glucose. The Scr1-GFP level in low glucose was
significantly higher in the Aubrl and Amual strains than in wild type (p<<0.0001). The
Scr1-GFP level in high glucose was significantly higher in the Aubr/ strain than in wild
type (p=0.0072). The total corrected cellular fluorescence values were calculated as
described by McCloy et al. (2014) and represent 30 cells over three biological replicates.
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role in the proper localization of the Scrl putative target gene ght5", which encodes a
hexose transporter in the plasma membrane (Saitoh et al. 2015; Matsuzawa et al. 2012).
Two other gene deletions that shared a SDL interaction with overexpression of scri™
were Aubrl and ASPBC31F10.10c. Ubrl1, a putative E3 ubiquitin ligase, appears
orthologous to S. cerevisiae Ubr2, which interacts in a protein complex containing Rad6
and Mubl to degrade its protein targets Rpn4, Smll, and Dsnl (Ju et al. 2008; Andreson
et al. 2010; Akiyoshi et al. 2013). SPBC31F10.10c appears to be the S. pombe ortholog
of Mubl and may interact with Ubrl. As a result, we designate SPBC31F10.10c as Mual
(MYND-type domain Ubr1 associated) hereafter. We next determined whether these
SDL genes could regulate the intracellular localization and abundance of Scrl by
examining natively-expressed Scr1-GFP in the corresponding deletion strains in both
high (3%) and low (0.08%) glucose medium. None of these deletion strains changed the
intracellular localization of Scrl that was observed with the Asds23 strain. Interestingly,
both Aubrl and ASPBC31F10.10c backgrounds displayed a significantly higher amount
of Scr1-GFP relative to wild type under low glucose conditions (p<0.0001) (Figure 4.5B
and C). The differences in high glucose conditions were not as pronounced, but Scrl-
GFP levels in the Aubrl cells was still significantly higher than wild type (p=0.0072)
(Figures 4.5B and C). Altogether, these data suggest that Scrl may be degraded in

response to its inactivation in low glucose by Ubrl and Mual.

4.4.3 SDL interactions of toel” with setl” and SAGA genes

Toel is a transcription factor that functions to positively regulate the pyrimidine-

salvage genes urgl”, urg2”, urg3", and SPAC1399.04¢ (Vachon et al. 2013). SDL
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interactions were observed between foel " overexpression and loss of sgf29" and ubp8”,
both of which encode components of the SAGA complex (Figure 4.6A). SAGA (Spt-
Ada-Gcen5S-acetyltransferase) is a transcriptional coactivator complex that regulates
numerous genes by coordinating posttranslational modifications of histones (Hemlinger
et al. 2008). In S. pombe, the SAGA components GenS and Spt8 have opposing roles in
sexual differentiation (Helmlinger ef al. 2008). Neither the loss of gen5 ™ nor spt8™
exhibited a SDL interaction with foel™ overexpression (Figure 4.6A). In S. cerevisiae and
humans, Sgf29 recruits the SAGA complex to H3K4me2/3, which promotes an increase
in histone H3 acetylation by Gen5 (Bian ef al. 2011). This was interesting because loss of
set]”, which encodes the sole H3K4 methyltransferase, also exhibited a strong SDL
interaction with zoel™ overexpression (Figure 4.6A) (Noma and Grewal 2002).

The results above suggest that certain components of the SAGA complex may
transcriptionally regulate the expression of zoel ™ or its targets. To address this possibility,
we used quantitative PCR to compare the expression of foel ™ and its target genes (urgl”,
urg2”, urg3”, and SPAC1399.04c) in deletion strains of setl”, sgf29", and gcn3 ™ relative
to wild type. Expression of toel ™ decreased in the Aset! strain, but remained unchanged
in the Asgf29 and Agcn5 strains compared to wild type (Figure 4.6B). However, the Toel
target genes displayed lower expression levels in Asetl, Asgf29, and Agcn3 strains
relative to wild type (Figure 4.6B). These results suggest that the SAGA complex is
required for the expression of urgl™, urg2*, urg3”, and SPAC1399.04¢ independent of
Toel. In contrast, Setl appears to regulate these target genes by controlling the

expression of foel ™ as well.
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Figure 4.6: SDL interactions of zoel* overexpression with gene deletions of the
SAGA complex and the Setl histone lysine methyltransferase. A) Confirmation of
SDL interactions of toel” by serial dilutions. B) Quantitative PCR of zoel™ and its
pyrimidine-salvage target genes in wild type, Aset/, and SAGA mutant backgrounds.
Three replicates of the quantitative PCR were performed for each gene and mutant
pairing. The Aset/ and SAGA mutants reduced the expression of Toel target genes
relative to wild type.
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4.4.4 Novel SDL interactions of cell cycle transcription factor genes

Yox! functions as a repressor of the MBF transcription factor complex, which
regulates target genes important in the G1/S transition of the cell cycle (Aligianni et al.
2009). Besides cdsI”, we identified an additional eight genes (Table A12) that exhibited
SDL interactions with yox1* overexpression when deleted that confirmed by serial
dilution (data not shown). These previously-undiscovered SDL interactions primarily
involved genes related to cell cycle regulation or chromatin remodeling. These included
the genes encoding the kinases Ocal, Pefl, and Cdrl, with the latter two involved in the
regulation of the G1/S and G2/M transition, respectively (Tanaka and Okayama 2000;
Coleman et al. 1993). Despite confirmation of the SDL interactions by serial dilutions,
we did not detect additive effects in cell morphology when pefl™ or cdrl™ were deleted in
combination with yoxI™ overexpression (data not shown). Interestingly, the ApefI and
Acdrl strains also share a synthetic negative interaction with the Ayox! strain (Ryan et al.
2012). Altogether, these results suggest that the presence of either gene is crucial when
yoxI™ is aberrantly expressed.

Our SDL screens revealed that that the uncharacterized transcription factor
SPBC530.08 may be implicated in cell cycle regulation. SPBC530.08 clustered most
closely with Tos4 when comparing the interaction profiles obtained from our SDL
screens (Figure 4.4). This observation suggests that SPBC530.08 may play a role in the
DNA damage checkpoint based on the known function of Tos4 in S. cerevisiae (Basto de
Oliveira ef al. 2012). Tos4 is regulated by the MBF complex in both budding and fission
yeast, making it possible that SPBC530.08 has some role in the G1/S transition (Basto de

Oliveira et al. 2012; Aligianni et al. 2009).
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4.5 Discussion

In this study, we developed a modified SGA method for high-throughput
screening of SDL interactions in S. pombe, and demonstrate its utility in identifying
upstream regulators of transcription factors. The SDL screens were able to identify
known regulators of transcription factors including the Sds23 and Cds1 kinases upstream
of Scrl and Yox1 transcription factors, respectively, as well as Ubrl and Mual as novel
putative regulators of Scrl. These regulators appeared to be repressors of their associated
transcription factors, indicating that these SDL interactions may be due to an increase in
aberrant regulation of target genes compared to the transcription factor overexpression
strain alone. In addition, the screens uncovered a role for components of the SAGA
complex, as well as the Setl histone lysine methyltransferase, in the transcriptional

regulation of Toel target genes.

4.5.1 Gene overexpression strains not amenable to SGA based SDL screens

Not all of the transcription factor overexpression strains were equally amenable to
the SDL screening process. The SDL screens involving overexpression of the
transcription factor genes przl ™, mapl™, and SPCC1393.08 did not provide consistent
results, as indicated by irregular growth and colony morphology. In these cases it is likely
that the leakiness of the nm¢/ promoter caused increased expression of the transcription
factor despite repressing conditions due to the presence of thiamine. Even mild
overexpression of these transcription factors may result in fitness defects that make them

less amenable to the SGA screening process. Defects in growth, cell adhesion, or mating
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efficiency could alter the effectiveness of the robotic pinning or mating steps of the SGA
procedure. SPCC1393.08 exhibited the most severe growth defect among the
transcription factor genes in our SDL screens. Overexpression of grt/™ and gafl™
transcription factor genes by the nmt/ promoter were less problematic as SDL query
strains, but did not result in three acceptable replicates and were therefore omitted. In the
future, the complications associated with the nmt/ promoter could be alleviated by using

a weaker promoter such as nmt41 or nmt81 to overexpress the transcription factor gene.

4.5.2 Putative proteolysis of Scrl protein by Ubrl and Mual

The increased levels of Scr1-GFP in the Aubr/ strain suggested that Ubrl is an E3
ubiquitin ligase that may target Scrl for degradation. The regulation of Scrl activity
through degradation via the proteasome has not been shown. This result does not confirm
that Ubr1 directly ubiquitinates Scrl, as Ubrl could interact with another regulator or
pathway that impinges on Scrl. Interestingly, the Amual strain also exhibited higher
levels of Scr1-GFP, providing additional support that Scrl may be a substrate of Ubrl.
The S. cerevisiae Mual ortholog, Mubl1, interacts with Ubr2 in an E3 ubiquitin ligase
complex (Ju et al. 2008; Andreson et al. 2010; Akiyoshi et al. 2013). The degradation of
Sml1, an inhibitor of ribonucletide reductase, by the Rad6-Ubr2-Mub1 ubiquitin ligase is
dependent on its phosphorylation upon exposure to DNA damage (Andreson et al. 2010).
A similar mechanism may occur in the degradation of Scr1 as it is phosphorylated in

response to low glucose levels in the cell (Matsuzawa et al. 2012).
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4.5.3 Regulation of Toel target genes by the SAGA complex

We also discovered SDL interactions between foel " overexpression and deletions
of the SAGA genes sgf29" and ubp8”, as well as the histone lysine methyltransferase
encoded by setl”. There is a strong connection between the H3K4 methylation by Setl
and the deubiquitination activity of Ubp8 in S. cerevisiae, which subsequently influence
the HAT activity of Gen5 (Henry et al. 2003; Dover et al. 2002). The connection between
Ubp8 and GenS mediated histone acetylation may not be as strong in S. pombe based on
the divergence of transcriptome profiles in their respective deletion mutants (Helmlinger
et al. 2011). Ubp8 deubiquitinates H2BK 123 in S. cerevisiae which results in an increase
in gene transcription in affected promoters (Henry ef al. 2003). The loss of Ubp8 and
subsequent increase in H2BK 123 ubiquitination causes a specific increase of H3K4me3
by Setl (Henry ef al. 2003). Our observations of SDL interactions between the loss of
ubp8” or setl” and the overexpression of foel” would suggest a matching regulatory role
for those two genes, which is not consistent with the results from Henry ef al. (2003)
which predict an increase in H3K4me3 in the Aubp§ and a decrease in H3K4me3 in the
Asetl. It is possible that this pattern of histone modification may occur in genes other
than foel™.

The reduced fitness from toel "overexpression is presumably caused by the
inappropriate upregulation of its target genes. Therefore, the additive fitness reduction in
SDL interactions involving foel "overexpression could be due to further aberrant
regulation of its target genes. If this was the case, then we would anticipate that deletion
of 529", ubp8™, or setl” would result in an upregulation of Toel targets compared to

wild type. This prediction was not supported, as expression of the Toel target genes
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urgl™, urg2", urg3”, and SPAC1399.04c were downregulated in the Aset/ and Asgf29
strains relative to wild type. One possible explanation for this discrepancy could be that
Sgf29 or Setl is required for activation of Toel target genes and that foel "overexpression
in the Asgf29 or Asetl strain may result in the regulation of off-target genes with lower
binding affinity motifs in their promoters, thereby causing cellular toxicity. Alternatively,
toel "overexpression could regulate other genes that are synthetic-lethal with loss of
urgl™, urg2”, urg3”, or SPAC1399.04c function caused in the Asgf29 or Asetl
backgrounds. Similarly, the Toel target genes were also downregulated in the Agen5
strain relative to wild type. However, gcn5" may have differing effects on gene
expression compared to the rest of the SAGA genes in this study (Helmlinger ef al.
2008). Consistent with this is that the loss of gen5™ did not exhibit a SDL interaction with

toel "overexpression.

4.5.4 SDL interactions with S. pombe transcription factors

Transcription factors are highly regulated by multiple signaling elements
(Chuikov et al. 2004; Gostissa et al. 1999; Salghetti et al. 2001; Andreson et al. 2010)
that can be identified using SDL screening. The SDL interactions recovered from our
screens appeared to be biased for repressors of the transcription factor. This SDL
approach can allow for comprehensive identification of posttranslational regulators of
transcription factors, as well as provide a better view of the genetic crosstalk of

transcription factors with other systems.
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Chapter Five: Discussion
5.1 Summary of key findings

This work looked at transcriptional regulation at multiple levels in S. pombe. This
included looking for the downstream target genes of Prz1, functional redundancy
between transcription factors, and the upstream regulators of fourteen transcription
factors. Finding the target genes of the transcription factor Prz1 illuminated its role within
the cell and expanded the transcriptional network in S. pombe. The conservation of target
genes across species revealed conserved and diverged downstream processes. Only five
downstream target genes had previously been identified for Prz1. This work expanded the
number of putative target genes activated by Przl to 165, as assessed under three
different inducing conditions. Surprisingly, 92 putative negatively regulated target genes
were also discovered, and showed good enrichment for Prz1 binding. These negative
target genes included several involved in flocculation. The identification of genes
inhibited by Prz1 was surprising as none of its Crz1 orthologues in yeast had been
identified as negative regulators of transcription. Prz1 did have a conserved role in cell
wall biogenesis or organization, and a novel role in reproduction.

The genetic interactions between transcription factors have only been sparsely
mapped in S. pombe. Genetic screens reveal the genetic interaction network topology of
the cell, and can be used in comparative studies. S. cerevisiae and S. pombe are separated
by ~380 million years of evolution, and because of this large divergence any genetic
interactions that are conserved are also more likely to be conserved in higher eukaryotes
(Tosti et al. 2014; Vizeaccoumar et al. 2013). This conservation is critical as negative

genetic interactions make good candidates for targets in cancer therapies (Tosti et al.
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2014; Vizeaccoumar et al. 2013). A drug target that is lethal in combination with
cancerous mutations but not lethal in a normal cell line, should have fewer negative side
effects (Tosti ef al. 2014; Vizeaccoumar et al. 2013). The genetic interactions identified
in this SGA screen dramatically increased the number of negative and positive
interactions mapped in S. pombe transcription factors. This screen shows transcription
factors that may share common targets or cause disruption to related systems. We
performed a Przl full genome screen which had been previously done by Ryan ef al.
(2012). These two screens only show moderate agreement due to the noise inherent in
high-throughput SGA screens, and differences in methodology (Dixon et al. 2008;
Roguev et al. 2008). Two of the genes that negatively interacted with przl ™ were used to
look at genetic activation. The first gene, pmri ™, worked well as a genetic activator of
Prz1 when deleted, while the second gene, alp31”, did not increase Prz1 activity when
deleted.

Finally, we used a new SDL screen design for S. pombe to look for regulators of
fourteen transcription factors. The screen uncovered several novel SDL interactions
between the transcription factors and the regulators on the miniarray. The methodology
was confirmed with the discovery of two known interactions between Acds/ and yox!OE,
and between Asds23 and scrl OE. The screen predicted two novel putative upstream
regulators of Scrl: Ubrl and Mual, an E3 ligase and a MYND domain protein,
respectively. A deletion in either gene increased Scrl1-GFP levels in the cell, suggesting
that these proteins regulate Scrl protein levels. The S. cerevisiae orthologs of these two
genes encode for Ubr2 and Mub1 which physically associate in a ubiquitin ligase
complex to degrade their target proteins (Ju et al. 2008; Andreson ef al. 2010; Akiyoshi
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et al. 2013). The screen also uncovered a relationship between the toel OF and several

components of the SAGA complex.

5.2 Future directions

The negative regulation of Prz1 target genes prompts several interesting questions.
One of which is whether this mechanism is conserved in other species. Because most of
the experiments in other species do not use chIP data, it is possible that negatively-
regulated target genes were missed in the analysis (Yoshimoto et al. 2002; Karababa et
al. 2006; Chen et al. 2012; Hagiwara et al. 2008; Soriani et al. 2008). Two studies in C.
glabrata and A. fumigatus identified negatively-regulated target genes, but the regulation
was not confirmed with direct DNA-binding data (Chen et al. 2012; Soriani et al. 2008).
This leaves open the possibility that negative regulation is a conserved function for Prz1
orthologs. One study in the rice blast fungus, Magnaporthe oryzae, identified 19 genes
negatively regulated by MoCRZ1 that overlapped with their chIP-binding data (Kim et
al. 2010b). This indicates that negative regulation may be conserved in at least some of
the orthologs, and is not unique to S. pombe. Interestingly, the MoCRZ1 paper found two
binding motifs among their positive and negative targets, a sequence similar to the CDRE
motif, 5’-CAC[AT]GCC-3’, and a second sequence 5’-TTGNTTG-3’. The evolution of a
second binding motif may be a component of the negative regulation, as a second motif;
5’-CAACT-3’, has also been suggested in S. pombe (Hamasaki-Katagiri and Ames 2010).
An in vitro binding study of Prz1 could be used to confirm the predicted binding
sequences for the transcription factor and potentially clarify the role of the DNA

sequence specificity in the divergent regulation of the target genes. Regulatory cofactors
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can also alter the nature of transcriptional regulation. Studies looking at protein
association, as well as the location of the Prz1 binding site relative to the promoter, could
illuminate the nature of the negative regulation.

While the SGA S. pombe transcription factor screen dramatically increased the
number of putative pairwise interactions explored, it is still an incomplete network. The
next step would be to complete the full 92x92 genetic map to create the full genetic
interaction network among S. pombe transcription factors. Once the network is complete,
a more comprehensive analysis of the conserved interactions with S. cerevisiae can be
explored. This includes an exploration of the network trends between the two networks
(Zheng et al. 2010). Surprisingly, the S. pombe network shows more negative interactions
than the S. cerevisiae screen, despite the fact that S. pombe has fewer transcription
factors, which might suggest lower functional overlap (Zheng et al. 2010; Beskow and
Wright 2006). There were also differences between the S. pombe genetic interactions
identified by this screen and the ones identified by Ryan et al. (2012). These differences
could be the result of noise, differences in experimental procedure, or in the case of the S.
cerevisiae screen, evolutionary divergence.

One example of a difference in procedure was that the Zheng et al. (2010) and
Ryan ef al. (2012) screens resulted in a homogenous population of mating types, while
the protocol used in this study from Dixon ef al. (2008) resulted in a heterogeneous
population of the two mating types. Another difference is the selection of mated cells. In
S. cerevisiae, haploids are selected by transferring the cells to media with low levels of
carbon and nitrogen (Zheng et al. 2010), while cycloheximide drug resistance selection
markers were employed by Ryan ef al. (2012) in S. pombe. The protocol in some S.
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pombe studies, including this study, use a heat selection step at 42°C to kill unmated cells
(Dixon et al. 2008). There were also differences in the normalization and scoring used
(Zheng et al. 2010; Dixon et al. 2008). Each difference in methodology potentially
changes the genetic interactions observed. The decision of what cut-off to use to define
genetic interactions would also affect the overlap by altering the number of hits. In fact,
slightly relaxing the cut-off used by Zheng et al. (2010) adds a biologically conserved
interaction between SPBC3F10.12¢ and php3™ with their S. cerevisiae orthologs CBF1
and HAP3. However, to obtain this single new point of overlap, 1089 new interactions
are predicted, in addition to 3333 discovered in the screen with the original cut-off value.
This illustrates the critical challenge of picking a cut-off to maximize the signal to noise
ratio.

The hypothesis that negative genetic interactions could be used to identify genetic
backgrounds that result in activation of a transcription factor was demonstrated. The
deletion of the calcium ion transporter gene, pmrl ™, was able to increase the activity of
Prz1. However, the deletion of alp31™, involved in the B-tubulin pathway, did not
increase Przl activity. The main difference observed between these two genetic
interactions was the severity of the single mutant growth defect. The Aalp31 strain was
much sicker than Apmr1 strain. This could suggest that very sick mutants do not make
good genetic backgrounds for the activation of transcription factors. In addition the
expression of alp31* was increased in the Aprzl mutant relative to wild type. This may
indicate that alp31" is the dominant gene in the negative interaction, and in this case, loss
of przI™ may induce Alp31 activity. This suggests that genes that exhibit increased
expression in the transcription factor mutant may fail to genetically activate a
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transcription factor. This would not always be the case as some highly expressed genes
could be direct targets repressed by the transcription factor. Moreover, it would not
predict cases where the activity of the protein changed without a matching increase in
gene expression in the transcription factor deletion strain. This analysis is only possible in
cases where microarray data is available for the transcription factor of interest, which is a
limiting factor in S. pombe. This analysis might be more useful for finding genetic
activators in S. cerevisiae where both large scale SGA data and microarray screens are
available (Costanzo et al. 2010; Hu et al. 2007).

Other high-throughput genetic screens have been designed in S. cerevisiae that
could be applied to better identify instances of genetic activation of transcription factors.
Two-colour cell array screens use high-throughput robotic pinning to mate a variety of
deletion mutants to a GFP reporter that has been fused to a promoter of interest
(Fillingham ef al. 2009). The fluorescent intensity of the GFP reporter is measured with a
scanning fluorimager and normalized relative to the expression of an RFP control driven
by a ribosomal promoter (Fillingham et al. 2009). This technique was used to find
transcriptional regulators of the S. cerevisiae histone genes (Fillingham et al. 2009). It
could be applied to look for genetic activation in cases where at least one direct target
gene of the transcription factor has been identified. This could be auto-regulation in the
case of Przl, or a downstream target gene promoter.

A second technique, high-content screening (HCS), mates a strain containing an
endogenous GFP-tagged gene of interest with a library of deletion mutants (Vizeacoumar
et al. 2010). This is combined with high-throughput microscopy and image analysis to
see the effect of each mutation on the activity of the protein (Vizeacoumar et al. 2010).
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This approach was used to look for genes that caused defects in spindle morphogenesis
with a GFP-tagged tubulin gene (Vizeacoumar et al. 2010). In some cases, these screens
would work to identify genetic perturbations that induce transcription factor activity. This
technique would be applicable to transcription factors like Prz1, where activation
involves a localization shift from the cytoplasm to the nucleus (Hirayama et al. 2003).
While this screen is more complicated because of the added step of high-throughput
fluorescence microscopy, it has the added benefit of potentially detecting upstream
regulators as well.

The S. pombe SDL screen was able to detect multiple novel interactions. This
screen was able to uncover interactions that likely result in the direct posttranslational
modification of the transcription factor. In addition, it uncovered the regulation of
transcription factor target genes at the chromatin level. The diversity of genetic
interactions generated by the SDL screen allows it to uncover a wide variety of regulatory
interactions. The downside is that it can be difficult to pin down the nature of each SDL
interaction. SDL interactions can also miss physical interactions that have a neutral or
positive effect on colony growth. The screen was not able to detect the known
relationship between Scrl and Ssp2 because the combination of mutants did not cause a
fitness defect. Other known interactions such as the physical one between Sre2 and Dscl
or the genetic one between mbxI™ and pmkl™ were also missed by the screen. Some of
these interactions may have been caught with a dosage suppression screen (Magtanong et
al. 2011), but many interactions cannot be detected based on a simple fitness readout.
These screens become more powerful when combined with other types of data. Multiple
experiments would work to clarify the data such as affinity purification, protein
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microarrays, yeast two-hybrid, computational modeling, or high-throughput genetic
technique like HCS. The presence of O-phospho-L-serine and O-phospho-L-threonine
modification sites in the Sfp1 transcription factor suggests that the strong genetic
interaction with the gene encoding the serine/threonine protein kinase Ppk25 may be the
result of a physical interaction (Koch et al. 2011; Wood et al. 2012).

Like SGA, the power of SDL performed in yeast is amplified by studies in
distantly-related species. To our knowledge, high-throughput SDL screens have not been
performed in multicellular organisms. The availability of a technique in a second model
organism will increase the predictive power of the SDL interactions discovered in yeast.
SDL interactions that are conserved across the evolutionary distance between S.
cerevisiae and S. pombe are more likely to be predictive of interactions conserved in
humans. These conserved interactions could be applicable to medicine as some cancers

are characterized by gain-of-function mutations (Cermelli ef al. 2014).

5.3 Thoughts and considerations

This study has substantially expanded our knowledge of transcription factors in the
fission yeast S. pombe. We conducted expression and chIP microarrays to uncover target
genes of Prz1, we performed a genetic interactions screen among the sequence-specific
transcription factors, and developed a SDL screen to further explore SDL interactions
with S. pombe transcription factors. This work substantially increased the number of
target genes for Przl and uncovered an undocumented role as a repressor of some of its
target genes. The functional redundancy between transcription factors was mapped by

SGA, and very low conservation was discovered with S. cerevisiae. This provides
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evidence that the transcription genetic interaction network may not be well conserved
between species. We also explored negative interactions discovered by SGA screens as a
source for genetic backgrounds that increase transcriptional activity. With further
refinement this could be a new systematic approach for finding activating conditions for
transcription factors. We developed a protocol for measuring SDL interactions in S.
pombe. This protocol has proven useful for finding regulators of transcription factors and
could be applied to other cellular processes in S. pombe. High-throughput genetics offers
a platform to look at transcriptional regulation. The work in S. pombe could in isolation,
or in combination with studies in S. cerevisiae, predict specific interactions or general
mechanisms of transcriptional-regulatory networks. These prediction may have
implications in our broader understanding of transcription programs and the treatment of

complex genetic diseases.
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Appendix A: Additional tables

Table Al: Schizosaccharomyces pombe strains used in chapter 2.

Strain Genotype Reference
972h- 972 I JK

JK366 ade6-M216 leul-32 ura4DI18 h* JK
GCY978 Aprzl::KanMX6 b This work
V3-P12-91 | Aprzl::KanMX4 ade6-M216 leul-32 ura4DI18 h* Bioneer
V3-P11-56 | Apmrl::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
GCY3020 | pREPI-przl* ade6-M216 leul-32 ura4D18 I This work
GCY2829 | pREPI ade6-M216 leul-32 ura4D18 I This work
GCY3232 | pREP2-przl* ura4D18 i This work
GCY1893 | pREP2 ura4DI8 v This work
V3-P19-71 | Apvgl::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P18-22 | Apvg5::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P17-24 | Aomhl::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P16-38 | Apunl::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P25-37 | ASPBCI19C7.05::KanMX4 ade6-M216 leul-32 ura4DI18 h* Bioneer
V3-P18-64 | ASPBC21B10.07::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P29-15 | ASPACY9GI1.10c::KanMX4 ade6-M216 leul-32 ura4DI18 h* Bioneer
V3-P03-55 | ASPACI3C5.05¢::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P07-61 | Arga5::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P36-40 | Acfrl::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P17-70 | Acfh2::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P16-79 | Agmh2::KanMX4 ade6-M216 leul-32 ura4DI18 h* Bioneer
GCY3204 | pREPI-przl* ade6-M216 leul-32 ura4D18 h* This work
GCY3205 | pREPI ade6-M216 leul-32 ura4DI18 h* This work
GCY3250 | Apvgl::KanMX4 pREPI-przl+ ade6-M216 leul-32 ura4D18 h* This work
GCY3216 | Apvg5::KanMX4 pREPI-przl+ ade6-M216 leul-32 ura4D18 h* This work
GCY3212 | Aomhl::KanMX4 pREPI-przl+ ade6-M216 leul-32 ura4DI18 h* This work
GCY3251 | Apvgl::KanMX4 pREPI ade6-M216 leul-32 ura4D18 h* This work
GCY3217 | Apvg5::KanMX4 pREPI ade6-M216 leul-32 ura4D18 h* This work
GCY3213 | Aomhl::KanMX4 pREPI ade6-M216 leul-32 ura4D18 h* This work
GCY1038 | Acbfi12::KanMX6 b This work
GCY3235 | Agsf2::KanMX6 b This work
GCY3237 | Apfl3::KanMX6 i This work
GCY3238 | Aprzl::NatMX4 Acbf12::KanMX6 h This work
GCY3236 | Aprzl::KanMX6 Agsf2::KanMX6 h This work
GCY3238 | Aprzl::KanMX6 Apfi3::KanMX6 b This work
GCY3051 | przl-GFP::KanMX6 ade6-M216 leul-32 ura4D18 b This work
GCY3128 | Apmrl::KanMX4 przl-GFP::NatMX4 ade6-M216 leul-32 ura4D18 h~ | This work
GCY3264 | pREPI-CRZI" leul-32 Ir This work
GCY3252 | Aprzl::KanMX4 pREP1-CRZI1+ ade6-M216 leul-32 ura4DI18 h* This work
GCY3253 | Aprzl::KanMX4 pREPI ade6-M216 leul-32 ura4D18 h* This work
GCY3254 | Aprzl::KanMX4 pREP41-CRZ1+ ade6-M216 leul-32 ura4D18 h* This work
GCY3255 | Aprzl::KanMX4 pREP41 ade6-M216 leul-32 ura4D18 h* This work
GCY3161 | przl-HA::KanMX6 ade6-M216 leul-32 ura4D18 b’ This work
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Table A2: ChIP-chip analysis of PrzI-HA with CaCl: treatment.

Chromosome High

Location Genes Ra%io P-value
chr1:0066080-0066130 | SPAC977.17 (PR 1013), dak2 (ORF 549) 1.361 2.94E-05
chr1:0104111-0104169 | pdc101 (PR 567), SPAC1F8.08 (ORF 170) 2.958 1.12E-13
chrl:0158612-0158671 | SPAC5H10.07 (PR 532), adh4 (PR 796) 2.409 4.81E-11
chr1:0192884-0192939 | asll (ORF 949) 1.668 1.94E-06
chr1:0239554-0239613 | SPAC806.11 (PR 2124) 4.185 1.54E-20
chr1:0341162-0341220 | mcp60 (ORF 635) 1.602 3.26E-06
chr1:0381582-0381635 | gtil (PR 1228) 2.835 1.33E-13
chr1:0528104-0528163 | lys3 (PR 2359), psf3 (ORF 608) 1.949 4.26E-08
chr1:0577540-0577599 | ergll (PR 918), mcp7 (PR 922) 2.920 2.06E-12
chr1:0790669-0790728 | przl (PR 1505) 3.422 1.47E-16
chr1:0869924-0869983 | sibl (PR 397), sib2 (PR 1042) 1.615 3.10E-06
chr1:0934099-0934154 | erg31 (PR 145) 2.552 3.96E-11
chr1:0947541-0947600 | puf3 (PR 1614), timl1OUTR 364) 2.311 3.06E-09
chr1:0960805-0960853 | snol (PR 2455), sebl (ORF 744) 2.655 1.14E-12
chr1:0969468-0969522 | atp2 (ORF 838) 1.285 7.50E-05
chr1:1003930-1003988 | sodl (PR 467), prol (PR 2406) 2.394 4.84E-11
chrl:1066622-1066673 | SPAC1A6.02 (PR 2058) 1.126 4 47E-04
chr1:1073304-1073362 | SPAC1A6.11 (PR 172), SPAC1A6.03¢c (PR 1291) 2.558 1.10E-11
chr1:1078278-1078336 | plbl (PR 1660) 3.535 5.15E-17
chrl:1150276-1150335 | SPAC56F8.15 (PR 1733), SPAC56F8.13UTR 60) 5.169 1.65E-25
chrl:1155169-1155219 | escl (ORF 436) 1.507 9.77E-06
chr1:1184309-1184368 | SPAC22A12.14c (PR 1938), acl2 (PR 1946), bip1l 2.074 5.18E-09

(ORF 935)
chrl:1206531-1206589 | sirl (PR 1033) 3.208 1.33E-14
chr1:1238387-1238446 | mugl34 (PR 450) 2.664 2.48E-12
chrl:1263416-1263475 | SPAC1420.01c (PR 656) 2.126 5.82E-09
chrl:1360735-1360791 | pasl (PR 1780) 1.371 2.63E-05
chr1:1479975-1480034 | SPAC9.08c (PR 1913) 2.579 4.07E-12
chr1:1494482-1494541 | mugl16 (PR 129), mtf2 (PR 658) 1.827 4.71E-07
chrl:1544002-1544053 | hul5 (PR 2451) 1.637 9.77E-07
chrl:1572391-1572449 | ecm33 (PR 1131), rbx1 (PR 2961) 2.492 3.27E-11
chr1:1598263-1598322 | gInl (PR 692), SPAC23H4.05¢ (PR 1009) 1.899 1.88E-07
chrl:1667662-1667720 | rdsl (PR 351) 2.264 2.59E-10
chr1:1700814-1700871 | SPAC824.09¢ (ORF 730) 1.540 3.38E-06
chrl:1711708-1711759 | rps1602 (PR 641), rlp7 (PR 1058), rpl13 (ORF 494) 1.986 1.13E-08
chrl1:1727955-1728013 | SPAC664.13 (PR 1492) 1.341 3.92E-05
chrl:1756339-1756383 | dbrl (PR 701), rpl1301 (ORF 230) 1.437 2.24E-05
chrl1:1823613-1823669 | SPAC1002.20 (PR 303), psul (PR 424), itt] (PR 3.255 1.32E-14
1116)

chrl1:1850841-1850899 | SPAC1399.01c (PR 1728) 3.050 1.26E-14
chr1:1890283-1890341 | pofl5 (PR 579), arvl (PR 2213) 1.501 9.93E-06
chr1:1898489-1898545 | arbl (PR 1507), gar2 (ORF 966) 1.892 7.67E-08
chr1:1906256-1906313 | ppkl (PR 1955) 2.681 8.49E-13
chr1:1944243-1944302 | SPAC3H1.06¢ (PR 1457), arul (ORF 12) 1.606 1.97E-06
chr1:1957074-1957133 | hsrl (PR 2178) 1.928 2.38E-08
chr1:2095433-2095492 | obrl (PR 542), SPAC3C7.13c (PR 2491) 4.184 1.89E-19
chr1:2106416-2106475 | bdf2 (PR 995), acp2 (PR 1167) 4.096 2.87E-19
chr1:2177184-2177243 | gld1 (PR 824) 1.656 1.67E-06
chr1:2203009-2203068 | papl (PR 762), atgl2 (PR 3045) 1.728 6.28E-07
chr1:2296578-2296629 | erg7 (PR 1462), upf3 (PR 2350) 1.617 2.22E-06
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chr1:2329670-2329728
chr1:2440894-2440953
chr1:2581616-2581675
chrl:2664127-2664183
chrl:2718514-2718571
chr1:2792534-2792593
chr1:2872144-2872201
chr1:2875908-2875967

chr1:2892973-2893032
chr1:2925439-2925498
chr1:2936646-2936704
chr1:2960494-2960553
chr1:3004178-3004232
chr1:3033855-3033912
chr1:3070036-3070095
chr1:3342665-3342724
chr1:3368799-3368856

chr1:3384227-3384286
chr1:3456712-3456771
chr1:3502803-3502850
chr1:3530907-3530963
chr1:3571119-3571176
chr1:3575935-3575994
chr1:3647913-3647958
chr1:3655237-3655295
chr1:3664409-3664461
chr1:3747828-3747886
chr1:3841052-3841108

chr1:3868369-3868424
chr1:3870401-3870460
chr1:3874055-3874114
chr1:3885334-3885393

chr1:3985627-3985685
chr1:4004142-4004199
chr1:4007114-4007170
chr1:4051921-4051979
chr1:4058919-4058978
chr1:4090577-4090636
chr1:4104186-4104230
chr1:4128992-4129051
chr1:4134936-4134995
chrl:4172201-4172257
chr1:4177239-4177298
chr1:4189290-4189349

chr1:4218729-4218783
chr1:4228753-4228812
chr1:4244412-4244471
chr1:4307452-4307511
chr1:4410087-4410146

meu43 (PR 1427), citl (ORF 995)

meu26 (PR 1736)

SPACS823.02 (PR 2129)

hxk2 (PR 1633)

pmcl (PR 1583)

fmtl (PR 1313), rpl14 (PR 2345)

pvgl (PR 819)

SPACUNKA4.16¢ (PR 1552), SPACUNK4.17 (PR
1659), mug153 (ORF 20)

SPACUNKA4.10 (PR 446)

amt3 (ORF 948)

SPAC2E1P3.05¢ (PR 543)

SPAPB24D3.07¢ (PR 1568)

pac2 (PR 1906)

SPAC1786.02 (PR 970), SPAC1786.04 (ORF 4)
shm1 (ORF 922)

bud23 (PR 2060)

dphl (PR 887), SPAC26A3.14c (PR 1743), nspl
(ORF 663)

rad24 (PR 0), SPAC8E11.01c (PR 1761)

nde2 (PR 502)

SPACI16ES8.02 (PR 1411)

sua7 (ORF 570)

ntr2 (PR 2040)

SPAC17A2.10c (PR 248), SPAC17A2.11 (PR 1115)
dtd1 (PR 1601)

ppr4 (PR 1802), rps5 (ORF 93)

prrl (PR 1546), SPAC8C9.12¢ (PR 2010)

perl (PR 1809)

SPAC4H3.08 (PR 473), rdI2 (PR 1672),
SPAC4H3.09 (PR 2308)

rpp203 (PR 721)

rps1502 (PR 1441)

pmal (ORF 565)

stpl (PR 1243), rlc1 (PR 2177), SPAC926.02 (ORF
790)

SPAPB18E9.04c (PR 523)

yih1 (PR 308)

SPAC27E2.03c (PR 86)

mcel (ORF 793)

SPAC19G12.09 (PR 1274)

SPAC23A1.07 (PR 1693)

SPAC23A1.14c (PR 1231), sec20 (ORF 392)
potl (PR 478)

SPAC26H5.07¢ (PR 1473), bgl2 (ORF 592)
SPAC25BS8.11 (PR 1802), SPAC25B8.10 (ORF 25)
SPAC25B8.12¢c (ORF 634)

ypfl (PR 1004), tyw3 (PR 2065), SPAC25B8.18 (PR
2264)

pkd2 (PR 1218), spt6 (PR 1926), hasl (ORF 371)
hsp3105 (PR 2038)

dal2 (PR 1368), SPAC1F7.10 (ORF 443)

hisl (PR 1672)

usol (PR 749), nnfl (ORF 314)

1.395
1.440
1.454
3.979
3.574
1.302
3.487
2.015

1.524
1.939
1.648
3.792
3.919
2.528
1.801
1.228
1.220

2.966
2.511
1.361
1.940
2.181
4.365
2.401
1.159
2432
2.082
3.338

2.791
3.236
1.429
2.011

5.049
4.472
2.140
1.283
3.478
1.045
1.301
1.852
2.344
2.774
1.344
1.575

1.547
1.582
1.403
1.615
1.326

1.98E-05
1.31E-05
2.55E-05
2.00E-19
1.15E-17
6.05E-05
4.28E-17
4.84E-08

1.22E-05
4.82E-08
6.53E-06
1.29E-18
1.58E-19
8.29E-12
1.27E-07
1.76E-04
1.52E-04

1.28E-13
2.86E-11
4.37E-05
4.05E-08
1.57E-09
4.72E-20
3.75E-11
3.96E-04
8.96E-11
6.84E-09
4.86E-16

6.07E-13
8.84E-15
1.62E-05
2.66E-08

6.76E-25
6.53E-22
3.02E-09
7.53E-05
9.47E-17
1.19E-03
6.73E-05
7.75E-08
3.23E-09
3.04E-13
1.67E-04
4.68E-06

3.32E-06
1.79E-05
2.00E-05
2.06E-06
4.44E-05
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chr1:4429007-4429066
chr1:4450156-4450213
chr1:4487438-4487483
chrl:4517462-4517514
chr1:4525694-4525753
chr1:4716367-4716425
chr1:4782268-4782325

chr1:4855818-4855862
chr1:4875051-4875107
chr1:4905347-4905406
chr1:4953413-4953469
chr1:5080375-5080432
chr1:5138906-5138965
chr1:5151635-5151693
chrl:5168762-5168821
chr1:5195432-5195490
chr1:5264024-5264080
chr1:5301481-5301540
chr1:5314746-5314804
chr1:5473718-5473777
chr1:5511640-5511699
chr2:0072724-0072782
chr2:0107709-0107768
chr2:0133003-0133062
chr2:0156603-0156662
chr2:0230344-0230403
chr2:0352799-0352852
chr2:0465205-0465264
chr2:0525286-0525342
chr2:0576710-0576769
chr2:0606755-0606814
chr2:0627693-0627752
chr2:0675081-0675140
chr2:0721502-0721559
chr2:0812081-0812135
chr2:0844163-0844222
chr2:0889846-0889904
chr2:0966634-0966693
chr2:0993393-0993452
chr2:1045871-1045930
chr2:1082607-1082658
chr2:1107501-1107554
chr2:1152419-1152478
chr2:1268491-1268550
chr1:1308365-1308424
chr2:1392387-1392446
chr2:1448366-1448410
chr2:1455045-1455104
chr2:1476350-1476407
chr2:1533526-1533577
chr2:1546043-1546100
chr2:1555219-1555278
chr2:1572085-1572139

ura2 (PR 202), dus3 (PR 618), srp2 (PR 2042)
ypt2 (PR 639), rad26 (PR 902)

pnul (PR 1444), alg8 (ORF 584)

omt2 (PR 28), etfl (PR 1532)
SPAC27D7.09¢ (PR 1155)

mug51 (PR 145)

fta6 (PR 0), arp2 (PR 730), SPAC11H11.03¢c (PR
2019)

ftal (ORF 275)

SPAC19B12.01 (PR 468), hitl (PR 2298)
SPACI19B12.11¢c (PR 1171), cox1102 (PR 1572)
vma3 (PR 1165), rpb10 (PR 2179)

ochl (PR 0), rgf2 (PR 673), mcp3 (PR 2381)
cam?2 (PR 920), cbf5 (PR 1442)

hghl (PR 2239)

gyp51 (PR 1926)

T£2-7 (PR 287)

dpp! (PR 2271), abpl (ORF 950)
SPACI11E3.10 (ORF 699)

rpl22 (PR 58)

gtol (ORF 771)

SPAC869.03¢ (PR 1058), SPAC869.04 (ORF 670)
SPBPB21E7.08 (ORF 379)

alr2 (PR 0)

SPBC1683.01 (PR 1241)

ght4 (PR 893)

SPBC660.16 (PR 0)

tgpl (PR 430)

metl7 (PR 369)

fhnl (PR 749)

gpd3 (PR 1962)

cta3 (PR 1357), rps1701 (PR 2378)

tef103 (PR 205), thfl (PR 278)

naa38 (PR 1489), pfl3 (PR 2420)

scol (PR 2200), Isb1 (ORF 784)

mrll (PR 1582), ancl (ORF 246)

mfs3 (ORF 902)

pmp3 (PR 1695)

txcl (PR 18)

swc2 (PR 2026), puf2 (ORF 506)

ubi4 (PR 305), erg28 (PR 1605), ecm14 (PR 1912)
mas5 (ORF 888)

dus2 (PR 1174)

SPBC409.08 (ORF 340)

but2 (PR 1198)

adnl (PR 2475)

mde3 (PR 1008), SPBC8D2.18c (ORF 522)
rps1002 (ORF 358)

nep2 (PR 1611)

actl (ORF 869)

SPBC83.13 (ORF 223)

ficl (PR 1277)

isp4 (PR 2428)

mgr2 (PR 1233), mep33 (PR 2388), sual (ORF 818)

2.420
2.637
1.421
1.401
4.347
3.940
3.533

1.962
3.392
3.361
1.352
1.448
2.246
2.879
3.124
1.561
2.903
1.231
3.021
2.298
4.223
2.046
2.622
1.969
2.256
1.863
2.669
1.676
3.990
2.779
3.616
2.341
2.665
1.147
2.115
1.547
3.190
2.289
1.754
1.950
1.746
2.546
2.184
4.573
2.787
1.348
2.028
3.120
1.933
1.383
2431
2.099
2.147

1.16E-10
3.31E-12
1.66E-05
2.66E-05
5.54E-22
7.16E-19
1.07E-17

1.59E-08
3.24E-16
1.13E-16
4.13E-05
1.05E-05
8.51E-10
1.01E-13
6.70E-14
6.91E-06
4.06E-14
2.28E-04
6.61E-14
1.56E-10
2.01E-19
3.33E-08
1.63E-11
2.31E-08
3.13E-09
1.00E-07
5.35E-12
1.07E-06
1.00E-18
2.41E-13
5.63E-18
3.06E-10
1.17E-12
3.49E-04
4.66E-09
4.48E-06
1.04E-15
1.80E-10
2.16E-07
1.41E-07
3.50E-07
9.76E-12
3.28E-09
1.08E-22
3.20E-13
4.16E-05
5.71E-09
2.95E-15
4.04E-08
3.37E-05
2.52E-11
4.60E-09
2.89E-09
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chr2:1688312-1688371
chr2:1742677-1742736
chr2:1751303-1751362
chr2:1776029-1776073
chr2:1792797-1792855

chr2:1873591-1873650
chr2:1887684-1887743
chr2:1948797-1948848
chr2:1970240-1970299
chr2:2020008-2020058
chr2:2113282-2113341
chr2:2201223-2201279
chr2:2215204-2215260
chr2:2300656-2300712
chr2:2471250-2471309

chr2:2486559-2486618
chr2:2553803-2553862
chr2:2586307-2586362
chr2:2591032-2591090
chr2:2807283-2807332
chr2:2826999-2827058
chr2:2901986-2902043
chr2:3009114-3009170
chr2:3155724-3155783
chr2:3408769-3408828
chr2:3425718-3425777
chr2:3484218-3484275
chr2:3493957-3494016
chr2:3498257-3498312
chr2:3514431-3514490
chr2:3532148-3532207
chr2:3606372-3606431
chr2:3612719-3612775
chr2:3664844-3664903
chr2:3811022-3811081
chr2:3862275-3862334
chr2:3922777-3922833
chr2:3975013-3975072
chr2:3983169-3983226
chr2:4035607-4035666
chr2:4056405-4056464
chr2:4081666-4081720
chr2:4087240-4087291
chr2:4130584-4130643
chr2:4159869-4159927
chr2:4163020-4163075
chr2:4216804-4216863

chr2:4253556-4253612
chr2:4284839-4284890
chr2:4443198-4443256
chr2:4447242-4447301

fbal (PR 0), mugl124 (PR 1107), prp38 (PR 1777)
byr2 (PR 381)

scrl (PR 2227)

sce3 (ORF 824)

rpl701 (PR 582), rps1601 (PR 1092), ppr2 (PR
2115), rpsl402 (ORF 413)

SPBC3H7.05¢ (PR 809)

SPBC3H7.02 (PR 686)

zrgl7 (PR 2475)

SPBC1ES.05 (PR 615)

SPBP23A10.11c (ORF 631)

rga7 (PR 388), matl1-Mc (PR 1141)
enol01 (PR 0)

meul7 (PR 1832), arcl (ORF 766)

pfkl (PR 362)

SPBC12C2.04 (PR 1035), SPBC12C2.03c (PR
2321)

rga5 (PR 189), nakl (PR 2239)

gas2 (PR 185)

SPBC2G5.05 (PR 159), erv4l (PR 2072)
hmt2 (PR 553)

tdh1 (PR 305)

SPBC19C7.04c (PR 933)

aco2 (PR 1060)

klp9 (PR 1361)

SPBC609.01 (PR 1814)

ptr2 (PR 1077)

usp102 (PR 1487), ght2 (PR 1795)

zfs1 (ORF 393)

SPBPB7ES.01 (PR 501)

SPBPB7ES.02 (PR 820)

exgl (PR 648), cbpl (PR 2092)
SPBC1105.13c (PR 0), rsv2 (PR 724)
zrtl (PR 1459)

sir2 (PR 1163)

dbp2 (ORF 398)

car2 (PR 295), trm140 (PR 2227)

ssn6 (PR 1171)

pgil (ORF 621)

SPBC26HS.11c (PR 120), cyc3 (PR 1769)
stell (PR 2360)

gpdl (PR 148)

SPBC215.13 (ORF 237)

srol (PR 487), arpl (PR 2217)

mrml (PR 802), ilv5 (ORF 802)

abp2 (PR 1059), cnp3 (PR 2016)

pgkl (PR 453)

rlil (PR 1584), saml (ORF 601)
SPBC16G5.03 (PR 1811), rtt109 (PR 2055), rbk1
(ORF 240)

SPBC1652.01 (ORF 276)

nrml (PR 1152), ogal (ORF 901)

pho84 (PR 996), SPBC8E4.02c (ORF 43)
phol (PR 256)

3.442
2.174
1.923
1.722
2.308

2.520
1.953
1.846
3.098
1.614
1.494
3.470
1.484
4.100
1.937

2.275
3.200
1.690
2.883
4.133
3.176
2.465
4.582
1.879
3.140
1.402
1.553
2.204
2.163
2.467
2.091
1.961
1.344
1.551
3412
2.262
1.274
1.414
2.811
2.614
1.345
2.282
1.666
3.348
4.348
1.580
1.233

1.902
1.223
4.042
3.513

4.43E-16
1.12E-09
6.07E-08
3.86E-07
2.97E-10

2.06E-11
1.59E-08
6.73E-08
3.93E-15
1.36E-06
1.17E-05
1.89E-16
1.23E-05
2.42E-18
6.94E-08

6.40E-10
2.88E-15
7.64E-07
3.98E-13
7.20E-21
4.96E-14
3.16E-11
8.63E-22
9.84E-08
1.92E-13
2.33E-05
4.62E-06
1.92E-09
4.86E-09
1.50E-11
2.00E-08
1.44E-08
6.37E-05
5.43E-06
2.55E-16
2.49E-10
8.43E-05
2.83E-05
3.39E-13
9.67E-12
4.14E-05
8.21E-10
1.08E-06
5.15E-15
7.82E-21
4.20E-06
1.30E-04

3.15E-08
1.69E-04
5.49E-20
1.98E-17
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chr3:0072846-0072905
chr3:0170988-0171046
chr3:0229405-0229461
chr3:0236215-0236274
chr3:0242461-0242518
chr3:0252523-0252572
chr3:0277647-0277706

chr3:0285518-0285577
chr3:0348496-0348555
chr3:0352550-0352609
chr3:0361424-0361479
chr3:0425096-0425154
chr3:0470946-0471004
chr3:0539962-0540020
chr3:0564189-0564248
chr3:0612436-0612489
chr3:0673838-0673895
chr3:0716417-0716475
chr3:0750444-0750503
chr3:0762789-0762840
chr3:0798993-0799050
chr3:0811388-0811447
chr3:0862469-0862528
chr3:0939338-0939397
chr3:0949877-0949936
chr3:0975674-0975732
chr3:1029458-1029517
chr3:1157402-1157459
chr3:1303802-1303861
chr3:1310383-1310436
chr3:1393591-1393641
chr3:1413240-1413299
chr3:1420299-1420349
chr3:1452582-1452641
chr3:1526122-1526181
chr3:1547787-1547846
chr3:1591272-1591331
chr3:1634971-1635030
chr3:1661814-1661872
chr3:1669943-1669998
chr3:1676653-1676709
chr3:1703929-1703987
chr3:1859508-1859567
chr3:1871070-1871129
chr3:2010362-2010421

chr3:2056880-2056937
chr3:2085849-2085908
chr3:2095809-2095864

chr3:2113865-2113921
chr3:2257908-2257967
chr3:2310074-2310131

SPCC757.12 (PR 578), SPCC757.11c (PR 1790)
SPCC320.03 (PR 2463)

ght8 (PR 1005), dbl5 (PR 3762)
SPCC1529.01 (PR 1280), ghtl (PR 1708)
zwf2 (PR 1253), wtf5 (PR 1337)
SPCC794.04c (PR 2329)

mae2 (PR 436), SPCC794.15 (PR 1200),
SPCC553.12¢ (PR 1728)

SPCC553.10 (PR 1047), spb70 (PR 2063)
pill (PR 617)

SPCC594.01 (PR 1847)

SPCC594.02¢ (PR 1691), SPCC594.03 (ORF 68)
wtf8 (PR 2291)

aphl (PR 1258)

SPCC962.01 (PR 1255)

sapl (PR 1072)

rpl101 (ORF 61)

scwl (ORF 362)

bfrl (PR 2410)

umpl (PR 1914), SPCC1020.13¢ (PR 1971)
oca2 (PR 1936)

fta4 (PR 793), spt2 (PR 1024)

SPCC1393.08 (PR 1208)

eisl (PR 184), pup3 (PR 2076)

tpil (PR 548), pogl (PR 2019)

adel0 (PR 288)

SPCC1795.10c (PR 1709), sum3 (ORF 939)
psyl (PR 312)

ipkl (PR 689), set9 (PR 1796)

SPCC1322.09 (PR 2333), srk1 (ORF 902)
rpl2302 (PR 1216), SPCC1322.10 (ORF 603)
olel (ORF 488)

htal (PR 1318)

gdhl (ORF 463)

SPCC11E10.01 (PR 601)

SPCC584.16¢ (PR 910)

toll (PR 2158)

adhl (PR 28)

pmdl1 (PR 944)

trp663 (PR 2031), SPCC663.15¢ (ORF 383)
gafl (PR 1066), SPCC417.03 (PR 2005)

cth2 (ORF 247)

SPCC417.15 (PR 1087), SPCC191.01 (PR 2474)
SPCC1223.09 (PR 1275)

cbf12 (PR 621), meulO (PR 1340)
SPCC4F11.05 (PR 81), imt2 (PR 1166), mpgl (PR
2421)

ssa2 (PR 306)

tpx1 (PR 235), bxil (PR 969)

ps20 (PR 694), SPCC576.06¢ (PR 2172), rps2 (ORF
124)

SPCC576.17c (PR 475)

sal3 (PR 2315)

SPCC965.13 (PR 2349)

3.755
2.858
3.646
2.663
3.079
4.082
3.762

2.975
3.194
3.659
3.995
1.549
1.380
1.928
4.346
1.540
1.373
2.349
1.928
1.977
1.576
3.121
1.736
2.437
2.063
1.663
3.806
2.790
1.118
1.940
2.303
1.580
1.757
3.298
1.901
2.177
3.423
2.800
1.469
2.327
2.087
2.199
2.555
2.955
4.633

3.620
2.416
1.827

2.958
1.343
2.212

5.42E-17
7.69E-14
2.69E-18
9.01E-12
7.87E-15
2.43E-19
1.63E-17

6.03E-13
8.00E-14
7.30E-18
3.42E-19
3.31E-06
3.20E-05
8.29E-08
3.52E-21
1.42E-05
2.65E-05
6.50E-10
2.26E-08
1.12E-08
2.67E-06
2.25E-15
5.37E-07
7.18E-11
1.95E-08
1.19E-06
4.64E-16
5.07E-13
6.17E-04
1.94E-08
1.61E-10
2.84E-06
3.33E-07
3.41E-14
4.73E-08
6.43E-09
4.43E-17
1.73E-13
8.23E-06
2.25E-10
9.32E-09
1.32E-09
1.03E-10
3.10E-14
8.12E-22

1.20E-15
6.50E-10
8.23E-08

3.95E-13
8.58E-05
1.90E-09
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chr3:2378874-2378932
chr3:2423607-2423662

pcyl (PR 747)
SPCC569.05¢ (PR 674), SPCC569.06 (PR 1507)

1.496
2.721

9.74E-06
5.29E-13

156




Table A3: ChIP-chip analysis of PrzI-HA with tunicamycin treatment.

High
Chromosome

Location Genes Aver'flge P-value

Ratio
chr1:0066080-0066130 | SPAC977.17 (PR 1013), dak2 (ORF 549) 2.781 4 48E-08
chr1:0104111-0104169 | pdc101 (PR 567), SPAC1F8.08 (ORF 170) 3.224 2.25E-10
chrl:0158612-0158671 | SPAC5H10.07 (PR 532), adh4 (PR 796) 2.463 1.26E-06
chr1:0239554-0239613 | SPAC806.11 (PR 2124) 4918 3.92E-22
chr1:0361565-0361624 | erg25 (PR 603), mugl77 (ORF 8) 1.952 1.23E-04
chr1:0383251-0383310 | locl (PR 1317) 3.356 4.02E-11
chr1:0460258-0460315 | SPAC24H6.13 (PR 582), uba3 (PR 1624) 2.151 2.31E-05
chr1:0577540-0577599 | ergll (PR 918), mcp7 (PR 922) 3.105 1.00E-09
chr1:0660380-0660431 | lkhl (PR 1548) 2.165 2.05E-05
chr1:0790669-0790728 | przl (PR 1505) 3.679 4 56E-13
chr1:0869924-0869983 | sibl (PR 397), sib2 (PR 1042) 2.507 8.12E-07
chr1:0934099-0934154 | erg31 (PR 145) 2.659 1.68E-07
chr1:0947541-0947600 | puf3 (PR 1614) 2.615 2.67E-07
chr1:0960805-0960853 | snol (PR 2455), sebl (ORF 744) 2.398 2.38E-06
chr1:1003742-1003801 | sodl (PR 279) 2.861 1.81E-08
chr1:1078278-1078336 | plbl (PR 1660) 3.879 2.32E-14
chrl:1150276-1150335 | SPACS56F8.15 (PR 1733) 5.416 1.74E-26
chrl:1184125-1184180 | SPAC22A12.14c (PR 1754), acl2 (PR 2134) 2.017 7.22E-05
chr1:1206531-1206589 | sirl (PR 1033) 4.127 4.76E-16
chrl:1238387-1238446 | mugl34 (PR 450) 3.110 9.44E-10
chr1:1241843-1241901 | SPACI10F6.17¢ (PR 188), SPAC56E4.03 (PR 2150) 1.816 3.51E-04
chr1:1263416-1263475 | SPAC1420.01c (PR 656) 2.542 5.66E-07
chr1:1286457-1286516 | SPAPB17E12.12¢ (PR 973) 2.413 2.05E-06
chr1:1290863-1290922 | rcf2 (PR 356) 2.656 1.74E-07
chrl:1361063-1361122 | pasl (PR 1449) 2.422 1.88E-06
chr1:1398392-1398451 | SPAC20GS8.04¢ (PR 469) 2.360 3.43E-06
chr1:1479975-1480034 | SPAC9.08c (PR 1913) 2.522 6.99E-07
chrl:1494103-1494161 | mtf2 (PR 279), mugl16 (PR 509), vps74 (PR 2349) 3.242 1.80E-10
chr1:1540726-1540785 | pabp (PR 2080), SPAC57A7.05 (PR 2125) 3.500 5.75E-12
chrl:1544002-1544053 | hul5 (PR 2451) 1.688 8.97E-04
chr1:1572029-1572088 | ecm33 (PR 769) 2.609 2.84E-07
chrl:1598263-1598322 | ginl (PR 692), SPAC23H4.05¢ (PR 1009) 2.500 8.70E-07
chrl:1667662-1667720 | rdsl (PR 351) 4.020 2.62E-15
chrl:1823613-1823669 | SPAC1002.20 (PR 303), psul (PR 424), ittl (PR 4.285 3.50E-17
1116)
chr1:1830056-1830115 | SPAC1002.16¢ (PR 686), urg3 (PR 2342) 2.301 5.99E-06
chr1:1835020-1835079 | urgl (PR 390) 2.858 1.88E-08
chr1:1849519-1849578 | SPAC1399.02 (PR 1629) 2.688 1.23E-07
chrl:1875458-1875517 | SPAPB1A10.08 (PR 754), SPAPB1A10.07¢ (PR 1.699 8.26E-04
1661)

chr1:1889000-1889053 | pofl5 (PR 1867) 4.125 4.86E-16
chrl:1906256-1906313 | ppkl (PR 1955) 3.209 2.72E-10
chrl:1919252-1919310 | pssl (ORF 850) 1.805 3.83E-04
chr1:1944243-1944302 | SPAC3H1.06c (PR 1457), arul (ORF 12) 2.567 4.38E-07
chrl:1957074-1957133 | hsrl (PR 2178) 2.393 2.49E-06
chr1:2095433-2095492 | obrl (PR 542), SPAC3C7.13c (PR 2491) 5.347 7.39E-26
chrl:2106416-2106475 | bdf2 (PR 995), acp2 (PR 1167) 4.094 8.11E-16
chr1:2203189-2203248 | papl (PR 942) 2.450 1.43E-06
chrl1:2276774-2276831 | idnl (PR 368), cmbl (PR 525) 1.892 1.98E-04
chrl1:2322652-2322711 | msal (PR 2413) 1.694 8.57E-04
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chr1:2424038-2424093
chr1:2508728-2508787
chr1:2520015-2520074
chr1:2625294-2625351

chr1:2651002-2651061
chrl:2664127-2664183
chr1:2718514-2718571
chr1:2792534-2792593
chr1:2872144-2872201
chr1:2875908-2875967

chr1:2892973-2893032
chr1:2925439-2925498
chr1:2936646-2936704
chr1:2960494-2960553
chr1:3004178-3004232
chr1:3006589-3006648
chr1:3033547-3033603
chr1:3076919-3076974
chr1:3374830-3374889

chr1:3384227-3384286
chr1:3456712-3456771
chr1:3478402-3478459
chr1:3499935-3499993
chr1:3537243-3537302
chr1:3577151-3577200
chr1:3647913-3647958
chr1:3664409-3664461
chr1:3723531-3723590
chr1:3747828-3747886
chr1:3841052-3841108

chr1:3870124-3870179
chr1:3874055-3874114
chr1:3885334-3885393

chr1:3929084-3929139

chr1:3933166-3933224
chr1:3981714-3981773
chr1:3985627-3985685
chr1:4004142-4004199
chr1:4007114-4007170
chr1:4046899-4046947
chr1:4058919-4058978
chr1:4127959-4128018
chr1:4133592-4133650
chr1:4172201-4172257
chr1:4177239-4177298
chr1:4189290-4189349

chr1:4228753-4228812

SPAC6B12.07c (PR 877), mugl85 (PR 2098)

bub3 (PR 1422), ssr2 (PR 2464), glyl (ORF 256)
avl9 (PR 1624), gpa2 (PR 1700)

SPAC7D4.08 (PR 0), trx1 (PR 106), alg3 (PR 1232),
ost4 (PR 1256)

spp42 (ORF 264)

hxk2 (PR 1633)

pmcl (PR 1583), vima5 (PR 2383)

fmtl (PR 1313), rpl14 (PR 2345)

pvgl (PR 819)

SPACUNKA4.16¢ (PR 1552), SPACUNK4.17 (PR
1659), mug153 (ORF 20)

SPACUNKA4.10 (PR 446)

amt3 (ORF 948)

SPAC2E1P3.05¢ (PR 543)

SPAPB24D3.07¢ (PR 1568)

pac2 (PR 1906)

pac2 (ORF 451)

SPAC1786.02 (PR 1279), SPAC1786.04 (ORF 313)
SPAC16A10.01 (PR 702), spn5 (PR 931)
SPACSE11.08c (PR 627), SPACSE11.10 (PR 846),
alp31 (PR 2259), rmt2 (PR 2348)

rad24 (PR 0), SPAC8E11.01c (PR 1761)

nde2 (PR 502)

tps1 (PR 855)

shd1 (ORF 886)

debl (ORF 616)

SPAC17A2.10c (PR 1464), SPAC17A2.11 (ORF 42)
dtd1 (PR 1601)

prrl (PR 1546), SPAC8C9.12¢ (PR 2010)

hal3 (PR 243), SPAC15E1.02¢ (PR 1775)

perl (PR 1809)

SPAC4H3.08 (PR 473), rdI2 (PR 1672),
SPAC4H3.09 (PR 2308)

rps1502 (PR 1164)

pmal (ORF 565)

stpl (PR 1243), rlc1 (PR 2177), SPAC926.02 (ORF
790)

riml (PR 767), rpa49 (PR 1824), SPAC2F3.05¢
(ORF 497)

kap104 (ORF 844)

ppk18 (PR 1025)

SPAPB18E9.04c (PR 523)

yih1 (PR 308)

SPAC27E2.03c (PR 86)

cdal (PR 1194), cut20 (PR 2480), pms1 (ORF 551)
SPAC19G12.09 (PR 1274)

potl (PR 1511)

SPAC26H5.07¢ (PR 129)

SPAC25BS8.11 (PR 1802), SPAC25B8.10 (ORF 25)
SPAC25B8.12¢ (ORF 634)

ypfl (PR 1004), tyw3 (PR 2065), SPAC25B8.18 (PR
2264)

hsp3105 (PR 2038)

2.682
2.011
2.978
1.894

1.902
4.727
4.290
1.983
3.623
3.500

1.691
2.780
3.303
4.516
4.506
1.699
3.137
2.491
1.809

3.371
2.650
2.951
1.886
1.753
4.607
2.670
2.978
1.747
2.963
3.722

4.442
2.862
2.976

1.841

2.836
3.137
5.375
4.722
2.742
1.812
3.568
1.908
4.335
2.528
2.391
2.286

1.890

1.32E-07
7.62E-05
4.63E-09
1.94E-04

1.83E-04
1.44E-20
3.20E-17
9.54E-05
1.02E-12
5.79E-12

8.77E-04
4.51E-08
8.16E-11
6.47E-19
7.74E-19
8.31E-04
6.71E-10
9.53E-07
3.70E-04

3.30E-11
1.86E-07
6.41E-09
2.06E-04
5.63E-04
1.28E-19
1.49E-07
4.65E-09
5.86E-04
5.54E-09
2.43E-13

2.38E-18
1.79E-08
4.77E-09

2.91E-04

2.42E-08
6.79E-10
4.11E-26
1.57E-20
6.83E-08
3.63E-04
2.24E-12
1.74E-04
1.50E-17
6.56E-07
2.53E-06
6.86E-06

1.99E-04
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chr1:4409918-4409977
chr1:4429007-4429066
chr1:4433575-4433634
chr1:4449858-4449916

chr1:4457512-4457571
chr1:4517462-4517514
chr1:4525694-4525753
chrl1:4716367-4716425
chr1:4762285-4762344

chr1:4782268-4782325

chr1:4855818-4855862
chr1:4875051-4875107
chr1:4905347-4905406
chr1:5080375-5080432
chr1:5118019-5118076
chrl:5151635-5151693
chrl:5168762-5168821
chr1:5195712-5195771
chr1:5264024-5264080
chr1:5309290-5309349
chr1:5314746-5314804
chr1:5354943-5354999
chr1:5443137-5443196

chr1:5473718-5473777
chrl1:5511404-5511461
chr2:0072724-0072782
chr2:0107709-0107768
chr2:0133736-0133795
chr2:0156603-0156662
chr2:0230344-0230403
chr2:0352799-0352852
chr2:0358643-0358702
chr2:0465205-0465264
chr2:0525286-0525342
chr2:0576710-0576769
chr2:0606755-0606814
chr2:0627693-0627752
chr2:0675081-0675140
chr2:0715215-0715272
chr2:0813394-0813449
chr2:0889846-0889904
chr2:0966634-0966693
chr2:1045871-1045930
chr2:1108553-1108612
chr2:1152419-1152478
chr2:1188946-1189005
chr2:1268491-1268550
chr2:1308471-1308530
chr2:1352723-1352780
chr2:1448366-1448410

usol (PR 580), nnfl (ORF 145)

ura2 (PR 202), dus3 (PR 618), srp2 (PR 2042)
sfpl (PR 0), SPAC9E9.01 (PR 1227)

ypt2 (PR 341), rad26 (PR 1199), SPAC9E9.06¢ (PR
2390)

atd1 (PR 2441)

omt2 (PR 28), etfl (PR 1532)

SPAC27D7.09¢ (PR 1155)

mug51 (PR 145)

cox24 (PR 735), SPAC1782.02c (PR 1399), ypa2
(PR 2105), saf3 (ORF 478)

fta6 (PR 0), arp2 (PR 730), SPAC11H11.03¢c (PR
2019)

ftal (ORF 275)

SPAC19B12.01 (PR 468), hitl (PR 2298)
SPAC19B12.11c (PR 1171), cox1102 (PR 1572)
ochl (PR 0), rgf2 (PR 673), mcp3 (PR 2381)
pex3 (PR 1597), hal4 (PR 1605), srs1 (ORF 802)
hghl (PR 2239)

gyp51 (PR 1926)

T£2-7 (PR 567)

dppl (PR 2271), abpl (ORF 950)

gas5 (PR 693)

rpl22 (PR 58)

pop2 (PR 132), pgel (PR 1271)
SPAC29B12.14c (PR 1543), SPAC1039.01 (PR
2154)

gtol (ORF 771)

SPAC869.03c (PR 1296), SPAC869.04 (ORF 908)
SPBPB21E7.08 (ORF 379)

alr2 (PR 0)

SPBC1683.01 (PR 508)

ght4 (PR 893)

SPBC660.16 (PR 0)

tgpl (PR 430)

SPBC1271.07¢c (PR 153), mug96 (PR 1201)
metl7 (PR 369)

fhnl (PR 749)

gpd3 (PR 1962)

cta3 (PR 1357), rps1701 (PR 2378)

tef103 (PR 205), thfl (PR 278), seel (PR 2496)
naa38 (PR 1489), pfl3 (PR 2420)

ubc4 (PR 61)

ancl (PR 1013)

pmp3 (PR 1695)

txcl (PR 18)

ubi4 (PR 305), erg28 (PR 1605), ecm14 (PR 1912)
dus2 (PR 116), erg27 (PR 2278)

SPBC409.08 (ORF 340)

SPBC4.02c (PR 1622)

but2 (PR 1198)

adnl (PR 2475)

SPBC27B12.12¢ (ORF 962)

rps1002 (ORF 358)

1.734
2.976
2.608
3.368

1.823
1.706
4.574
4.185
1.688

3.892

2.693
3.632
3.944
1.694
2.262
3.866
3.801
2.545
4.158
1.711
4.081
1.726
1.934

2.970
4.191
3.667
3.962
2.134
2.290
2.546
3.450
1.683
3.335
3.964
2.689
3.789
2.299
3.225
2.373
2316
3.703
2.665
2.336
2.390
1.736
2.024
4.520
3.134
1.913
1.790

6.43E-04
4.74E-09
2.87E-07
3.43E-11

3.35E-04
7.86E-04
2.32E-19
1.85E-16
8.94E-04

1.91E-14

1.17E-07
8.99E-13
8.62E-15
8.56E-04
8.53E-06
2.83E-14
7.60E-14
5.53E-07
2.84E-16
7.61E-04
9.98E-16
6.83E-04
1.41E-04

5.14E-09
1.65E-16
5.46E-13
6.54E-15
2.69E-05
6.61E-06
5.45E-07
1.14E-11
9.28E-04
5.31E-11
6.30E-15
1.21E-07
9.03E-14
6.09E-06
2.22E-10
3.03E-06
5.19E-06
3.21E-13
1.58E-07
4.31E-06
2.56E-06
6.36E-04
6.83E-05
6.11E-19
6.98E-10
1.67E-04
4.29E-04
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chr2:1455045-1455104
chr2:1476350-1476407
chr2:1513530-1513589
chr2:1546043-1546100
chr2:1555219-1555278
chr2:1573465-1573524
chr2:1688312-1688371
chr2:1742677-1742736
chr2:1751303-1751362
chr2:1872821-1872879
chr2:1888046-1888105
chr2:1948559-1948603
chr2:1970240-1970299
chr2:2021877-2021935
chr2:2113539-2113598
chr2:2143288-2143335
chr2:2201035-2201088
chr2:2300656-2300712
chr2:2471250-2471309

chr2:2486240-2486299
chr2:2553803-2553862
chr2:2586307-2586362
chr2:2591032-2591090
chr2:2780304-2780349

chr2:2807283-2807332
chr2:2826999-2827058
chr2:2887138-2887189
chr2:2901986-2902043
chr2:2969861-2969920

chr2:3009114-3009170
chr2:3155487-3155545
chr2:3242944-3243003
chr2:3380905-3380964
chr2:3408769-3408828
chr2:3425489-3425548
chr2:3486604-3486663
chr2:3493957-3494016
chr2:3498257-3498312
chr2:3514431-3514490
chr2:3532376-3532435
chr2:3573311-3573370
chr2:3606372-3606431
chr2:3663145-3663204
chr2:3811022-3811081
chr2:3975013-3975072
chr2:3983169-3983226
chr2:4008480-4008539
chr2:4035268-4035322
chr2:4081666-4081720
chr2:4130584-4130643
chr2:4159869-4159927

nep2 (PR 1611)

actl (ORF 869)

rpl4302 (ORF 150)

ficl (PR 1277), atfl (PR 1561)

isp4 (PR 2428)

sual (PR 508), mep33 (PR 1003)

fbal (PR 0), mugl24 (PR 1107), prp38 (PR 1777)
byr2 (PR 381)

scrl (PR 2227)

SPBC3H7.05¢ (PR 1580), pof9 (ORF 974)
SPBC3H7.02 (PR 1048)

zrgl7 (PR 2237)

SPBC1ES.05 (PR 615)

SPBP23A10.11¢c (PR 1188), frgl (PR 2014)
rga7 (PR 645), mat1-Mc (PR 884)

rpl401 (ORF 151)

enol01 (PR 149)

ptkl (PR 362)

SPBC12C2.04 (PR 1035), SPBC12C2.03¢c (PR
2321)

rga5 (PR 508), nakl (PR 1920)

gas2 (PR 185)

SPBC2G5.05 (PR 159), erv4l (PR 2072)

hmt2 (PR 553)

SPBC685.08 (PR 967), orc2 (PR 1609), rpl2701
(ORF 304)

tdhl (PR 305)

SPBC19C7.04c (PR 933)

rsvl (PR 1261)

aco2 (PR 1060)

SPBC2D10.03¢ (PR 1066), SPBC2D10.04 (PR
2276)

klp9 (PR 1361)

SPBC609.01 (PR 2052)

mes6 (PR 426), meu22 (PR 1997), rps401 (PR 2140)

dsd1 (PR 898), SPBC3B8.08 (PR 2466)
ptr2 (PR 1077)

usp102 (PR 1258), ght2 (PR 2024)

zfs1 (PR 1936)

SPBPB7ES.01 (PR 501)

SPBPB7ES.02 (PR 820)

exgl (PR 648), cbpl (PR 2092)
SPBC1105.13c (PR 188), rsv2 (PR 496)
sur2 (PR 1050), SPBC887.16 (PR 1551)
zrt] (PR 1459)

mpel (PR 1524)

car2 (PR 295), trm140 (PR 2227)
SPBC26HS.11c (PR 120), cyc3 (PR 1769)
stell (PR 2360)

ctfl (PR 453), dad4 (PR 2146), trs23 (ORF 296)
gpdl (PR 492)

srol (PR 487), arpl (PR 2217)

abp2 (PR 1059), cnp3 (PR 2016)

pgkl (PR 453)

4.303
2.741
1.754
3.251
2.295
2.676
3.790
2.303
2.793
3.212
2.632
2.090
3.352
3.289
1.979
2.008
3.636
4.456
3.263

2.237
3.400
2.981
3.320
1.843

5.338
3.745
2.677
3.622
2.518

4.668
2.828
1.921
1.923
3.216
2.741
1.858
2.803
2.966
3.102
2.439
1.761
1.862
2.160
3.526
2.055
2.771
1.943
3.019
3.312
3.728
4.406

2.58E-17
6.93E-08
5.59E-04
1.59E-10
6.32E-06
1.39E-07
8.87E-14
5.85E-06
3.90E-08
2.63E-10
2.23E-07
3.92E-05
4.26E-11
9.79E-11
9.89E-05
7.80E-05
8.52E-13
1.85E-18
1.36E-10

1.08E-05
2.25E-11
4.49E-09
6.50E-11
2.87E-04

8.90E-26
1.74E-13
1.38E-07
1.04E-12
7.28E-07

4.24E-20
2.63E-08
1.56E-04
1.55E-04
2.51E-10
6.89E-08
2.56E-04
3.49E-08
5.34E-09
1.04E-09
1.60E-06
5.31E-04
2.48E-04
2.13E-05
4.01E-12
5.26E-05
5.01E-08
1.32E-04
2.84E-09
7.27E-11
2.23E-13
4.43E-18
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chr2:4163020-4163075
chr2:4238790-4238843
chr2:4253099-4253158
chr2:4443198-4443256
chr2:4447039-4447098
chr3:0067289-0067347
chr3:0071775-0071830
chr3:0173772-0173829
chr3:0229405-0229461
chr3:0236215-0236274
chr3:0242461-0242518
chr3:0252523-0252572
chr3:0277647-0277706

chr3:0285518-0285577
chr3:0346785-0346843
chr3:0352550-0352609
chr3:0361424-0361479
chr3:0471433-0471485
chr3:0536887-0536946
chr3:0564189-0564248
chr3:0713267-0713321
chr3:0716417-0716475
chr3:0749928-0749985
chr3:0762789-0762840
chr3:0798993-0799050
chr2:0812081-0812135
chr3:0820048-0820105
chr3:0863006-0863063
chr3:0867096-0867155
chr3:0939338-0939397
chr3:0949877-0949936
chr1:0960805-0960853
chr3:1029458-1029517
chr3:1157402-1157459
chr3:1309596-1309655
chr1:1398392-1398451
chr3:1412814-1412865
chr3:1431832-1431891
chr3:1438151-1438210
chr3:1452232-1452291
chr3:1525817-1525876
chr3:1545337-1545396
chr3:1591272-1591331
chr3:1634971-1635030
chr3:1669943-1669998
chr3:1677442-1677501
chr3:1694441-1694500
chr3:1703929-1703987
chr3:1827219-1827278
chr3:1859282-1859341
chr3:1871070-1871129
chr3:2010362-2010421

rlil (PR 1584), saml (ORF 601)

rps3 (ORF 483)

SPBC1652.01 (PR 122)

pho84 (PR 996), SPBC8E4.02¢ (ORF 43)
phol (PR 459)

rncl (PR 604), vph2 (PR 1265)
SPCC757.11c (PR 719), SPCC757.12 (PR 1653)
SPCC1235.01 (PR 354)

ght8 (PR 1005)

SPCC1529.01 (PR 1280), ghtl (PR 1708)
zwf2 (PR 1253), wtf5 (PR 1337)
SPCC794.04c (PR 2329)

mae2 (PR 436), SPCC794.15 (PR 1200),
SPCC553.12¢ (PR 1728)

SPCC553.10 (PR 1047), spb70 (PR 2063)
pill (PR 2329)

SPCC594.01 (PR 1847)

SPCC594.02¢ (PR 1691), SPCC594.03 (ORF 68)
aphl (PR 1745), ser3 (ORF 583)

eft202 (PR 380)

sapl (PR 1072)

bfrl (ORF 686)

bfrl (PR 2410)

ump1 (PR 1398), SPCC1020.13c (PR 2489)
oca2 (PR 1936)

fta4 (PR 793), spt2 (PR 1024), ers1 (PR 2147)
SPCC1393.08 (PR 1208)

mrpl20 (PR 1539), tenl (ORF 52)

eis1 (ORF 294)

stk1 (PR 841)

tpil (PR 548), pogl (PR 2019)

ade10 (PR 288)

SPCPB16A4.06¢ (PR 1974)

psyl (PR 312)

ipkl (PR 689), set9 (PR 1796)
SPCC1322.10 (PR 125), rpl2302 (PR 1997)
wtfl1 (PR 974), gst4 (ORF 161)

htal (PR 892), htb1 (ORF 330)
SPCC622.15¢ (PR 1053)

jmj4 (PR 165)

SPCCI11E10.01 (PR 951)

SPCC584.16¢ (PR 605)

git3 (PR 756)

adhl (PR 28)

pmd1 (PR 944)

gafl (PR 1066), SPCC417.03 (PR 2005)
cth2 (PR 486)

SPCC417.09¢ (PR 9), dal51 (PR 1226)
SPCC417.15 (PR 1087), SPCC191.01 (PR 2474)
rps2802 (ORF 82)

SPCC1223.09 (PR 1049)

cbfl12 (PR 621), meulO (PR 1340)
SPCC4F11.05 (PR 81), imt2 (PR 1166), mpgl (PR
2421)

1.735
1.705
1.906
4.468
3.518
1.742
3.648
4.458
4.717
2.374
3.287
4.377
4.061

3.608
3.877
4.173
3.942
1.925
2.215
4.870
2.235
4.345
1.761
3.476
1.745
3.933
1.852
1.840
2.699
2.802
2.716
1.918
3.228
2.942
2.379
1.766
1.788
2.551
2.250
3.867
1.829
1.688
3.855
3.531
3.359
2.870
1.710
3.284
1.861
3.277
3.461
4.583

6.38E-04
7.95E-04
1.76E-04
1.50E-18
4.51E-12
6.06E-04
7.20E-13
1.80E-18
1.72E-20
2.99E-06
9.96E-11
7.35E-18
1.37E-15

1.26E-12
2.41E-14
2.25E-16
8.84E-15
1.52E-04
1.31E-05
9.80E-22
1.10E-05
1.26E-17
5.32E-04
8.05E-12
5.94E-04
1.02E-14
2.69E-04
2.94E-04
1.10E-07
3.53E-08
9.08E-08
1.60E-04
2.15E-10
7.15E-09
2.84E-06
5.10E-04
4.34E-04
5.19E-07
9.57E-06
2.80E-14
3.19E-04
8.95E-04
3.36E-14
3.74E-12
3.86E-11
1.63E-08
7.68E-04
1.05E-10
2.50E-04
1.14E-10
9.89E-12
1.99E-19
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chr3:2056880-2056937
chr3:2068596-2068648
chr3:2085849-2085908
chr3:2095392-2095439

chr3:2113865-2113921
chr3:2310074-2310131
chr3:2352794-2352853
chr3:2380567-2380626

chr3:2423607-2423662

ssa2 (PR 306)

amtl (PR 1158)

tpx1 (PR 235), bxil (PR 969)

rps20 (PR 1119), SPCC576.06¢ (PR 1755), rps2
(ORF 549)

SPCC576.17¢ (PR 475)

SPCC965.13 (PR 2349)

SPCC70.03c (PR 588)

SPCC1827.03¢c (PR 544), vims1 (PR 2106), pcyl (PR
2440)

SPCC569.05¢ (PR 674), SPCC569.06 (PR 1507)

3.904
1.840
3.235
2.002

3.060
2.489
2.121
2.340

2.882

1.60E-14
2.95E-04
1.97E-10
8.14E-05

1.74E-09
9.68E-07
3.00E-05
4.12E-06

1.43E-08
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Table A4: The 165 putative target genes positively regulated by Przl.

CaCl, tuni CRZ]1 regulated
Systematic ID Name Motif S. cerevisiae
chIP chIP
orthologs
SPBC4F6.09 strl NA NA No ENBI
SPAC17C9.16¢ mfsl NA NA No No
SPBC1709.12 rid1 NA NA No No
SPAC17G6.02¢c tcol NA NA No PUGI, RTAl,
YLRO046C
SPAC22E12.11c | set3 NA NA No No
SPBC1E8.05 SPBCI1E8.05 3.098 3.352 | Yes No
SPAPB2B4.04c pmcl 3.574 4.290 | Yes PMCl1
SPAC630.04c SPAC630.04c NA NA Yes No
SPAC22F8.02¢ pves NA NA Yes No
SPAC23G3.03 sib2 1.615 2.507 | Yes No
SPAC824.08 gdal NA NA Yes No
SPAC1039.07¢ SPAC1039.07¢ NA NA Yes No
SPCC737.03¢c imal NA NA No No
SPAC8C9.16¢ mug63 NA NA No No
SPAC1687.07 SPAC1687.07 NA NA Yes No
SPBC713.12 ergl NA 2.543 | Yes No
SPBC19F8.03c¢ yap18 NA NA Yes No
SPAC23G3.07c snf30 NA NA No No
SPAC22E12.09¢ | krpl NA NA No No
SPAC26F1.12¢ hghl 2.879 3.866 | No No
SPACI1B3.17 clr2 NA NA Yes No
SPACS8F11.10c pvgl 3.487 3.623 | Yes No
SPAC1006.01 psp3 NA NA No PRBI1
SPMTR.01 matPc NA NA Yes No
SPCC4B3.10c ipkl 2.790 2.942 | Yes No
SPCC1682.09¢ gecl NA NA No No
SPBCS83.11 pet2 NA NA No No
SPCC794.15 SPCC794.15 1.327 1.848 | No No
SPCC1753.02¢ git3 2.177 1.688 | Yes No
SPAC5H10.13c¢ gmh2 NA NA Yes No
SPAC29A4.11 rga3 NA NA No No
SPBC3H7.06¢ pof9 NA 3.212 | Yes SAF1
SPCC417.05¢ cth2 2.087 2.870 | Yes No
SPACI1F3.05 gga2l NA NA Yes No
SPCC4B3.02c SPCC4B3.02c NA NA Yes No
SPACS821.10c sod1 2.394 2.861 | Yes No
SPBC17F3.01c¢ rga$ 2.275 2.237 | Yes BAG7
SPACI19E9.03 pasl 1.371 2.422 | No PCL5
SPACS5D6.04 SPACS5D6.04 NA NA Yes YBR287W
SPCC1020.13c¢ SPCC1020.13c¢ 1.928 1.761 | No No
SPAPB1A10.08 SPAPB1A10.08 NA 1.699 | Yes No
SPCCA4F11.04c imt2 4.633 4.583 | No SURI
SPCC553.12¢ SPCC553.12¢ 3.762 4.061 | No No
SPBC365.14¢ ugel NA NA No No
SPAC22A12.06c | SPAC22A12.06c | NA NA Yes No
SPBC1198.07¢ SPBC1198.07¢ NA NA No DFG5
SPAC15A10.09¢ | punl NA NA No PUNI
SPBP35G2.05¢ cki2 NA NA No No
SPBC216.02 mcpS NA NA Yes No
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SPCC1183.09¢ pmp31 NA NA No No
SPBC19C7.12¢ omhl NA NA Yes No
SPAC9GI1.10c SPAC9GI1.10c NA NA Yes No
SPBC83.19¢ SPBC83.19¢ NA NA Yes No
SPAC6G9.12 cfrl NA NA No No
SPBPB2B2.18 SPBPB2B2.18 NA NA Yes No
SPCC417.06¢ ppk35 NA NA Yes No
SPAC6F6.05 ost2 NA NA Yes No
SPCC4B3.12 set9 2.790 2.942 | No No
SPAC750.04¢ SPAC750.04¢ NA NA Yes No
SPCC1259.14c¢ meu27 NA NA Yes No
SPBC31E1.02¢ pmrl NA NA Yes PMRI1
SPCC613.09 sen54 NA NA No No
SPBC14C8.05¢ meul7 1.484 NA No No
SPB(C354.08¢ rsnl NA NA No No
SPAC1A6.11 SPAC1A6.11 2.558 NA Yes No
SPCC584.16¢ SPCC584.16¢ 1.901 1.829 | Yes No
SPAC13G7.04c macl NA NA Yes No
SPAC23D3.12 SPAC23D3.12 NA NA No PHOR4
SPAC212.02 SPAC212.02 NA NA Yes No
SPAC22F8.04 petl NA NA No No
SPBC1683.09¢ fipl NA NA Yes FREI
SPCC1529.01 SPCC1529.01 2.663 2.374 | No No
SPACI11E3.06 mapl NA NA No No
SPBC4C3.08 mugl36 NA NA No No
SPBP4G3.03 SPBP4G3.03 NA NA Yes No
SPAC32A11.02¢ | SPAC32A11.02¢c | NA NA Yes No
SPBC119.05¢ Isbl 1.147 NA Yes No
SPAPB24D3.07¢ | SPAPB24D3.07¢ | 3.792 4.516 | Yes No
SPCC330.03¢ SPCC330.03¢ NA NA No No
SPBC660.06 SPBC660.06 NA NA Yes No
SPAC18B11.04 ncsl NA NA Yes No
SPBC24C6.06 gpal NA NA Yes No
SPACI1H11.04 mam?2 NA NA No No
SPAC4C5.03 SPAC4C5.03 NA NA Yes No
SPCPBIC11.02 SPCPBIC11.02 NA NA Yes No
SPAPB1A10.14 pofl5 3.884 4.125 | No No
SPACUNK12.02¢ | cmkl NA NA No CMK2
SPAC824.02 bstl NA NA Yes No
SPAC29A4.12¢ mugl08 NA NA Yes No
SPAC227.06 yip5 NA NA Yes No
SPACS821.13¢ dnfl NA NA Yes No
SPBC1271.07¢ SPBC1271.07¢ NA 1.683 | Yes No
SPACI13C5.05¢ SPACI13C5.05¢ NA NA Yes No
SPAC27E2.05 cdel NA NA No No
SPBC1198.14c fop1 NA NA No No
SPBC1271.03¢ SPBC1271.03¢ NA NA No No
SPAC4G9.07 mugl33 NA NA Yes No
SPAC17G8.13¢ mst2 NA NA No No
SPAC22H10.07 scd2 NA NA Yes No
SPBC36B7.02 SPBC36B7.02 NA NA Yes No
SPAC20G8.03 itr2 NA NA Yes No
SPBC16C6.05 SPBC16C6.05 NA NA Yes No
SPAC144.10c gwtl NA NA No No
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SPAC14C4.07
SPAC2F3.01
SPBPB2B2.12¢
SPBC21B10.07
SPAC4AS.07c
SPAC4H3.13
SPAC1399.03
SPAC6F12.04
SPAC3A11.10c
SPAC27F1.03c
SPCC4F11.05
SPBCPT2R1.02
SPBC19G7.05¢
SPAC23C11.06¢
SPCC4F11.03c
SPAC25B8.09
SPAC19G12.10c
SPBC119.03
SPAC19G12.09
SPAC4A8.10
SPAC1687.08
SPACI15A10.10
SPAC212.01c
SPBC19G7.07c
SPAC4GS.13c
SPAC25G10.04c
SPBP35G2.13¢
SPBC32C12.02
SPAC25B8.03
SPAC18B11.03c
SPCC737.04
SPBPB21E7.04c
SPBC15C4.06¢
SPBC19G7.06
SPBC19C7.04c
SPBC19C7.05
SPAC20G4.03c
SPAC1039.09
SPAC869.02¢
SPAC869.05¢
SPAC977.02
SPBC29A10.08
SPBC1348.03
SPBC11B10.08
SPAPJ691.02
SPBC19F8.06¢c
SPAC750.01
SPAC186.08c
SPAC32A11.01
SPCC794.03
SPBC646.17¢
SPCC1682.08c
SPCC1322.10
SPACI977.14c

SPAC14C4.07
imtl

gall0
SPBC21B10.07
lcb4

pecl

fur4

tvpl5
SPAC3A11.10c
uchl
SPCCA4F11.05
SPBCPT2R1.02
bgsl
SPAC23C11.06¢
SPCCA4F11.03c¢
SPAC25B8.09
cpyl
SPBC119.03
SPAC19G12.09
rogl
SPAC1687.08
mde6
SPAC212.01c
ppr3

przl

recl0

swc2

stell

psd2
SPACI18B11.03c
SPCC737.04
SPBPB21E7.04c
SPBC15C4.06¢
mbx|1
SPBC19C7.04c
SPBC19C7.05
hril

isp5
SPAC869.02¢c
SPAC869.05¢
SPAC977.02
gas2
SPBC1348.03
SPBC11B10.08
SPAPJ691.02
meu22
SPAC750.01
SPAC186.08c
mug8
SPCC794.03
dicl

mcp2

pwpl
SPAC977.14c

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
4.633
NA
NA
NA
NA
NA
NA
NA
3.478
NA
NA
NA
NA
NA
3.422
NA
1.754
2.811
NA
NA
NA
NA
NA
NA
3.176
NA
NA
NA
NA
NA
NA
3.200
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
1.940
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
4.583
NA
NA
NA
NA
NA
NA
NA
3.568
NA
NA
NA
NA
NA
3.679
NA
NA
2.771
NA
NA
NA
NA
NA
NA
3.745
NA
NA
NA
NA
NA
NA
3.400
NA
NA
NA
1.921
NA
NA
NA
NA
NA
NA
2.379
NA

Yes
Yes
Yes
No
No
Yes
No
Yes
Yes
Yes
Yes
Yes
No
Yes
No
Yes
Yes
Yes
Yes
No
No
No
Yes
Yes
No
No
Yes
No
No
Yes
Yes
Yes
No
Yes
Yes
Yes
No
Yes
Yes
Yes
No
No
Yes
No
No
Yes
No
No
No
No
No
No
Yes
No

No
SURI1
No
CRH1
No
No
FUI1
No
No
No
No
No
FKS2
No
No
No
No
No
YDL124W
No
No
No
No
No
CRZ1
No
No
No
No
SLI1
No
No
No
No
No
RCR1
No
No
No
No
No
No
No
No
No
No
No
No
No
TPOS
No
No
No
No
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SPAC222.15
SPBC1198.01
SPAC212.05¢
SPACIF8.05
SPAC869.03¢c
SPAC27D7.03c
SPAC1565.04c
SPACS513.03

meul3

fmd2
SPAC212.05¢
isp3
SPAC869.03¢
mei2

ste4

mfm?2

NA
NA
NA
NA
4.223
NA
NA
NA

NA
NA
NA
NA
4.191
NA
NA
NA

Yes
No
No
No
No
No
Yes
No

No
No
No
No
No
No
No
No
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Table AS: The 92 putative target genes negatively regulated by Przl.

. CRZ]I regulated
Systematic ID Name CaCl; tuni S. cerevisiae
chIP chIP
orthologs
SPBC8E4.01¢ pho84 4.042 4.468 | PHO84
SPCC18B5.01¢ bfrl 2.349 2.235 | PDR10
SPAC186.01 pfl9 NA NA No
SPBPB2B2.08 SPBPB2B2.08 NA NA No
SPAC869.01 SPAC869.01 NA NA No
SPAC186.02¢ SPAC186.02¢ NA NA No
SPCPBIC11.03 SPCPBICI11.03 NA NA No
SPBC8E4.02¢ SPBCS8E4.02¢ 4.042 4.468 | No
SPAC4G8.12¢ SPAC4GS8.12¢ 2.212 NA No
SPBC1685.13 fhnl 3.990 3.964 | FHNI1
SPBP26C9.02¢ carl NA NA No
SPBC215.05 gpdl 2.614 1.861 | No
SPBC3D6.02 but2 4.573 4.520 | No
SPBC947.04 pfl3 1.068 3.225 | No
SPBC1347.11 srol 2.282 3312 | No
SPBC36.03¢ mfs3 4.261 NA No
SPAPBS8ES.03 mael NA NA No
SPCC1742.01 gsf2 NA NA No
SPBP4G3.02 phol 3.513 3.518 | No
SPBC36.02¢ SPBC36.02¢ NA NA No
SPBPB10DS8.01 SPBPB10D8.01 NA NA No
SPBP16F5.08¢c SPBP16F5.08¢c NA NA No
SPBC1683.01 SPBC1683.01 1.969 2.134 | PHO84
SPBC1271.09 tgpl 2.669 3.450 | No
SPAC3HI1.11 hsrl 1.928 2.393 | No
SPAC29B12.10c | pgtl NA NA No
SPBP8B7.05¢ ncel03 NA NA No
SPAC1A6.04c plbl 3.535 3.879 | PLBI1, PLB3
SPAC2H10.01 SPAC2H10.01 NA NA No
SPCC553.10 SPCC553.10 2.975 3.608 | No
SPAC343.12 rdsl 2.264 4.020 | No
SPCC1223.03¢ gut2 NA NA No
SPAC17A2.10c SPAC17A2.10c 3.799 4.744 | No
SPCC965.07¢ gst2 NA NA No
SPAC513.07 SPAC513.07 NA NA ARI1
SPBC32HS8.02¢ nep2 3.120 4303 | No
SPAC17D4.01 pex7 NA NA No
SPCC1393.12 SPCC1393.12 NA NA No
SPAC23H3.13c gpa2 NA 2.978 | No
SPBC1861.02 abp2 3.348 3.728 | No
SPBC354.12 gpd3 2.779 2.689 | No
SPBC27.08¢ sual 2.147 2.676 | MET3
SPAC5D6.09¢ mug86 NA NA No
SPAC19G12.16¢c | adg2 NA NA No
SPBC3H7.02 SPBC3H7.02 1.953 2.632 | No
SPAC9E9.09¢ atd1 NA 1.728 | ALD4, ALD6
SPAC1002.17¢ urg2 NA 2.282 | No
SPBPB2B2.15 SPBPB2B2.15 NA NA No
SPAPB1A11.02 SPAPB1A11.02 NA NA No
SPBC1348.06¢ SPBC1348.06¢ NA NA No
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SPAPB1A11.03
SPBC3H7.05¢
SPCC191.11
SPBC29B5.02¢
SPAC1039.02
SPCC794.04c
SPACS806.11
SPACI13C5.06¢
SPAC1751.01c
SPBC1773.06¢
SPAC1002.19
SPAC2EI1P3.05¢c
SPBC1683.06¢
SPAC1039.10
SPBPB7ES.01
SPBPB21E7.01c
SPAC1399.01c
SPBC1289.16¢
SPACUNK4.17
SPCC757.07¢
SPAC22H12.01¢
SPAC2F3.05¢
SPAC27D7.09¢
SPAC2EI1P3.01
SPBC725.03
SPBPB2B2.05
SPAC139.05
SPAC13C5.04
SPAC27D7.11c
SPAC4H3.08
SPAC27D7.10c
SPCC757.03¢
SPBC23G7.10c
SPBC1289.14
SPCC1223.09
SPBC24C6.09¢
SPBC1773.05¢
SPAC22A12.17¢
SPBPB2B2.01
SPAC513.02
SPAC13F5.07¢
SPBPB2B2.06¢

SPAPB1A11.03
SPBC3H7.05¢
invl

isp4
SPAC1039.02
SPCC794.04c
SPAC806.11
mugl21

gtil

adh8

urgl
SPAC2E1P3.05¢
SPBC1683.06¢
mmf2
SPBPB7ER.01
enol02
SPAC1399.01¢
cao2
SPACUNK4.17
cttl

mug35
SPAC2F3.05¢
SPAC27D7.09¢
SPAC2E1P3.01
SPBC725.03
SPBPB2B2.05
SPAC139.05
SPAC13C5.04
SPAC27D7.11c
SPAC4H3.08
SPAC27D7.10c
hsp3101
SPBC23G7.10c
SPBC1289.14
SPCC1223.09
SPB(C24C6.09¢
tms1
SPAC22A12.17¢
SPBPB2B2.01
SPAC513.02
hpz2
SPBPB2B2.06¢

NA
2.520
NA
2.099
NA
4.082
4.185
NA
2.835
NA
NA
1.648
NA
NA
2.204
NA
3.050
NA
2.015
NA
NA
NA
4.347
NA
NA
NA
NA
NA
NA
3.338
NA
NA
NA
NA
2.555
NA
NA
NA
NA
NA
NA
NA

NA
3.212
NA
1.737
NA
4.377
4.918
NA
4.409
NA
2.858
3.303
NA
NA
2.803
NA
NA
NA
3.500
NA
NA
2.836
4.574
NA
NA
NA
NA
NA
NA
3.722
NA
NA
NA
NA
3.277
NA
NA
NA
NA
NA
NA
NA

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

168




Table A6: Schizosaccharomyces pombe strains used in chapter 3.

Strain Genotype Reference
972h- 972 JK

JK366 ade6-M216 leul-32 ura4DI18 h* JK
GCY1876 | Aleul::NatMX4 ade6-M216 leul-32 ura4D18 i This work
GCY1232 | Aleul::NatMX4 ade6-M216 leul-32 ura4DI18 h* This work
GCY978 Aprzl::KanMX6 b This work
GCY2806 | Aprzi::NatMX4 ade6-M216 leul-32 ura4D18 i This work
V3-P12-91 | Aprzi::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P11-56 | Apmrl::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P01-91 | Aalp3i::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P26-42 | ASPAC2E1P3.05¢::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P34-46 | Actr4::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P03-31 | Amugl34::KanMX4 ade6-M216 leul-32 ura4DI18 h* Bioneer
V3-P12-46 | Aclr2::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P05-16 | Appkll::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P32-09 | Ardsi::KanMX4 ade6-M216 leul-32 ura4DI18 h* Bioneer
V3-P01-33 | ASPACI9A8.11c::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P02-26 | Aarf6::KanMX4 ade6-M216 leul-32 ura4DI18 h* Bioneer
GCY3051 | przl-GFP::KanMX6 ade6-M216 leul-32 ura4D18 I This work
GCY3128 | Apmrl::KanMX4 prz1-GFP::NatMX4 ade6-M216 leul-32 ura4D18 h~ | This work
GCY3130 | Aalp31::KanMX4 przl-GFP::NatMX4 ade6-M216 leul-32 ura4D18 h™ | This work

169




Table A7: The transcription factor query strain from chapter 3.

Systematic ID Name DNA-Binding Motif Biological Process

SPBC2F12.09¢ atf21 Leucine zipper/bZIP | Meiotic cell cycle

SPAC22F3.02 atf31 Leucine zipper/bZIP | Meiotic cell cycle

SPCC736.08 cbfll CBF/LAG-1 Lipid metabolic process

SPCC1223.13 cbfl2 CBF/LAG-1 Cell adhesion

SPAC31A2.11c cufl Copperfist Iron ion homeostasis

SPCC584.02 cuf2 Copperfist Meiosis

SPACS56F8.16 escl Helix-loop-helix Induction of conjugation upon
carbon/nitrogen starvations

SPAC31G5.10 eta2 Myb-like Termination of RNA polymerase |
transcription

SPAC23E2.01 fepl GATA Zn finger Iron ion homeostasis

SPCC1902.01 gafl GATA Zn finger Negative regulation of induction to
conjugation

SPAC1039.05¢ kif1 C2H2 Zn Finger Fungal-type cell wall organization

SPAC25B8.19¢ loz1 C2H2 Zn Finger Zinc ion homeostasis

SPBC317.01 mbx2 SRF-type Cell adhesion

SPAPB1A11.04c | mcal Fungal Zn(2)-Cys(6) | Response to copper starvation

SPAC32A11.03¢ | phxl Homeobox Glycolytic fermentation to ethanol

SPAC8C9.14 prrl HSF-type Response to oxidative stress

SPAC4GS.13c przl C2H2 Zn Finger Calcium ion homeostasis

SPAC22F3.09¢ res2 APSES G1/S transition of mitotic cell cycle

SPBP4H10.09 rsvl C2H2 Zn Finger Response to glucose starvation

SPBC1105.14 rsv2 C2H2 Zn Finger Meiotic cell cycle

SPAC16.05¢ stpl C2H2 Zn Finger Unknown

SPAC1327.01c SPAC1327.01c Fungal Zn(2)-Cys(6) | Unknown

SPAC19B12.07c | SPAC19B12.07¢ | C2H2 Zn Finger Unknown

SPACI1F7.11¢c SPACI1F7.11c Fungal Zn(2)-Cys(6) | Unknown

SPAC25B8.11 SPAC25B8.11 Fungal Zn(2)-Cys(6) | Unknown

SPAC2H10.01 SPAC2H10.01 Fungal Zn(2)-Cys(6) | Unknown

SPAC3F10.12¢ SPAC3F10.12¢ Helix-loop-helix Unknown

SPAC3HS.08c SPAC3HS.08¢c Fungal Zn(2)-Cys(6) | Unknown

SPCC320.03 SPCC320.03 Fungal Zn(2)-Cys(6) | Unknown

SPCC757.04 SPCC757.04 Fungal Zn(2)-Cys(6) | Unknown

SPCC777.02 SPCC777.02 Fungal Zn(2)-Cys(6) | Unknown

SPCC965.10 SPCC965.10 Fungal Zn(2)-Cys(6) | Unknown

SPBC354.05¢ sre2 Helix-loop-helix Unknown

SPAC1486.10 thil Fungal Zn(2)-Cys(6) | Thiamine biosynthetic process

SPAC1399.05¢ toel Fungal Zn(2)-Cys(6) | Pyrimidine-containing compound
salvage

SPAP14ES8.02 tos4 Forkhead Response to DNA damage stimulus

SPBC21B10.13¢ | yoxl Homeobox G1/S transition of mitotic cell cycle

SPAC25G10.03 zip1l Leucine zipper/bZIP | Response to cadmium
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Table A8: The 48 negative interactions between Schizosaccharomyces pombe

transcription factors.

. . Interaction

Query Strain Array Strain Scores
SPCC320.03 SPAC3(C7.04 -0.580
lozl sre2 -0.428
przl sepl -0.410
rsvl scrl -0.410
prrl SPCC1393.08 -0.376
prrl scrl -0.366
przl SPBC56F2.05¢ -0.342
cufl scrl -0.336
rsv2 SPBC15D4.02 -0.332
SPAC3F10.12¢ | mugl51 -0.319
SPAC3F10.12¢ | SPBC17D1.01 -0.317
cbfl2 scrl -0.314
przl ace2 -0.301
res2 ace2 -0.301
loz1 sepl -0.277
SPAC3F10.12¢c | SPBC56F2.05¢ -0.274
przl scrl -0.264
res2 scrl -0.263
tos4 res2 -0.252
prrl atf21 -0.251
SPAC3F10.12¢ | matmc_2 -0.249
res2 SPBC17D1.01 -0.247
SPAC3F10.12¢ | scrl -0.246
SPAC3F10.12¢ | ace2 -0.244
cbfl12 ace2 -0.243
loz1 mugl51 -0.235
kif1 ace2 -0.234
przl repl -0.232
przl SPBC1773.12 -0.232
res2 mugl51 -0.227
SPAC3HS.08c SPAC3F10.12¢ -0.224
lozl ace2 -0.217
SPAC3F10.12¢ | mapl -0.214
fepl mugl51 -0.211
cuf2 SPCC1393.08 -0.208
lozl papl -0.207
kif1 mugl51 -0.204
lozl SPCC1393.08 -0.201
yoxl sepl -0.200
lozl toe2 -0.198
SPAC3F10.12¢ | escl -0.197
res2 sre2 -0.195
zip1 SPAC3F10.12¢ -0.194
loz1 scrl -0.194
SPAC3F10.12¢ | php3 -0.191
fepl toe2 -0.190
cufl sepl -0.189
cufl sre2 -0.188
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Table A9: The 99 positive interactions between Schizosaccharomyces pombe

transcription factors.

. . Interaction

Query Strain Array Strain Scores
cufl sakl 0.468
przl zasl 0.458
przl php5 0.455
przl atfl 0.411
SPAC3F10.12¢ | zasl 0.400
przl sakl 0.397
lozl sakl 0.394
SPAC3F10.12¢ | sfc2 0.391
przl moc3 0.369
SPAC3F10.12¢ | atfl 0.368
lozl zasl 0.367
SPAC3F10.12¢ | php5 0.347
res2 zasl 0.347
przl SPBC30D10.02 0.342
lozl atfl 0.326
res2 php5 0.320
res2 sfc2 0.318
SPAC3F10.12¢ | moc3 0.314
res2 SPBC30D10.02 0.313
SPAC3F10.12¢ | SPBC30D10.02 0.312
lozl SPBC30D10.02 0.305
cufl php5 0.301
SPAC3F10.12¢ | php2 0.300
lozl bdpl 0.300
cbfll SPAPB1A11.04c 0.299
przl SPAPB1A11.04¢c 0.299
cuf2 resl 0.295
res2 atfl 0.294
przl rst2 0.291
cbfl12 bdpl 0.287
sfpl php5 0.285
res2 moc3 0.284
cuf2 php5 0.284
cufl moc3 0.284
rsv2 SPBC30D10.02 0.283
fepl zasl 0.281
loz1 php5 0.278
sfpl zasl 0.278
fepl sakl 0.278
cbfl1 cufl 0.278
SPAC3F10.12¢ | thi5 0.275
cuf2 sfc2 0.275
sfpl sak1 0.273
cufl resl 0.273
cbfll przl 0.271
cbfll res2 0.271
res2 perl 0.269
cbfl1 sfpl 0.269
SPAC3F10.12¢ | perl 0.268
cuf2 sakl 0.268
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SPAC3F10.12¢
rsv2

fepl

fepl
SPAC3F10.12¢
SPAC3F10.12¢
lozl

cuf2

sfpl

fepl

stpl

res2

fepl

cufl

fepl

cbfl12

res2

res2

lozl

lozl

klfl

cbfll

klfl

cufl

przl

cufl

sfpl

rsv2
SPAC3HS.08c
przl

lozl

cufl

yox1
SPAC3F10.12¢
cbfl12
SPAC3F10.12¢
fepl

cufl

cufl

kif1

sfpl
SPAC3HS.08c
yoxl

cbfll

cufl
SPAC3F10.12¢
przl

atf21

rsv2

SPBC29A10.12
perl

sfc2

php5
SPBC530.05
resl

moc3

atfl

atfl

perl

sfc2

sakl

atfl

zasl

bdpl
SPBC30D10.02
bdpl

php2

sfc2

php2

zasl

cbfl2

resl

php2

sfc2

bdpl

resl

bdpl

php5

perl

nhtl
SPBC30D10.02
resl

sakl

php5

cha4
SPBC30D10.02
res2

sfc2

perl
SPBC30D10.02
sfc2

zasl

fepl

rst2

bdpl

bdpl

perl

zasl

0.264
0.264
0.263
0.263
0.262
0.261
0.258
0.254
0.254
0.254
0.253
0.252
0.250
0.249
0.249
0.248
0.236
0.235
0.234
0.234
0.233
0.233
0.233
0.229
0.227
0.225
0.225
0.225
0.223
0.223
0.222
0.222
0.221
0.219
0.218
0.216
0.216
0.215
0.215
0.214
0.212
0.210
0.209
0.209
0.207
0.206
0.206
0.206
0.205
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Table A10: Schizosaccharomyces pombe strains used in chapter 4.

Strain Genotype Reference
JK366 ade6-M216 leul-32 ura4DI18 h* JK
GCY2517 | pREPI ade6-M216 leul-32 ura4D18 h* This work
GCY2833 | pREPI-scrl" ade6-M216 leul-32 ura4D18 h- This work
GCY3350 | Amual::KanMX4 pREPI ade6-M216 leul-32 ura4D18 h* This work
GCY3450 | Amual::KanMX4 pREPI-scrl™ ade6-M216 leul-32 ura4D18 h* This work
GCY3351 | Aubrl::KanMX4 pREPI ade6-M216 leul-32 ura4DI18 h* This work
GCY3482 | Aubrl::KanMX4 pREPI-scrl* ade6-M216 leul-32 ura4D18 h™* This work
GCY3189 | Agad8::KanMX4 pREPI ade6-M216 leul-32 ura4D18 h* This work
GCY3188 | Agad8::KanMX4 pREPI-scrl* ade6-M216 leul-32 ura4D18 h* This work
GCY3185 | Anrdl::KanMX4 pREPI ade6-M216 leul-32 ura4D18 h* This work
GCY3184 | Anrdl::KanMX4 pREPI-scr1* ade6-M216 leul-32 ura4D18 h* This work
GCY3187 | Asds23::KanMX4 pREPI ade6-M216 leul-32 ura4DI18 h* This work
GCY3186 | Asds23::KanMX4 pREPI-scrl* ade6-M216 leul-32 ura4DI18 h* This work
GCY3183 | Aamk2::KanMX4 pREPI ade6-M216 leul-32 ura4DI18 h* This work
GCY3182 | Aamk2::KanMX4 pREPI-scri™ ade6-M216 leul-32 ura4DI18 h* This work
GCY3090 | scri-GFP::KanMX6 ade6-M216 leul-32 ura4D18 I This work
GCY3484 | Amual::KanMX4 scrl-GFP::KanMX6 ade6-M216 leul-32 ura4D18 h™ | This work
GCY3451 | Aubrl::KanMX4 scri-GFP::KanMX6 ade6-M216 leul-32 ura4D18 - | This work
GCY2831 | pREPI-toel” ade6-M216 leul-32 ura4D18 This work
GCY2933 | Asetl::KanMX4 pREPI ade6-M216 leul-32 ura4DI18 h* This work
GCY2925 | Asetl::KanMX4 pREPI-toel” ade6-M216 leul-32 ura4DI18 h* This work
GCY2931 | Asgf29.::KanMX4 pREPI ade6-M216 leul-32 ura4DI18 h* This work
GCY2924 | Asgf29.::KanMX4 pREPI-toel™ ade6-M216 leul-32 ura4DI18 h* This work
GCY3553 | Aubp8::KanMX4 pREPI ade6-M216 leul-32 ura4D18 h* This work
GCY3552 | Aubp8::KanMX4 pREPI-toel* ade6-M216 leul-32 ura4DI18 h* This work
GCY2935 | Agen5::KanMX4 pREPI ade6-M216 leul-32 ura4D18 h* This work
GCY2927 | Agen5::KanMX4 pREPI-toel™ ade6-M216 leul-32 ura4D18 h* This work
GCY3551 | Aspt8::KanMX4 pREPI ade6-M216 leul-32 ura4D18 h* This work
GCY3550 | Aspt8::KanMX4 pREPI-toel™ ade6-M216 leul-32 ura4D18 h* This work
V3-P31-90 | Asetl::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P34-42 | Asgf29::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
V3-P20-56 | Agcen5::KanMX4 ade6-M216 leul-32 ura4D18 h* Bioneer
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Table A11: The genes present on the SDL miniarray.

Systematic ID Name Description

SPCC24B10.08c | ada2 SAGA complex subunit

SPAC23H4.12 alp13 MRG family Clr6 histone deacetylase complex subunit

SPCC1919.03c amk2 AMP-activated protein kinase beta subunit

SPAC27D7.05¢ apcl4 Anaphase-promoting complex subunit

SPBC83.04 apcl5 Anaphase-promoting complex, platform subcomplex scaffold
subunit

SPCC63.08c atgl Autophagy and CVT pathway serine/threonine protein kinase

SPAC1556.03 azrl Serine/threonine protein phosphatase

SPBC21D10.10 bdcl Bromodomain containing protein 1

SPAP32A8.03c bopl Ubiquitin-protein ligase E3 (predicted)

SPCC1919.15 brll Ubiquitin-protein ligase E3

SPCC970.10c brl2 Ubiquitin-protein ligase E3

SPCC1322.12¢ bubl Mitotic spindle checkpoint kinase

SPAC1D4.13 byrl MAP kinase kinase

SPBC1D7.05 byr2 MAP kinase kinase kinase

SPCC18.06¢ cafl CCR4-Not complex CAF1 family ribonuclease subunit

SPCC31H12.08¢c | ccr4 CCR4-Not complex subunit (predicted)

SPBCI18H10.15 cdkl1 Serine/threonine protein kinase

SPAC644.06¢ cdrl NIMI1 family serine/threonine protein kinase

SPACS57A10.02 cdr2 Serine/threonine protein kinase

SPCC18B5.11c¢ cdsl Replication checkpoint kinase

SPAC17H9.19¢ cdt2 WD repeat protein

SPCC1450.11c cekl Serine/threonine protein kinase

SPAC1851.03 ckbl CK2 family regulatory subunit

SPBC2G5.02¢ ckb2 CK2 family regulatory subunit (predicted)

SPBP35G2.05¢ cki2 Serine/threonine protein kinase

SPAC1805.05 cki3 Serine/threonine protein kinase

SPCC1919.01 ckk2 Calmodulin-dependent kinase kinase 2

SPAC1782.09¢ clpl Cdc14-related protein phosphatase

SPBC800.03 clr3 Histone deacetylase (class II)

SPB(C428.08¢c clrd Histone H3 lysine methyltransferase

SPACUNK12.02¢ | cmkl Calcium/calmodulin-dependent protein kinase

SPAC23A1.06¢c cmk2 MAPK-activated protein kinase

SPAC1610.03c crp79 Poly(A) binding protein

SPAC1D4.06¢ cskl Cyclin-dependent kinase/ cyclin-dependent kinase activating
kinase

SPCC1840.11 csl4 Exosome subunit

SPAC17A2.09¢ csx1 RNA-binding protein

SPCC1739.07 ctil Cut3 interacting protein, predicted exosome subunit

SPAC24H6.03 cul3 Cullin 3

SPBC23E6.01c cxrl mRNA processing factor

SPAC21E11.05¢ | cyp8 Cyclophilin family peptidyl-prolyl cis-trans isomerase

SPAC328.02 dbl4 Ubiquitin-protein ligase E3 involved in sporulation

SPCC548.05¢ dbl5 Ubiquitin-protein ligase E3

SPAC17H9.10c ddbl Damaged DNA binding protein

SPBC776.02¢ dis2 Serine/threonine protein phosphatase PP1

SPAC17G8.10c dmal Mitotic spindle checkpoint ubiquitin ligase

SPBC14F5.07 doal0 ER-localized ubiquitin-protein ligase E3 (predicted)

SPBC947.10 dscl Golgi Dsc E3 ligase complex subunit

SPBC530.14c¢ dsk1 SR protein-specific kinase

SPAC6F6.09 eafb Mst2/NuA4 histone acetyltransferase complex subunit
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SPBC16A3.19
SPBC2F12.03c

SPAC29A4.20
SPACI19E9.02
SPCC24B10.07
SPAC1952.05
SPBC29A3.03c
SPAC17A5.09¢
SPACI1687.15
SPBC8D2.01
SPAC29A4.16
SPAC139.06
SPBC887.18¢c
SPAC23C4.12
SPAC3G9.07¢
SPBC17D11.02c
SPBC28F2.08¢c
SPAC20G4.03c
SPAC222.07¢
SPAC23C4.03
SPCC132.02
SPCC622.08c
SPAC19G12.06¢c
SPAC167.07c
SPAC30D11.13
SPBC839.07
SPAC167.01

SPBC4F6.06
SPAC1565.07¢
SPBC16E9.13
SPAC1D4.11c¢
SPBC530.13
SPCC4B3.08
SPAC2F3.15
SPBC887.04c
SPAC1834.08
SPAC27E2.09
SPCC74.06
SPCC1682.08c
SPBC8D2.19
SPBC119.04
SPAC14C4.03
SPAC3A12.03c
SPBC660.14
SPCC338.05¢
SPAC16C9.04c

SPAC4G9.05
SPBC106.01
SPAC343.11c
SPAC17G8.13c
SPCC417.06¢

eaf7
ebsl

elp3
finl
gad8
genS
gid2
gle8
gsk3
gsk31
hal4
hatl
hfil
hhp2
hos2
hrd1
hrd3
hril
hri2
hrk1
hst2
htal
hta2
hul5
hus5
ibpl
irel

kinl
knd1
kspl
1kh1
Iscl
Isgl
Isk1
lubl
mak1
mak?2
mak3
mcp2
mde3
mei3
mek1
meu34
mik1
mms2
mot2

mpfl
mphl
mscl
mst2
mug?27

Histone acetyltransferase complex subunit

EST1 family nonsense-mediated mRNA decay (NMD)
pathway protein (predicted)

Elongator complex subunit (predicted)
Serine/threonine protein kinase, NIMA related

AGC family protein kinase

SAGA complex histone acetyltransferase catalytic subunit
GID complex ubiquitin-protein ligase E3 subunit (predicted)
Protein phosphatase regulatory subunit (predicted)
Serine/threonine protein kinase

Serine/threonine protein kinase (predicted)
Serine/threonine protein kinase

Histone acetyltransferase

SAGA complex subunit

Serine/threonine protein kinase

Histone deacetylase (class I)

Synviolin family ubiquitin-protein ligase E3

HRD ubiquitin ligase complex subunit (predicted)

elF2 alpha kinase

elF2 alpha kinase

Haspin related kinase

Sirtuin family histone deacetylase

Histone H2A alpha

Histone H2A beta

HECT-type ubiquitin-protein ligase E3 (predicted)
SUMO conjugating enzyme E2

Cdc25 family phosphatase

Serine/threonine protein kinase, sensor for unfolded proteins
in the ER

Microtubule affinity-regulating kinase
Cullin-associated NEDDS-dissociated protein (predicted)
Serine/threonine protein kinase (predicted)

Dual specificity protein kinase

Lsk1 associated cyclin

Lsk1 complex gamma subunit

P-TEFb-associated cyclin-dependent protein kinase
WD repeat protein

Histidine kinase

Histidine kinase

Histidine kinase

Pumilio family RNA-binding protein

Serine/threonine protein kinase, meiotic

Meiosis inducing protein

Cds1/Rad53/Chk2 family protein kinase
Ubiquitin-protein ligase E3 (predicted)

Mitotic inhibitor kinase

Ubiquitin conjugating enzyme

CCR4-Not complex ubiquitin-protein ligase E3 subunit
(predicted)

Meiotic pumilio family RNA-binding protein (predicted)
Dual specificity protein kinase

Swrl complex subunit

Histone acetyltransferase

Meiosis specific protein kinase
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SPCC825.04c
SPAC14C4.06¢c
SPAC3HS.09¢
SPBC3BS.10c

SPBC28F2.10c
SPCC4G3.15¢
SPACI1B3.05
SPAC2F7.11
SPBC17D11.04c
SPCC1020.10
SPBC6B1.08c

SPBC16E9.12¢
SPACS57A7.04c
SPAC1783.07¢
SPBC17A3.10
SPCC126.07¢
SPBC32F12.06
SPAC17G8.14c
SPBC19G7.10c

SPCC16C4.11
SPBC543.07
SPCC790.02

SPAPB17E12.03
SPBC15D4.15
SPBC14F5.13c¢
SPAC3C7.06¢c
SPBC106.10
SPAC644.11c

SPAC1687.05
SPBC119.08
SPBC1685.01
SPBC1709.11¢
SPAC29E6.01
SPBC56F2.01
SPBC1271.01c
SPAC13D6.01
SPAC2F7.03c
SPAC16C9.07
SPACS823.15
SPBC16HS5.07c
SPAC22H10.04
SPBP4H10.04

SPCC1739.12
SPBC26H8.05¢

SPAC110.01
SPAC2C4.14c
SPAC3HI1.13

naa40
nab2
nab3
neml

nggl
not2
not3
nrd1
ntol
oca2
ofd1

pab2
pabp
papl
pas4
pbrl
pchl
pckl
pdc2

pefl
pekl

pep3

pex12
pho2
pho8
pitl
pkal
pkpl

plil
pmk1
pmpl
png2
pofll
pofl2
pofl3
pofl4
poml
pom?2
ppal
ppa2
ppa3
ppbl

ppel
pph3

ppkl
ppkl1

ppkl13

Histone N-acetyltransferase (predicted)

Poly(A) binding protein (predicted)

Poly(A) binding protein (predicted)

Neml-Spo7 phosphatase complex catalytic subunit
(predicted)

SAGA complex subunit

CCR4-Not complex subunit (predicted)

CCR4-Not complex subunit (predicted)

RNA-binding protein

Histone acetyltransferase complex subunit (predicted)
Serine/threonine protein kinase

2-oxoglutarate and Fe(II) dioxygenase domain containing
protein 1

Poly(A) binding protein

mRNA export shuttling protein

Transcription factor

Peroxisomal ubiquitin-protein ligase E3 (predicted)
Ubiquitin-protein ligase E3 (predicted)

P-TEFB associated cyclin, cyclin T

Protein kinase C (PKC)-like

Topoisomerase II-associated deadenylation-dependent
mRNA-decapping factor (predicted)

Pho85/PhoA-like cyclin-dependent kinase

MAP kinase kinase

HOPS/CORVET complex subunit, ubiquitin-protein ligase E3
(predicted)

Ubiquitin-protein ligase E3 (predicted)
4-nitrophenylphosphatase

Vacuolar membrane alkaline phosphatase (predicted)
Serine/threonine protein kinase, meiotic
cAMP-dependent protein kinase catalytic subunit
Mitochondrial pyruvate dehydrogenase (lipoamide) kinase
(predicted)

SUMO E3 ligase

MAP kinase

Dual-specificity MAP kinase phosphatase

ING family homolog

F-box protein

F-box protein

F-box protein

F-box protein

DYRK family protein kinase

DYRK family protein kinase

Minor serine/threonine protein phosphatase
Serine/threonine protein phosphatase

Protein phosphatase type 2A

Calcium-dependent serine/threonine protein phosphatase
calcineurin A, catalytic subunit

Serine/threonine protein phosphatase

Serine/threonine protein phosphatase, PP4 complex subunit
(predicted)

Serine/threonine protein kinase (predicted)
PAK-related kinase

Serine/threonine protein kinase (predicted)
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SPAC4GS.05
SPACS823.03
SPAC890.03
SPBC1778.10c
SPBC1861.09
SPBC21.07c
SPBC32C12.03c
SPBC336.14c
SPBC337.04
SPBC557.04
SPACI5A10.13
SPBC6B1.02
SPBC725.06¢
SPBP23A10.10
SPCC162.10
SPCP1E11.02
SPAC1805.01c¢
SPAC22G7.08
SPAC23H4.02
SPCC4G3.08
SPAC2F7.02¢c
SPCC1223.11
SPAC2G11.07¢c
SPAC4AS8.03c
SPBC609.02
SPAC11G7.02
SPAC1805.15¢
SPBC16E9.11¢c
SPBC56F2.08¢c
SPBP35G2.14
SPAC1687.22¢
SPAC6G9.14
SPAC4GS8.03c
SPCPI1EI11.11
SPAC26F1.10c
SPAC19D5.01
SPACI1E3.09
SPACS57A7.08
SPACS8E11.02c
SPAC17A2.13c
SPAC13G6.01c
SPBC17G9.05
SPAC19A8.10
SPAC343.18
SPCC330.01c

SPBC1734.06
SPBC2D10.12
SPACI18B11.07¢c
SPBC21D10.09¢
SPCC757.09¢
SPBP8B7.23

SPAC17A2.12

ppk14
ppkl15
ppk16
ppk21
ppk22
ppk24
ppk25
ppk26
ppk27
ppk29
ppk3
ppk30
ppk31
ppk32
ppk33
ppk38
ppko6
ppk8
ppk9
pskl
psrl
ptc2
ptc3
ptcd
ptnl
publ
pub2
pub3
pufl
puf2
puf3
pufd
puf5s
puf6
pypl
pyp2
pyp3
pzhl
rad24
rad25
rad8
rctl
ripl
rfp2
rhpl6

rhp18
rhp23
rhp6
rkrl
rncl
mfl0

Serine/threonine protein kinase (predicted)
Serine/threonine protein kinase (predicted)
Serine/threonine protein kinase (predicted)
Serine/threonine protein kinase

Serine/threonine protein kinase (predicted)
Serine/threonine protein kinase

Serine/threonine protein kinase (predicted)

Protein kinase like PAN complex subunit
Serine/threonine protein kinase (predicted)
Ark1/Prk1 family protein kinase

Protein kinase domain and HEAT repeat protein
Ark1/Prk1 family protein kinase

Serine/threonine protein kinase (predicted)
Serine/threonine protein kinase (predicted)
Serine/threonine protein kinase (predicted)
Ark1/Prkl family protein kinase

Serine/threonine protein kinase (predicted)
Serine/threonine protein kinase (predicted)
Serine/threonine protein kinase (predicted)
Serine/threonine protein kinase

NLI interacting factor family phosphatase (predicted)
Protein phosphatase 2C

Protein phosphatase 2¢ homolog 3

Protein phosphatase 2C
Phosphatidylinositol-3,4,5-trisphosphate3-phosphatase
HECT-type ubiquitin-protein ligase E3

HECT-type ubiquitin-protein ligase E3

HECT-type ubiquitin-protein ligase E3 (predicted)
Pumilio family RNA-binding protein (predicted)
Pumilio family RNA-binding protein

Pumilio family RNA-binding protein (predicted)
Pumilio family RNA-binding protein (predicted)
Pumilio family RNA-binding protein (predicted)
Pumilio family RNA-binding protein (predicted)
Tyrosine phosphatase

Tyrosine phosphatase

Protein-tyrosine phosphatase

Serine/threonine protein phosphatase

14-3-3 protein

14-3-3 protein

Ubiquitin-protein ligase E3

RRM-containing cyclophilin regulating transcription
SUMO-targeted ubiquitin-protein ligase subunit
SUMO-targeted ubiquitin-protein ligase subunit
Rad16 homolog ATP-dependent DNA helicase/ ubiquitin
protein ligase E3

Rad18 homolog ubiquitin protein ligase E3

Rad23 homolog

Rad6 homolog, ubiquitin conjugating enzyme E2
RQC complex ubiquitin-protein ligase E3 (predicted)
RNA-binding protein that suppresses calcineurin deletion
Ubiquitin-protein ligase E3 implicated in transcription
(predicted)

ATP-dependent DNA helicase/ ubiquitin-protein ligase E3
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SPBC23E6.02

SPAC23A1.16¢
SPBC342.06¢
SPBC2A9.04c
SPAC1B9.02¢
SPAC22E12.14c
SPBC646.13
SPACI1E3.05

SPAC12G12.01c
SPCC306.04c
SPAC29B12.02¢c
SPAC22E12.11c
SPCC1739.05
SPBP8B7.07¢c
SPCC297.04c
SPCC4B3.12
SPAC57A10.14
SPBC1921.07¢c
SPCC126.04c
SPAC22F8.12¢
SPACIF5.09¢
SPBC16D10.07c
SPAC12B10.01c
SPAC144.05

SPAC16A10.03¢c
SPAC16ES.13
SPAC23A1.07
SPAC2F3.16
SPACS57A7.09
SPAC6B12.07c
SPBC1271.03c
SPBC13E7.03c
SPBC14F5.10c
SPBC15C4.06¢
SPBC16G5.03
SPBC17A3.03¢
SPBC17A3.06
SPBC17D11.08

SPBC1861.07
SPBC31F10.10c
SPBC32F12.07¢
SPBC36B7.05¢

SPBC3F6.01c
SPCC1020.05

SPCC1223.01
SPCC18.03
SPAC31G5.09¢

rp2

rtrl
rtt109
sanl
sckl
sck2
sds23
sea3

sea4

setl

set2

set3

set5

set6

set7

set9

sgfll

sgf29

sgf73

shfl

shk2

sir2
SPACI12B10.01¢c
SPAC144.05

SPAC16A10.03¢c
SPAC16ES.13
SPAC23A1.07
SPAC2F3.16
SPACS57A7.09
SPAC6B12.07c
SPBC1271.03c
SPBCI13E7.03c
SPBC14F5.10c
SPBC15C4.06¢
SPBC16G5.03
SPBC17A3.03c
SPBC17A3.06
SPBC17D11.08

SPBC1861.07
SPBC31F10.10c
SPBC32F12.07¢
SPBC36B7.05¢

SPBC3F6.01c
SPCC1020.05

SPCC1223.01
SPCC18.03
spkl

(predicted)

ATP-dependent DNA helicase, ubiquitin-protein ligase E3
(predicted)

RNA polymerase II CTD phosphatase (predicted)
RTT109 family histone lysine acetyltransferase

Sir antagonist, ubiquitin-protein ligase E3
Serine/threonine protein kinase

Serine/threonine protein kinase

PP2A-type phosphatase inhibitor

Ubiquitin-protein ligase E3, coatamer related complex
subunit (predicted)

SEA complex subunit, ubiquitin-protein ligase E3, (predicted)
Histone lysine methyltransferase

Histone lysine methyltransferase

Histone lysine methyltransferase

Histone lysine methyltransferase (predicted)

Histone lysine methyltransferase (predicted)

Histone lysine methyltransferase (predicted)

Histone lysine H3-K20 methyltransferase

SAGA complex subunit

SAGA complex subunit

SAGA complex subunit

Small histone ubiquitination factor

PAK-related kinase

Sirtuin family histone deacetylase

HECT-type ubiquitin-protein ligase E3 (predicted)
ATP-dependent DNA helicase/ ubiquitin-protein ligase E3
(predicted)

Ubiquitin-protein ligase E3 Pep5/Vps11-like (predicted)
Ubiquitin-protein ligase E3 (predicted)
Ubiquitin-protein ligase E3 (predicted)
Ubiquitin-protein ligase E3 (predicted)

E3 ubiquitin-protein ligase, human RNF family homolog
Ubiquitin-protein ligase E3 (predicted)

NLI interacting factor family phosphatase (predicted)
RNA hairpin binding protein (predicted)
Ubiquitin-protein ligase E3 (predicted)
Ubiquitin-protein ligase E3 (predicted)
Ubiquitin-protein ligase E3 (predicted)

Phosphoprotein phosphatase (predicted)

Phosphoprotein phosphatase (predicted)

WD repeat protein, DDB1 and CUL4-associated factor 7
(predicted)

elongin C (predicted)

zf-MYND type zinc finger protein

Ubiquitin-protein ligase E3, MARCH family (predicted)
Ubiquitin-protein ligase E3/phosphatidylinositol(3)-phosphate
binding protein (predicted)

Serine/threonine protein phosphatase (predicted)
Phosphoprotein phosphatase involved in unfolded protein
response (predicted)

Ubiquitin-protein ligase E3 (predicted)

Shuttle craft like ubiquitin-protein ligase E3 (predicted)
MAP kinase
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SPBC21C3.18
SPBC1778.04
SPAC4D7.10c
SPCC61.02
SPBC14C8.17¢
SPAC23H4.17¢
SPCC1322.08
SPCC74.03c
SPBC776.09
SPAC1071.12¢
SPAC24B11.06¢
SPAC12B10.14c
SPCC23B6.03c
SPBP16F5.03¢
SPBC2D10.20
SPAC11E3.04c
SPAC1250.03
SPBC1105.09
SPBC1198.09
SPAC10F6.05¢
SPAC11G7.04
SPACS589.10c
SPAC13A11.04c
SPBC19C7.02
SPAC15A10.11
SPAC20H4.10
SPAC17A2.06¢c
SPCC18B5.03
SPBC409.07¢
SPAC9G1.02
SPAC17G8.07
SPBC1718.07c

SPCC1442.16¢

spo4
spo6
spt20
spt3
spt8
srb10
srk1
ssp2
stel3
stpl
styl
teas
tell
tral
ubcl
ubcl3
ubcl4
ubcl5
ubcl6
ubc6
ubil
ubi5
ubp8
ubrl
ubrll
ufd2
vps8
weel
wisl
wis4
yaf9
zfs1

ztal

Serine/threonine protein kinase

Spo4-Spo6 kinase complex regulatory subunit

SAGA complex subunit

SAGA complex subunit

SAGA complex subunit

Cyclin-dependent protein Srb mediator subunit kinase
MAPK-activated protein kinase

AMP-activated protein serine/threonine kinase alpha subunit
ATP-dependent RNA helicase

Protein tyrosine phosphatase

MAP kinase

Pseudokinase

ATM checkpoint kinase

SAGA complex phosphatidylinositol pseudokinase
Ubiquitin conjugating enzyme (predicted)

Ubiquitin conjugating enzyme E2

Ubiquitin conjugating enzyme E2 (predicted)
Ubiquitin conjugating enzyme E2

Ubiquitin conjugating enzyme E2 (predicted)
Ubiquitin conjugating enzyme E2 (predicted)
Ribosomal-ubiquitin fusion protein (predicted)
Ribosomal-ubiquitin fusion protein (predicted)

SAGA complex ubiquitin C-terminal hydrolase
N-end-recognizing protein, UBR ubiquitin-protein ligase E3
UBR ubiquitin-protein ligase E3

Ubiquitin-protein ligase E4 (predicted)

WD repeat protein (predicted)

M phase inhibitor protein kinase

MAP kinase kinase

MAP kinase kinase kinase

YEATS family histone acetyltransferase subunit
CCCH tandem zinc finger protein, human Tristetraprolin
homolog, involved in mRNA catabolism

NADPH quinone oxidoreductase/ARE-binding protein
(predicted)
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Table A12: The 195 SDL interactions between the miniarray and 14 transcription

factor query strains.

. . Interaction

Query Strain Array Strain Score
cbfll mst2 -1.189
cbfll gad8 -0.657
cbfll poml -0.595
cbfll brll -0.568
cbfll pho8 -0.559
cbfll spkl -0.553
cbfll sea3 -0.529
cbfll alp13 -0.518
cbfll rncl -0.504
eta2 cdrl -0.795
eta2 spo4 -0.689
eta2 sgf29 -0.643
eta2 oca2 -0.608
eta2 pkal -0.603
eta2 ubil -0.599
eta2 mst2 -0.589
eta2 apcl4 -0.562
eta2 ripl -0.559
eta2 poml -0.550
eta2 SPAC2F3.16 -0.528
eta2 pdc2 -0.525
eta2 ppk21 -0.518
eta2 pkpl -0.506
mbx1 mst2 -0.898
mbx|1 spt3 -0.730
mbx1 ppkl13 -0.707
mbx1 SPBC31F10.10c -0.618
mbx1 SPBC3F6.01c -0.592
mbx1 pofll -0.590
mbx1 ubcl15 -0.519
mbx1 cdrl -0.513
scrl cdrl -0.809
scrl SPAC2F3.16 -0.793
scrl stel3 -0.756
scrl amk?2 -0.729
scrl sds23 -0.699
scrl nrd1l -0.611
scrl ubrl -0.599
scrl gad8 -0.573
scrl SPBC31F10.10c -0.544
scrl mst2 -0.533
scrl cki3 -0.522
scrl spo4 -0.501
sfpl stel3 -0.778
sfpl ppk25 -0.775
sfpl nrdl -0.765
sfpl cdsl -0.738
sfpl mst2 -0.735
stpl ppk21 -0.712
sfpl oca2 -0.655
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stpl

stpl

stpl

sfpl

sfpl

sfpl

sfpl

sfpl

sfpl

stpl
SPAC19B12.07¢c
SPAC19B12.07c
SPAC19B12.07¢c
SPAC19B12.07c
SPAC19B12.07¢c
SPAC19B12.07¢c
SPAC19B12.07¢c
SPAC19B12.07¢c
SPAC19B12.07¢c
SPAC19B12.07¢c
SPAC19B12.07¢c
SPAC19B12.07¢c
SPACIF7.11
SPACIF7.11
SPACIF7.11
SPACIF7.11
SPAC1F7.11
SPAC1F7.11
SPAC1F7.11
SPACI1F7.11
SPACI1F7.11
SPACI1F7.11
SPACIF7.11
SPACIF7.11
SPBC19G7.04
SPBC19G7.04
SPBC19G7.04
SPBC19G7.04
SPBC19G7.04
SPBC19G7.04
SPBC19G7.04
SPBC19G7.04
SPBC19G7.04
SPBC19G7.04
SPBC19G7.04
SPBC19G7.04
SPBC19G7.04
SPBC19G7.04
SPBC19G7.04
SPBC19G7.04
SPBC29A10.12
SPBC29A10.12
SPBC29A10.12
SPBC29A10.12

ubcl3

spo4

pyp2
SPBC3F6.01c
SPBC17A3.06
dbl4

puf3
SPAC2F3.16
pkal

not3

ppk21

ptc2

pho8

ubil

cdrl

gsk3

apcl4

oca2

not3

mst2

poml

cdsl

mst2

pyp3
SPBC31F10.10c
ubil

ubrl

poml

pkal

brll

rad24

ppk21

pho8

plil
SPBC3F6.01c
ripl

ppk21

puf6

rrpl

ppk13

pitl

pkal

mde3
SPBC1861.07
ppk26

yaf9

pkpl

cafl

bopl

dbl4

mst2

ibpl

gsk3

ubil

-0.652
-0.640
-0.604
-0.598
-0.559
-0.556
-0.544
-0.542
-0.531
-0.511
-0.928
-0.707
-0.669
-0.609
-0.607
-0.605
-0.593
-0.590
-0.562
-0.548
-0.525
-0.503
-0.884
-0.633
-0.617
-0.548
-0.546
-0.539
-0.530
-0.529
-0.528
-0.522
-0.515
-0.513
-1.063
-1.012
-0.883
-0.841
-0.814
-0.738
-0.653
-0.618
-0.616
-0.586
-0.580
-0.528
-0.525
-0.511
-0.506
-0.502
-0.727
-0.618
-0.560
-0.550
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SPBC29A10.12
SPBC29A10.12
SPBC29A10.12
SPBC29A10.12
SPBC530.08
SPBC530.08
SPBC530.08
SPBC530.08
SPBC530.08
SPBC530.08
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separate instrument.
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arising out of, in connection with, or related to such licensing transaction shall be brought, at
CCC's sole discretion, in any federal or state court located in the County of New York, State
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v .1

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
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Permission to use Genetics Paper

Lianne Vachon Thu, Jun 30, 2016 at 2-20 AM
To: Kate Chathield-Reed

Do | need to email someone else or just you?

If just you, of course that's perfectly alright.

Lianne

From: Kate Chatfieid-Reed [

Sent: June 29, 2016 1:23 PM
To: Gordon Chua; Gina Kwon; Lianne Vachon

Subject: Permission to use Genetics Paper

Hi coauthors,

| am writing to get your permission to use the paper "Conserved and Diverged Functions of the
Calcineurin-Activated Prz1 Transcription Factor in Fission Yeast" as a chapter in my PhD thesis.
The paper, as part of the thesis, will be added to the repository at the University of Calgary as well
as the Library and Archives Canada. Below are some links about these resources:

University of Calgary Theses Repository — The Vault: hitp/itheses ucalgary. cal

The Vault at the University of Calgary:Home
theses. ucalgary ca

This repository is a digital archive of University of Calgary theses submitted after June 28, 2012, How
o submit: You may submit your thesis o this repository, if ...

Library and Archives Canada: hitp:/fcollectionscanada_gc_calobj/sd/f2frm-ni59-2-e_ pdf
A quick email indicating that you agree to this use of the material is sufficient.

Thank you,
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To: Kate Chatfield-Reed

OFf course, Kate.
Gina

©On Jun 28, 2016, at 223 PM, Kate Chathieid-Reed |G -

Hi coauthors,

| am writing fo get your permission to use the paper "Consenved and Diverged Functions of the Calcineurin-
Activated Prz1 Transcription Factor in Fission Yeast" as a chapter in my PhD thesis. The paper, as part of
the thesis, will be added to the repository at the University of Calgary as well as the Library and Archives
Canada. Below are some links about these resources:

University of Calgary Theses Repository — The Vault: hitpo/itheses ucalgary.cal

Library and Archives Canada: hitp://collectionscanada. go.calobif's4f2frm-nl58-2-e_pdf

A quick email indicating that you agree to this use of the material is sufficient.

Thank you,

Kate Chatfield-Reed
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To: Kate Chatfield-Reed

Hi Kate,

| agree to the use of your Genetics paper for your thesis.
Kind regands,

Gordon

Gordon Chua, Ph.D.

Associate professaor,

Department of Biological Sciences
Biological Sciences Building, Room 580
University of Calgary

2600 University Drive, MWW,

Calgary, Alberta

Canada T2MN 1h4

> Hi coauthors,

=

= | am writing to get your permission to use the paper "Conserved and

> Diverged Functions of the Calcineurin-Activated Prz1 Transcription Factor
= in Fission Yeast" as a chapter in my PhD thesis. The paper, as part of

= the

= thesis, will be added to the repository at the University of Calgary as

= well as the Library and Archives Canada. Below are some links about these
> MESOUNCES:

=
> University of Calgary Theses Repository — The Vault:

= httpoiitheses ucalgary.cal

=

> Library and Archives Canada:

= hitpuicollectionscanada ge.calobj/s4/f2fm-ni50-2-e. pdf

=

= A quick email indicating that you agree to this use of the material is
= sufficient.

=

= Thank you,

=

= Kate Chatfield-Reed

=
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