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Abstract

Understanding the functional impact of physical interactions between proteins and
DNA on gene expression is important for developing approaches to correct disease-
associated gene dysregulation. I conducted a systematic, functional genetic analysis
of protein-DNA interactions in the promoter region of the yeast ribonucleotide re-
ductase subunit gene RNRS3. I measured the transcriptional impact of systematically
perturbing the major transcriptional regulator, Crtl, and three X-box sites on the
DNA known to physically bind Crtl. This analysis revealed interactions between
two of the three X-boxes in the presence of Crtl, and unexpectedly, a significant
functional role of the X-boxes in the absence of Crt1l. Further analysis revealed Crtl-
independent regulators of RNRS that were impacted by X-box perturbation. Taken
together, these results support the notion that higher-order X-box-mediated interac-
tions are important for RNRS3 transcription, and that the X-boxes have unexpected
roles in the regulation of RNRS transcription that extend beyond their interaction

with Crtl.
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Chapter 1

Introduction

Gene regulation defines when, where and by how much individual genes are ex-
pressed [6] and is critically important for proper maintenance of cellular functions.
Too low expression can lead to deficiencies, while too high expression can be toxic [72].
Although gene expression can be modulated at many levels, a key step in gene reg-
ulation occurs during the initiation of gene transcription [54, 58]. At this level, the
amount of mRNA transcribed from a gene is determined by the regulated binding of
proteins to their sites on the DNA in the promoter region of the gene [10, 73].

There have been many systematic studies elucidating where and when proteins
physically interact with promoter DNA (e.g. [35, 52, 65]). However, in these stud-
ies, the functional impact of these binding events on gene transcription is typically
not measured. When a protein interacts with multiple sites within a promoter, the
amount of transcription from that promoter can be determined by the effect of each
protein-DNA interaction individually as well as by higher order combinatorial interac-
tions [10]. The objective of my thesis research was to investigate this by functionally
mapping how multiple promoter elements known to physically interact with one pro-
tein define transcriptional level for a specific gene.

The mechanisms defining transcriptional regulation are quite similar throughout



the eukaryotic kingdom [58, 85]. Therefore, studying gene regulation in the budding
yeast S. cerevisiae is useful for understanding these conserved pathways and pro-
cesses [33]. Yeast are faster and less expensive to grow than other eukaryotes [7, §]
and their genomes have been extensively studied, providing resources to target and
delete a gene of interest (e.g. Saccharomyces Genome Database (SGD) [15] and Yeas-
tract [1, 60, 87]). Results of these studies can be used to increase understanding of
the corresponding conserved protein, DNA element or pathway in higher eukaryotes
(e.g. nematodes, fruit flies, or humans), or can enhance the knowledge of differences

that have led to evolution [41].

1.1 Regulation of transcription initiation

Transcriptional regulation leading to initiation of DNA polymerization in yeast (re-
viewed in [33, 84, 85]) involves both trans-factors (proteins) and cis-elements (Fig-
ure 1.1). Trans-factors include co-factors (which may be chromatin modifying pro-
teins), transcription factors (TFs) and the general transcription machinery (TATA
binding protein (TBP), RNA polymerase II and general transcription factors TFIIB,
E, F and H). Cis-elements are typically located upstream of the transcriptional start
site (TSS) on the DNA (the promoter region) and include core promoter elements,
and upstream activating and repressing sequences [33, 84, 85]. Upstream activating
sequences are similar to enhancers in higher eukaryotes, except that enhancers are
commonly found both upstream and downstream of the TSS [33, 84, 85].

Important cis-elements are found in the core promoter region which integrates
upstream signals to initiate transcription. These include the initiator element (defin-
ing the TSS) and the TATA box (binds TBP), usually found between 40-120 base
pairs (bp) upstream of the TSS [96]. Less than one fifth of yeast promoters contain

a TATA element in the core promoter; the rest are TATA-less and generally display
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CRE CRE poly(dA:dT) | | CRE TATA Gene
500 -100 40 O
UAS/URS Core
Promoter

Figure 1.1: Trans-factors and cis-elements important for transcriptional initiation. TF
= transcription factor, CRE = cis-regulatory element, TBP = TATA-binding protein,
CMP = chromatin modifying protein, T'SS = transcriptional start site, UAS/URS =
upstream activating sequence/upstream repression sequence.

more constitutive activity [33].

Other cis-elements include upstream activating and repressing sequences. These
sequences include binding sites for TFs called cis-regulatory elements (CREs). Acti-
vating sequences also include long poly(dA:dT) tracts that prevent repressive chro-
matin structures [21, 42, 74, 81, 101]. CREs are typically found between 100-500
bp from the TSS [35]. Based on the number and identity of CREs, different pro-
moter architectures exist, ranging from single motif promoters where one TF binds
to one CRE to influence downstream expression, to complex co-regulated promoters

involving regulation by multiple TFs binding to multiple sites [35].

1.1.1 Binary and higher order TF-CRE interactions

When a TF binds to a CRE, it may affect downstream expression on its own (binary
interaction) or in a higher order manner. Binary interactions include one bound
TF interacting directly with the general transcriptional machinery, recruiting co-
factors or inhibiting the binding of trans-factors [5, 10, 33, 37, 73]. Co-factors include
co-activators, which recruit the general transcriptional machinery to the promoter,

and co-repressors, which exert their effects by modifying the chromatin (nucleosome
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position and histone state) so that the general transcriptional machinery cannot bind
to the promoter [33]. These interactions are binary in that any effects on transcription
can be attributed to the binding of one TF to one CRE. A higher order interaction
is defined when the interaction of multiple TF molecules (same or different) with
each other, with co-factors or with the general transcriptional machinery leads to
additional effects on transcription that are not available to a TF-CRE combination

on its own [10, 25, 37, 49, 50, 59, 62, 63, 70).

Higher order interactions between one TF and multiple CREs are well-documented.
Repression of the Lac operon in E. coli [62, 63] is a classic example illustrating this.
The Lac repressor (LacR) binds to two palindromic operators simultaneously, forming
a tetramer. A central operator (O1) with high affinity for LacR interacts with O3 or
02 (weaker operators located ~100 bp upstream and 400 bp downstream of O1, re-
spectively) forming a DNA loop. The DNA loop, which requires O1, acts to increase
the local concentration of repressor molecules, making it more likely that weak oper-
ators will become occupied. Repression of transcription is therefore increased beyond

what would be expected if the Lac-bound operators were acting independently [62].

Thermodynamic models of transcriptional regulation [5, 6, 10, 25, 31, 37, 78§]
provide a mathematical framework for understanding how much transcription occurs
based on binary and higher order TF-CRE interactions. To create a model that
closely matches experimental data, the concentration of TFs along a promoter must
be accurately estimated. This is related to the binding affinity of the TF for the
sequence and the environmental condition [35] if the interactions of TFs with the
DNA are binary in nature, but higher order interactions change the concentration
of TFs in unexpected ways, as seen above [62]. Therefore, identifying their presence

helps to improve predictability.

Gertz and colleagues [31] created a library of synthetic promoters and used the
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thermodynamic model in [10] to estimate parameters describing the strength of bi-
nary and higher order TF-CRE interactions. They found that the yeast transcrip-
tional repressor Migl engaged in binary interactions with two Migl-specific CREs
that resulted in different levels of transcription due to differences in Migl binding
affinity. Strong and weak Migl CREs also interacted in a higher order cooperative

manner to create the same amount of repression as two strong sites [31].

1.1.2 Physical mapping of TF-CRE interactions

To gain additional insights into transcriptional regulation that may not be captured
in a synthetic promoter environment, it is necessary to investigate TF-CRE interac-
tions in their native context. Prediction of TF concentrations from native promoter
sequence often starts with identifying which TFs physically bind to the promoter,
where they bind and when [78]. The physical presence of TF-CRE interactions can
be mapped with high throughput technologies involving chromatin immunoprecip-
itation (ChIP). For example, ChIP-on-chip [35], ChIP-seq [65] and mCHIP [52]
have been used to dissect where and when hundreds of proteins bind in the yeast
genome. Performing ChIP involves cross-linking TFs to the DNA under different
environmental conditions, sonicating the chromatin into small fragments and eluting
the tagged protein and the DNA physically bound to it with an antibody [65]. The
cross-linking is then reversed, and the samples are separated into protein and DNA
extracts. mCHIP is a modified ChIP protocol, where gentler sonication is used so
that chromatin remodeling factors and other co-factors interacting with the TF at the
promoter are not dislodged. These proteins are eluted along with the TF and mass
spectrometry can be used to identify all the proteins interacting with the tagged TF

at the promoter [52].

As for the DNA eluted from the ChIP procedure, variations on PCR are used to



amplify the sequences bound by the TFs and the products are either hybridized to
a microchip containing DNA spots from locations in the genome (ChIP-chip) [35] or
are sequenced directly by next generation sequencing (NGS) (ChIP-seq) [65]. The

latter allows identification of precise TF binding site locations.

The dissection of where and when a TF binds a CRE is important for establishing
the potential for regulation. However, the transcription level from promoters contain-
ing CREs for these TFs is not typically measured in ChIP experiments. Thus, it is
not known which TF-CRE interactions contribute to downstream expression under
a specific environmental condition. Therefore, to gain insight into how cells control
and coordinate gene expression, we must decipher the functional impact of TF-CRE

interactions that have been physically mapped.

1.1.3 Functional mapping of TF-CRE interactions

The functional effect of a biological component (TF or CRE) on gene expression is
commonly deduced by measuring a significant phenotypic effect upon its mutation
or ablation (perturbation) (e.g. [63]). The process of perturbation and subsequent
phenotype measurement is referred to here as a functional genetic analysis. For large
scale functional genetic analysis of many components, a high-throughput approach
like the synthetic genetic array (SGA) [89, 90] can be used. Here a query strain is
mated with a library of deletions to determine which deletions impact a trait.
Historically, many different traits have been used as a phenotypic readout for dele-
tions [95]. Two examples of univariate, quantitative traits are fitness [3, 55, 89, 90] and
reporter expression. Reporter expression can be measured by first fusing a promoter
(containing CREs) or gene (encoding a TF) of interest to a fluorescent protein like
green fluorescent protein (GFP), and measuring fluorescence by flow cytometry [68]

or another fluorescence imaging technique [46].
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To identify interactions, the effect of individual component deletions are compared
to the effect of combinatorial deletion. If the combined deletion leads to an unex-
pected effect given the individual deletions, an interaction between components is

identified [55, 63, 89, 90].
Neutrality models help to quantitatively identify interactions

Identifying interactions between components becomes consistent with a formal
definition of what we expect given that there is no interaction. Independence can
be defined by various neutrality functions (null models) [29, 55]. Two such functions
are additive and multiplicative. The additive model was originally used to explain
genetic interactions, and this model was favoured simply for its statistical tractabil-
ity [69]. The multiplicative model was used later by population geneticists because
it was observed that when two genetic loci have multiplicative fitness, they evolve
independently of one another [69]. It has been suggested that certain traits may be

better suited for one independence model over another [69].

For a pair of components and a univariate, quantitative trait, the additive neutral-
ity function predicts that the trait observed after deleting both components will be
equal to the sum of effects caused by deleting each component individually [29, 69].
The multiplicative neutrality function predicts that the effect of deleting both compo-
nents is equal to the multiplication of individual effects [29, 55, 69]. Using A Pred and
MPred to indicate additive and multiplicative neutrality predictions, respectively, x
to refer to one component and y to refer to the other, the trait of the double mutant,

T, in the absence of an interaction, is expected to be given by:

Apred(Ty,) =T, + T,
(1.1)
Mpred(Ty,) =T, x T,,.

Deviations from neutrality can be positive (greater than expected) or negative

7



(less than expected). Thus, interactions may be classified simply as positive or nega-
tive [69]. However, interactions are often classified using a plethora of other descriptive
terms [69]. To choose terms that make no assumptions about the beneficial or detri-
mental effects on the cell, positive interactions (greater than expected deviations) can
be called synergistic [55] or cooperative, and negative interactions (less than expected

deviations) can be called antagonistic.

There are a couple of other interaction classifications that are useful regardless of
the trait or components contributing to it. Extreme synergistic interactions may result
in synthetic lethality [89], where cell death and lack of trait measurement is the ulti-
mate response. This indicates that the two deleted components may function within
partially or fully redundant parallel pathways mediating an essential process [90]. In
other cases, interactions between two components can be further classified as epistatic.
“Epistasis” is sometimes used interchangeably with “genetic interaction” [69], but also
refers to a case where deleting one of the two genes has an effect only when the other
gene is present [68]. The effect of this gene is completely masked in the double mutant
because the trait matches the effect of deleting the other gene. Epistatic interactions
suggest that one gene requires the other gene for its function, indicating that the two

genes may be in the same pathway [2, 68].
Limitations of neutrality models

Application of the additive and multiplicative neutrality models to a particular
dataset to identify interactions will be limited by the quality of the data. This is a
result, in some cases, of the sensitivity of the approach used to collect the data. In
particular, if the predicted trait cannot be accurately measured, then deviations from

that prediction are likely and interactions will be falsely identified.

For example, Mani and colleagues [55] observed that when single component dele-

tions had a minor impact on the trait (growth rate in this case), the multiplicative
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and additive definitions were equally conservative in the number of interactions they
identified. However, when single mutants decreased the trait substantially, the ad-
ditive definition was less conservative in that it had a tendency to identify positive
interactions between two genes. Specifically, summing the growth rates of the single
mutants sometimes resulted in an prediction of negative growth. This prediction was
meaningless for growth rate calculations that could not account for negative growth.
In these cases, any double mutant that grew would signify a greater than expected

deviation, and interactions were falsely identified [55].

Based on thermodynamic considerations, the simultaneous independent interac-
tion of two activating TFs with the general transcriptional machinery leads to a mul-
tiplicative effect on transcription [5, 25, 37]. However, Bintu and colleagues [5] found

no justification that the combined function of two repressors can be multiplicative.

Each null model suffers from its own set of limitations. Therefore, interactions
that are identified under multiple null models are less likely to be an artifact of those

limitations.

Applications of additive and multiplicative models for identification of

interactions

The additive and multiplicative neutrality models have been applied to the func-
tional genetic analysis of biological components to identify interactions. A common
application after perturbing components and measuring trait values is to calculate
synergy factors. A synergy factor is simply a measure of the deviation from a neu-
trality model normalized to the expected trait when no interaction is present. For
example, [56, 66] calculated synergy between two interacting TFs or protein domains

given the null expectation of additivity. The synergy factor (SF) was:

SF =T(TF1+ TF2)/T(TF1) + T(TF2), (1.2)

9



where TF1 and TF2 represented the effect on the measured trait 7" attributable
to each TF or protein domain. Effects were measured as positive deviations relative
to a control strain. Values significantly greater than 1 were considered indicative of
synergy between the two TFs or protein domains [66].

Synergy factors were also calculated as a deviation from multiplicative neutrality
in [3, 50]. The basic equation used in [50] to measure synergy between pairs of yeast

repressor TFs is given below:

SF =T(TF1+ TF2)/T(TF1) x T(TF2), (1.3)

where TF1 and TF2 were the positive effects, relative to control, of each TF on
the measured trait, 7' [50].

The synergy factors in (1.2) and in (1.3) are limited to identifying interactions
between two components, which poses a problem when investigating higher order
interactions, for example between a TF and two or more of its CREs. In contrast,
multiple linear regression [14] provides a framework to identify interactions involving
any number of components (variables). A multiple linear regression model [51, 68]
predicts a measured trait (Y;) by adding the impact of predictors, i.e., variables and
variable combinations, to a baseline trait (). Formally, the regression equation can

be written as follows:

Y = Yo + Bixir... + Bpzip + €, (1.4)

where z;;...2;, are the different combinations of predictors, the 8 coefficients are
the magnitude of the effect attributable to each predictor, 7 is the number of mea-
surements, and € is the error term. The error term is basically the amount of variance
in the trait that cannot be accounted for by the predictors and Y. A (8 coefficient of

a specific magnitude and sign is estimated for each predictor based on the measured

10



trait. Regression estimates the subset of predictors that best predict the trait as those
that have a coefficient that significantly deviates from zero (a predictor whose coeffi-
cient does not deviate significantly from zero has a statistically insignificant effect on

the measured trait).

Like the synergy factor, multiple linear regression has been used to identify inter-
actions between two variables [51]. This application involved identification of non-
additive interactions between pairs of nucleotides within a CRE [51]. Expression
values were measured from promoters containing a 52 bp CRE with single or double
nucleotide substitutions. For each pair of nucleotides, two regression models were
compared to see which one fit the double nucleotide expression data better. In the
first case, the model predicted expression of the double mutant by adding the effects
of each individual deletion to the wildtype trait. The second model included an in-
teraction term. In a number of cases, the model with the interaction term predicted
the observed effect of the double deletion better, indicating a non-additive interaction

between the two nucleotides.

Multiple linear regression has also been applied to analyze interactions between
more than two variables [68]. In this application, three Boolean variables were ex-
amined: an inducing signal (s) could be either ON or OFF, and each of two TFs (z
and z) could either be present or absent (deleted). The downstream gene was fused
to a fluorescent reporter gene and log2-transformed mean reporter protein expression
values (fluorescence intensity values measured using flow cytometry) were collected
for strains with all combinations of TF deletions (z, z, and both z and z) and under
both signal conditions. Multiple linear regression was then used to identify which
variables and interactions significantly contributed to trait variability. A significant
interaction term between two variables in the model was defined as a deviation from

multiplicative neutrality. This was because adding two log2-transformed expression

11



values is the same as multiplying them on the linear scale. A significant interaction
between z and z for example meant that the effect of deleting both z and z on re-
porter expression could not be accounted for by multiplying the effects observed by

deleting each individually.

The regression equation used in [68] is given by:

Y(s,2,2) =Yy + Bss + o + .2
+ BsuSx + L5252 4 Loz + Bsgasr2

+e,
(1.5)
s=1, if signal is ON,

x, 2 =1, if z,z is/are deleted,

s,x,z =0, otherwise.

This equation is important since it can be extended to analyze the quantitative
functional effects of any number of components by adding additional predictors cor-

responding to individual and combinatorial perturbations.

1.1.4 Research objective

The main objective of my thesis was to investigate how multiple CREs quantita-
tively define transcriptional level (individually and/or combinatorially) in their na-
tive promoter context. To meet this objective, I focused on CREs in the yeast RNRS3
promoter.

The RNRS3 gene encodes a subunit of the highly conserved ribonucleotide reduc-
tase enzyme [44], which is essential for DNA replication and repair in all organisms.
Dysregulation of this enzyme leads to increased mutation rates in yeast [12], a leading

contributing factor to the hallmarks of cancer [34].
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An important regulator of the RNRS promoter, Crtl [40], is part of a conserved
family of winged-helix proteins called RFX [27]. RFX proteins are found to vary-
ing extent throughout the eukaryotic kingdom [16, 40]; mammals including humans
have seven identified proteins, whereas C. elegans and S. cerevisiae have only one.
The budding yeast RFX protein is named by the phenotypic effect of its deletion,
constitutive rar transcription [103], and is referred to throughout this thesis as Crt1.

The RNRS3 gene has low basal expression and is induced highly in the presence
of DNA damage [44]. Tight repression is assumed to occur via binding of Crtl to
three conserved X-box CREs identified in the promoter region [40]. Crtl recruits the
co-repressor complex Ssn6-Tupl [40], which alters the chromatin structure and blocks
RNRS3 transcription [53]. Upon DNA damage, Crt1 becomes phosphorylated via the
conserved DNA damage checkpoint pathway [26], which leads to dissociation from the
X-boxes and de-repression of the promoter [40]. The RNRS3 promoter has the most
identified X-boxes of all the RNR genes, making it ideal for studying combinatorial

transcriptional regulation by multiple CREs.

1.2 Rationale

The X-boxes in the RNRS3 promoter were initially identified by Huang and col-
leagues [40], who also characterized the functional role of their interaction with Crt1
on RNRS transcription. This characterization involved a functional genetic anal-
ysis. Each X-box was mutated at two positions known to be important for Crtl
binding. Certain X-boxes were also mutated combinatorially. Additionally, the ef-
fect of deleting Crtl on RNRS transcription was compared to the effect observed
after perturbation of both Crtl and the X-boxes. However, the functional genetic
analysis in [40] was not systematic, meaning that not all possible perturbations were

performed. I wanted to expand on previous work by systematically investigating how
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Crtl and the three X-boxes combinatorially affect RNRS3 expression.

1.2.1 Hypotheses

Examining the results from the Huang study [40] allowed me to generate two testable

hypotheses:
Hypothesis 1:

There are higher-order Crtil-mediated interactions between X-boxes
in the RNR3 promoter.

The mutation of each X-box individually resulted in a small increase in expression
compared to no mutations, but the mutation of all three resulted in a much larger
increase than would be expected by simply adding or multiplying the effects of the
individual mutations [40]. This suggested higher-order synergism between the three
X-boxes defined under both the additive and multiplicative models, but since only
certain combinations of sites were mutated, it was not known how much the untested

combinations contributed to the interaction.

I also expected higher order Crtl-X-box interactions based on the evidence for
higher order RFX-X-box interactions in higher eukaryotes [16, 20, 27]. Although
there are differences in the functions performed by RFX protein family members
between higher and lower eukaryotes [16, 30, 40, 47, 76], conservation of protein
domains is one indication of conserved regulatory mechanisms. Some RFX proteins
are known to dimerize via a structurally and functionally independent domain in
the C-terminus [24, 76]. Independence between the processes of DNA binding and
dimerization allows these proteins to bind as monomers to non-palindromic X-boxes,
and then to dimerize, likely by looping of the intervening DNA [76]. The ability for
an RFX dimer to simultaneously contact distant sites would have a cooperative effect

similar to the binding of Lac dimers to distant operators. There is homology between
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the C-terminus of Crtl and that of dimerizing RFX proteins [24].

Additionally, I expected conserved regulatory mechanisms based on the similarities
in the orientation and arrangement of upstream regulatory sequences between higher
eukaryotic X-box-containing promoters and the RNRS promoter. Like the X-box
containing Class II DRA promoter [17], the RNR3 promoter has two X-boxes 5’ to
a third X-box which are inverted in orientation [40]. Both promoters also have a
poly(dA:dT) tract directly upstream of an X-box [15, 17].

Hypothesis 2:

The effects of the X-boxes are mediated solely by Crti.

This hypothesis came from the observation that in the absence of Crtl, mutating

all three X-boxes did not impact expression [40].

1.2.2 Approach

Functional genetic analysis of Crtl and X-boxes

To test my two hypotheses, I systematically perturbed four variables (Crtl and
each of the three X-boxes) and measured the effect of these perturbations on a trait:
transcription from the RNR3 promoter quantified by the green fluorescent protein

(GFP) reporter. My approach involved three steps:

1. Systematic perturbation of Crtl and X-boxes in RNR3 promoter

I constructed and validated all possible RNRS3 promoter variants in strains

where the Crtl gene and/or the three X-box elements had been eliminated.

X-boxes were eliminated because I wanted an approach that ensured elimination
of Crtl binding. In the Huang study [40], the three X-boxes were mutated at
two of 13 nucleotide positions. Since mutation of other X-box nucleotides was
also found to reduce Crtl binding [40], mutating the two nucleotides may not

have abolished Crtl binding and the functional impact of the corresponding
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TF-CRE interaction may only have been partially captured. To eliminate the
X-boxes, [ wanted to use replacement over deletion since the latter would change
the location of adjacent sites relative to the start site. Positional effects on

transcription are known to occur upon deletion of as little as 10 bp [18, 79].

I also wanted to use an X-box replacement approach that would allow for in-
vestigation of the level at which cooperativity occurred and the quantitative
impact of the factor concentration on transcriptional level. If I identified higher
order synergistic interactions with my approach, they could in principle occur
at several levels - a Crtl dimer could interact with multiple X-box elements, or

cooperativity could occur at the level of the Crtl-recruited co-repressor Ssn6.

I therefore decided to first replace the 13 bp X-boxes with the 19 bp operator
sequence for the bacterial Tet repressor [23]. The rationale was that I could build
on previous work by another student in our lab (Daniel Jedrysiak) who created a
synthetic system where the bacterial Tet repressor (TetR) sequence was fused to
the sequence for Ssn6, and the concentration of this TetR-Ssn6 fusion protein
was controlled by a f-estradiol inducible promoter (see [43]). In addition to
using this system, we could fuse Crtl to TetR. We could then examine how
much cooperativity Crtl or Ssn6 was responsible for by recruiting each of them
separately to multiple sites in the RNRS promoter. Additionally, we could
examine how the concentration of Crtl was related to the transcriptional level
of RNRS3 in the absence of different X-boxes by titrating TF concentration with

[-estradiol. This would facilitate the development of a thermodynamic model.

. Characterization of trait values from RNR3 promoter variants

I characterized trait values from the different promoter variants by measuring

GFP expression using flow cytometry.
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I analyzed the functional impact of interactions between Crtl and X-box ele-
ments in the RNRS3 promoter using a transcriptional reporter assay where GFP
was expressed from promoters where Crtl and/or the three X-boxes were sys-
tematically eliminated. Our lab has verified that the level of GFP driven from
an integrated RNRS3 promoter correlates well with native promoter mRNA ex-
pression (qQRT-PCR data from Hilary Phenix). I chose the ADE2 locus for
integration because its disruption results in a red colony colour in the absence
of adenine, providing an additional method (aside from drug selection media)

for identifying positive transformants.

3. Quantitative mapping of how Crtl and X-boxes related to trait by

Multiple Linear Regression

I investigated the relationship of the varied components on the trait using a
multiple linear regression approach that expanded on previous analysis of binary

TF-TF interactions in the presence and absence of a drug [68].

I chose to analyze the four variables of interest (Crtl and the three X-boxes)
in one comprehensive regression model. My rationale for this was that inclu-
sion of more variables known to impact the trait would allow for better trait
prediction. I chose multiple linear regression to identify relationships between
the four variables over other approaches like synergy factors [50, 66] because, as
discussed in Section 1.1.3, regression allows for investigation of higher order in-
teractions between more than two variables. Since the additive [51, 56, 66] and
multiplicative [50, 68] neutrality models had each been used in previous studies
to identify interactions, but also had potential limitations (see Section 1.1.3), I
chose to analyze deviations from both models using linear and log2 transformed

expression values respectively.

Based on previous research [40, 53], I initially assumed that the conserved X-box
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elements found within the RNRS promoter established a fairly straightforward mecha-
nism of transcriptional regulation. This mechanism is depicted in Figure 1.2 and takes
into account Crtl its three CREs. No other factors are included because repression
of RNR3 is thought to depend predominantly on X-box-bound Crtl [40]. Conse-
quently, higher order interactions caused, for example, by Crtl itself, by the protein
complexes recruited to the promoter by Crtl, or by subsequent changes in chromatin
structure, should all be detectable through systematic individual and combinatorial
perturbations of Crtl and the three X-boxes. The idea was that the data generated
in these experiments could be used to facilitate the development of a comprehensive

thermodynamic model of RNR3 transcriptional regulation.
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Figure 1.2: A model for Crt1-X-box mediated repression of the RNRS promoter. The
X-boxes located at 383 bp, 321 bp and 272 bp upstream from the transcriptional start
site are labeled u, v and w respectively. The TATA box is located 126 bp upstream of
the start site. A poly(21)T region is located 5 bp upstream of the X-box v. Sequence
information is from [40] and SGD [15]. The simplest model is shown, which is that
Crtl binds independently to each X-box. Only Crtl binding is shown for simplicity.
While other factors are involved in X-box-mediated repression of RNRS3 transcription,
their functions are thought to be dependent on Crtl binding (see text).

19



Chapter 2

Methods

2.1 List of strains

A complete list of yeast strains used in this thesis is given in Table 2.1.

2.2 Functional genetic analysis of Crt1l and X-boxes

2.2.1 Strain construction and validation

The steps for RNRS promoter variant construction are shown in Figure 2.1. To
generate Construct 1 (used to eliminate Crtl), a forward and reverse primer were
designed with 40 bp homology to the region upstream and downstream of the CRT'1
ORF and 20 bp homology to the beginning and end of the URA3 selection cassette.
These primers were used to amplify the URA3 selection cassette from a PRS plasmid.

There were eight variations of Construct 2 (used to measure RNRS promoter-
driven GFP) containing none, one, combinations of two, or all three X-box replace-
ments. Labels u, v and w are used to refer to the X-boxes located respectively 383

bp, 321 bp and 272 bp upstream from the transcription start site (see Figure 1.2).
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Table 2.1: List of Strains. See text for details on strain construction including ex-
planation of constructs and abbreviations. All strains were haploid, and had a ge-
nomic background of: a, b, or ¢. a = YBAI5, a BY4742 (MAT« his3A1 leu2A0
lys2A0 ura3AO0) [9] variant created by Daniel Jedrysiak containing the construct
GAL4::HIS3-GEV. See [57] for details on the GEV construct and uses. b = Y8205,
obtained from Boone lab at University of Toronto. The genotype for this strain was
MATa, canlA ::pSTE2-Sp hish (complements HIS3 deletion), lyplA ::pSTES-LEU2,
his3A1 leu2A0 ura3A0. ¢ = BY4741 (MATa his3A1 leu2A0 met15A0 ura3A0) [9)].

Strain name variants Genomic Genotype
back-
ground

autofl 1 a

wt 1 a ADE2::KAN-pRNR3-GFP

X 1 a CRT1::URAS3, ADE2::KAN-pRNR3-GFP

u 2 a ADE2::KAN-pRNRS3*-GFP, u::Tet operator or u::scrambled sequence

v 2 a ADE2::KAN-pRNRS3*-GFP, v::Tet operator or vi:scrambled sequence

w 2 a ADE2::KAN-pRNRS3*-GFP, w::Tet operator or w::scrambled sequence

uv 2 a ADE2::KAN-pRNR3*-GFP, u,v::Tet operators or u,viscrambled se-
quences

uw 2 a ADE2::KAN-pRNR3*-GFP, u,w::Tet operators or u,w::iscrambled se-
quences

vw 2 a ADE2::KAN-pRNR3*-GFP, v,w::Tet operators or v,w:scrambled se-
quences

uvw 2 a ADE2::KAN-pRNR3*-GFP, u,v,w::Tet operators or u,v,w::scrambled se-
quences

xu 2 a CRT1::URAS, ADE2::KAN-pRNRS3*-GFP, u::Tet operator  or
u::scrambled sequence

XV 2 a CRT1::URA3,ADE2::KAN-pRNR3*-GFP, v::Tet operator or
v::scrambled sequence

XW 2 a CRT1::URA3,ADE2::KAN-pRNR3*-GFP, w::Tet operator or
w::scrambled sequence

xuv 2 a CRT1::URA3,ADE2::KAN-pRNR3*-GFP, u,v::Tet operators or
u,v::scrambled sequences

Xuw 2 a CRT1::URA3,ADE2::KAN-pRNR3*-GFP, u,w::Tet operators or
u,w::scrambled sequences

XVwW 2 a CRT1::URA3,ADE2::KAN-pRNR3*-GFP, v,w::Tet operators or
v,w::scrambled sequences

Xuvw 2 a CRT1::URA3,ADE2::KAN-pRNR3*-GFP, u,v,w::Tet operators or
u,v,w::scrambled sequences

query strain 1 b CRT1::BFP-pACT1-NATMX-pRNRS3-GFP

DMA library strains 370 c FO::KANMX

SGA library strains ~380 progeny CRT1::BFP-pACT1-NATMX-pRNRS3-GFP, FO:: KANMX

(named by FO deleted) of b+c

neutral control strains 3 c HIS3::KANMX or URA3::KANMX or HO:: KANMX

x+Ace2 1 a CRT1::URAS, ADE2::KAN-pRNR3-GFP, ACE2::NATMX

x+Aftl 1 a CRT1::URAS3, ADE2::KAN-pRNR3-GFP, AFT1::NATMX

x+Spt10 1 a CRT1::URA8,ADE2::KAN-pRNR3-GFP, SPT10:: NATMX

x+Met18 1 a CRT1::URA3,ADE2::KAN-pRNR3-GFP, MET18::NATMX

x+Spt3 1 a CRT1::URAS3, ADE2::KAN-pRNRS3-GFP,SPT3::NATMX

x+Spt8 1 a CRT1::URAS3, ADE2::KAN-pRNR3-GFP,SPT8::NATMX

x+Ada2 1 a CRT1::URA3, ADE2::KAN-pRNR3-GFP,ADA2::NATMX

x+Mot3 1 a CRT1::URA3,ADE2::KAN-pRNR3-GFP, MOT3::NATMX

x+Rox1 1 a CRT1::URA3, ADE2::KAN-pRNR3-GFP,ROX1::NATMX

xuvw+Spt3 1 a CRT1::URAS3, ADE2::KAN-pRNR3*-GFP u,v,w::scrambled sequences,
SPT3::NATMX

xuvw+Spt8 1 a CRT1::URAS3, ADE2::KAN-pRNR3*-GFP u,v,w:scrambled sequences,
SPT8::NATMX

xuvw+Mot3 1 a CRT1::URAS8, ADE2::KAN-pRNR38*-GFP u,v,w::scrambled sequences,
MOTS3::NATMX

xuvw+Rox1 1 a CRT1::URAS8, ADE2::KAN-pRNR8*-GFP u,v,w::scrambled sequences,

ROX1::NATMX
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To generate variants of Construct 2 one at a time, the RNR3 promoter was varied
by replacing the X-box(es) with a Tet operator or a scrambled sequence (a and b in
Figure 2.1). The sequence for the 19 bp bacterial Tet operator was obtained from
[23]. The original X-box sequences were scrambled using the function Randperm in
MATLAB. X-boxes u and w were randomly shuffled, and the same shuffled sequence
used for u was used to replace v. This was done to keep the base composition fairly
consistent. Specifically, X-box u differed from X-box w substantially (5 bp differed).
However, X-box u and v only differed by one base (A for u and G for v) at position
six of 13, a position that has not been reported to be important for Crt1 binding [40].
Since it was shown in [40] that changing the last base on the 3" end from a C to an
A resulted in the greatest disruption of Crtl binding, it was made certain that all
shuffled sequences did not have a C at the 3’ end. A summary of the original and

replaced sequences is given in Table 2.2.

In order to replace the 13 bp X-boxes with the 19 bp Tet operators, primers
were designed (with the help of Daniel Jedrysiak) where the operator was added as
an overhang in both directions (Figure 2.2). The distance from the end of each
operator to the transcriptional start site after replacement was kept consistent with
the distance from the end of the X-box to the start site in the unaltered promoter.
This was done to maintain the distance to the transcriptional start site as well as the

distance between different X-boxes. Six additional bp were thus replaced upstream

of each X-box.

The middle X-box was situated directly next to the poly(21)T region. With the
standard primer design, the 5’ end of the reverse primer could anneal anywhere along
the poly(dA:dT) tract. To prevent the primer from annealing improperly, a longer
linker reverse primer (spanning the poly(21)T region and the flanking region) was

designed to replace this X-box along with a standard length forward primer (Figure
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Figure 2.1: Approach for systematic genetic perturbation of Crtl and X-boxes u, v
and w. Construct 1 was used to replace the CRT1 ORF. It contained a URA3 selection
cassette flanked by the sequences CRT1—U and CRT1—D, which were 40 bp long and
homologous to the regions immediately upstream and downstream of the Crtl gene.
Construct 2 was integrated into the ADFE2 locus in strains that had the Crtl gene
intact or replaced with Construct 1. Construct 2 contained different variants of the
RNRS promoter (pRNRS&) driving the expression of GFP as well as a KAN expression
cassette, which contained the Kanamycin resistance gene that enabled selection by
growth on plates with the drug G418. The GFP and KAN expression cassettes were
flanked by two 200 bp fragments that directed integration of the construct to the
ADE?2 locus (the extra long regions of homology are referred to as “landing pads”).
The variants of Construct 2 contained all the possible combinations of the three X-
boxes labeled u, v and w. * indicates the variable component. X-boxes were replaced
using either Tet operator sequences (a) or scrambled X-box sequences (b).



Table 2.2: Summary of X-box replacement elements. TetO = Tet operator replace-
ment approach, Scrambling = Scrambling replacement approach.

Strain Original element Replaced element
TetO

u ctacggttgtcacagcaac tcectatcagtgatagaga
v tegtggttgtegeageaac teectatcagtgatagaga
w aacccggttgecatggega tcectatcagtgatagaga
Scrambling

u ttgtcacagcaac gaacccatatgca

v ttgtcgeageaac gaacccatatgca

w gttgccatggega accatgaggtggt
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TCCCTATCAGTGATAGAGAATTGCGTGCCGTTGTTCTTT

TCTCTATCACTGATAGGGA

GCAGATAACTTGGCTTTTTTTAC

Figure 2.2: Example of primer set used to replace an X-box with the Tet operator

sequence. The red box represents the
represents the sequence complementary

sequence for replacement and the black box
to the DNA to amplify.
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‘ TCCCTATCAGTGATAGAGAGACACCTAGGCGCTGCTCAA

‘ TCTCTATCACTGATAGG GAJAAA‘\AAAA/\A‘\N\A‘\AN\AACAA*\AGAACAAC GGCACGCAAT |

Figure 2.3: Example of primer set used to replace an X-box adjacent to a poly(dA:dT)
region. The red box represents the sequence for replacement and the black box
represents the sequence complementary to the DNA to amplify.

2.3).

The X-boxes were replaced with scrambled sequences using a similar approach
(Figure 2.4).

Each construct for X-box replacement was then pieced together by consecutive
PCR reactions. The RNRS3 promoter variant pieces were first joined to the rest of
the RNRS3 promoter, and then to two other pieces of DNA amplified from other strains
in the lab (ADE2-KAN and GFP-ADE?2) to create a full construct for integration
into the yeast ADE2 locus. PCR reactions were carried out using an authorized
thermocycler and Phusion polymerase enzyme.

After each PCR reaction, the product of interest was separated from non-specific
bands by gel electrophoresis at 90V for 30 minutes on a 1% agarose gel and purified
using a gel extraction kit (BioBasic, Inc. Molecular Biology Kits - EZ-10 spin column
DNA gel extraction kit). Alternatively, the sample was purified directly by using a
PCR clean-up kit (BioBasic, Inc. Molecular Biology Kits - EZ-10 spin column PCR
products purification kit). This was done if the reaction was known to result in a
product with very little non-specific bands. In this case, a small amount of the product

(2 pl) was set aside for size verification by gel electrophoresis. UV visualization of gel
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' TGCATATGGGTTCccgtaggcagataacttggcttittac
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Figure 2.4: Example of primer set used to replace an X-box with a scrambled sequence.
The red box represents the sequence for replacement and the black box represents
the sequence complementary to the DNA to amplify.

bands (by a hand-held light or using an ImageQuant 300 machine and software) was
possible by the use of 2 ul of RedSafe™ nucleic acid staining solution for every 50 ul
gel solution.

After the product of interest had been purified, the concentration of DNA was
measured in ng/pl using the NanoDrop spectrophotometer (ND-1000, Thermo Sci-
entific) from the Blais lab. This was done after each consecutive PCR reaction,
including the final reaction forming the full construct.

The full constructs were then integrated into the yeast genome using the yeast
transformation protocol in [32] to generate the Crtl and RNRS3 promoter variant
strains.

A modification to the amount of DNA was made to the transformation protocol
in [32]. In cases where the construct had 40 bp homology to the integration locus
(e.g. the construct for CRT1 replacement), approximately 1500 ng of DNA was used.
In cases where the construct had landing pads (extra long regions of homology to the
locus for integration, i.e. the construct for ADFE2 replacement), approximately 1000
ng of DNA was used for transformation. Cells were also recovered for up to one day

before plating on selection media.
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The CRT1 deletion was performed first. Then, after confirmation of this deletion
by PCR (see next section), the wild-type promoter construct or constructs with X-box
replacements were introduced to the confirmed Crt1 deletion strain and the wild-type
YBA15 strain. Single CRE eliminations were introduced first, followed by double
eliminations and finally triple eliminations. After each round of transformations and
selection on plates with G418, high yield, high quality genomic DNA was isolated
using the organic extraction protocol in [39]. This protocol produced a high yield of
DNA because cells were grown to a high density in media overnight and the quality
was high due to an enzymatic RNA degradation step. The fragments containing the
X-box deletions were amplified from this genomic DNA and combined by PCR to
generate the constructs for the next round of eliminations. For most strains, three

biological replicates were stored at -80°C in 15% glycerol.
PCR confirmation of Crtl deletion

After transformation of the Crt1 deletion construct and selection on plates lacking
uracil, a few transformants were selected and patched onto separate plates to create
a source for storing at -80°C in 15% glycerol. Genomic DNA was isolated from these
patches using an organic extraction protocol for quick extraction straight from a
colony. This protocol was a condensed version of the high quality extraction protocol
described above [39]. The original protocol was modified by using one tenth of the
amount of each reagent and eliminating the RNA degradation step. CRT1 deletion
was then confirmed by PCR. This involved two sets of primers for two PCR reactions
(Figure 2.5). Amplification of a band with primers that bound inside the URAS3
cassette and downstream of the CRT1 ORF was a positive result for deletion, in
combination with lack of amplification of a band using a primer set that bound
inside CRT'1. Band presence and size for each reaction was determined after 1% gel

electrophoresis at 90V for 30 minutes.
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Figure 2.5: Primer set used to verify replacement of CRT1 ORF with URAS3 selection
cassette. 4+ = positive primer set. Visualization of a product using this set was a
positive result for deletion, - = negative primer set. If the deletion was successful,
visualization of a product using this set was not expected.

Sequencing

Samples were shipped to and sequenced by the TCAG sequencing facility in
Toronto. High quality sequencing data was difficult to obtain when reading prod-
ucts amplified from genomic DNA, so plasmid products were prepared. The RNRS
promoter was first amplified from genomic DNA | integrated into a bacterial A3 (Ampi-
cillin resistance) plasmid backbone, transformed into competent Mach1™ E. coli cells
(available from Invitrogen) and miniprepped.

For the amplification step, primers were used to amplify the RNRS3 promoter with
overhangs for the sequence recognized by the endonucleases EcoR1 and Pstl. The
promoter DNA was digested for one hour with the enzymes. The A3 backbone was
digested for 40 minutes, and was then de-phosphorylated with Antarctic Phosphatase
for 20 minutes. The enzymes were deactivated by incubating the samples at 80°C for
20 minutes. A PCR clean-up (BioBasic, Inc. Molecular Biology Kits - EZ-10 spin
column PCR products purification kit) was then performed on the promoter DNA

sample to eliminate any enzymes that could interfere with the transformation. The
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backbone (/33ng) and promoter (/100ng) were then ligated together with T4 DNA
ligase for 10 minutes at room temperature, and the enzyme was deactivated for 20
minutes at 80°C.

For the transformation step, plasmid preparations (containing the RNRS& promoter
variant amplified from the yeast genome and ligated to the A3 backbone) were added

1™ cells and after half an hour on ice, the cells were heat shocked

to competent Mach
for one minute at 42°C. The cells were put back on ice for 5 minutes, and then allowed
to recover for one hour with shaking at 37°C in enriched SOC media. The resultant
transformed cells were plated onto Ampicillin plates.

The next day, transformants were selected, inoculated into 3 mL Luria Broth
media and incubated with shaking at 37°C overnight. The following day, the sam-
ples were miniprepped using a kit (BioBasic, Inc., EZ-10 spin column plasmid DNA
miniprep kit). Water instead of elution buffer was used to elute the plasmid DNA
during the last step as per the sequencing facility’s requirements (buffers were said to
interfere with sequencing enzyme efficiency). A diagnostic digest was done on each
miniprepped plasmid to ensure that ligation and transformation were successful. The
resultant plasmid DNA was then sent for sequencing at the appropriate concentration

specified by the facility (approximately 200 ng of plasmid DNA in a 7.7 ul preparation

with water and diluted sequencing primer).

2.2.2 Characterization of trait values

Measuring fluorescence of technical replicates by flow cytometry
Seventeen strains were assayed for fluorescence. These were: Autofl (the strain

background used to measure autofluorescence), wt (the strain containing the RNRS3

promoter with no deletions), x (the strain lacking Crt1), and the 14 promoter variant

strains (see Table 2.1). Strains were grown overnight in synthetic media (with double
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the amount of adenine normally used due to deficiency from the ADE2 knockout) to
stationary phase and released in the morning for three or four hours (to ensure at least
one cell division) at an optical density (OD) of 0.04. OD was measured using a Wallac
Victor®™ 1420 multichannel counter plate reader (PerkinElmer) set at an absorbance
wavelength of 600 nm. After growth for three or four hours, cells were diluted 1:7
or 1:10 in the same media. This dilution was to ensure that by four hours later, the
samples would be at an OD indicative of growth in the exponential phase (assumed
to be approximately 0.2 by the method used for measuring OD). Approximately
four hours later, GFP expression was assayed by flow cytometry using a 488 nm
solid state blue laser on the Cyan-ADP 9 flow cytometer from Beckman Coulter.
Expression values were either collected by tubes or by 96 shallow well plates using a
HyperCyt® Plate Loader (Intellicyt, Beckman Coulter) sampling robot connected
to the flow cytometer. Testing the samples in plates allowed for more rapid data
collection, whereas testing the samples in tubes ensured that a consistent number of

events was collected for each sample.

The samples were diluted 1:10 in non-sterile water or buffer (phosphate-buffered
saline (PBS) or sodium citrate buffer) immediately prior to collection of fluorescence
measurements. In cases where tubes were used, 30,000 events were collected per
sample. In cases where plates were used, a constant sip time was used, resulting in a

minimum of 3,000 and a maximum of 15,000 events per well depending on the strain.
Measuring fluorescence of biological replicates by flow cytometry

Three biological replicates from each strain (with the exception of autofl, wt, x,
and xuvw, where only a single colony was available) were picked and grown overnight
in synthetic media. In the morning, the cells were released to an OD of 0.05 for three
hours and GFP expression was assayed via a 96 well plate with the robot connected

to the flow cytometer. The minimum number of events collected per well was 21,556
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and the maximum was 44,397.

Converting fluorescence data to plots of mean expression values

The raw fluorescence data collected from the flow cytometer was either a series of
flow cytometry standard (fcs) files (one for each sample) when samples were collected
in tubes, or a large fcs file containing all samples when a plate was used. After running
a plate, the file was separated into one file for each well using the Hypercyte®) soft-
ware for the sampling robot. The mean expression values were then extracted from
the raw data in these individual sample files using a series of customized MATLAB
scripts. See Appendix A for details.

After obtaining expression values, MATLAB scripts were designed with the help
of Hilary Phenix and Nezar Abdennur to load the data file, combine replicate data,
and plot bar graphs of mean linear GFP expression over multiple experiments using
the function Errorbar in MATLAB. Alternatively, plots were generated directly from

raw data using another set of customized MATLAB scripts (see Appendix A).

2.2.3 Data analysis

Multiple linear regression model
The regression model used to capture and quantify single variable influences and

interactions between all combinations of variables is shown below:

Y(z,u,v,w) =Yy + Bex + Buu + Syv + Bpw
+ Buott + BoupW + Byt + Byypuvw
+ Bru®U + Buyxv + Bryprw

(2.1)

+ BruvTut + BrowTW + BrywTuw + BryvwTuvw + €,
ryu,v,w=1, if z,u,v,w is/are deleted,
r,u,v,w =10, otherwise,
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where Y indicates the trait, z is Crt1, and u,v and w are the three X-boxes. Trait
values were linearized to test an additive null model, and subsequently converted to

the log2 scale to test a multiplicative null model.
Model implementation

Linear expression values were first extracted from MATLAB. Autofluorescence was
then subtracted from each mean expression value. To obtain the log2 transformed
values, the expression values minus autofluorescence were log2 transformed using the
command log2(z) in MATLAB. Autofluorescence was eliminated on a linear scale
before log2 transformation because it was unclear how ratios could be interpreted
in a regression analysis (ratios relative to autofluorescence would be obtained by

subtracting log values).

The regression analysis was then performed on the resulting values. Linear re-
gression was performed using the function Regstats in MATLAB. The y variable was
a single column of expression values (linearly or log2 transformed) for each promoter
variant over three separate experiments. The z variable was an n by p matrix, with n
being the number of expression values and p being the number of predictors. For the
expression value associated with each promoter variant, ones and zeros were assigned
to each predictor according to the variables deleted in that particular strain. The y
variable was then regressed against the z variable. The Regstats function outputs a
series of statistics based on what the user specifies. The output selected in this case
was t-stat, which includes the 3 coefficient values, their t-tests, and p-values. The
p-value was for a t-test of whether the § coefficient was significantly different than 0.

Significant predictors were identified at a p-value of < 0.05.
Diagnostic plots

The following diagnostic statistics were extracted using the Regstats function in

MATLAB: yhat (fitted values of the trait data) and sres (standardized residuals).
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Plots were generated using two functions in MATLAB. The first plotting function
used was qqplot(z), where z was sres. This function compares values to a theoretical
normal distribution. The second plotting function was scatter(z,y) where z was yhat

and y was sres. This function creates a scatter plot of the data points in z and y.

Identifying, quantifying and characterizing interactions

Interactions were identified by a significant p-value, quantified by the magnitude
of the 8 coefficient, and characterized based on deviations from neutrality as shown
in Table 2.3. Significant predictors u, v or w indicated important binary TF-CRE
interactions and significant predictors uv, vw, vw or wvw indicated higher order TF-
CRE interactions. Significance of these terms when x was deleted further indicated
that the sites or interactions were important when the TF was absent. Higher order
interactions containing more than two variables which had opposing effects were not

characterized.

Interactions were further characterized based on significance under multiple null
models as shown in Table 2.4. Regardless of characterization, significance under both

null models indicated an important interaction.

T-tests

Expression values were first corrected for autofluorescence. Independent-sample t-
tests were conducted in MATLAB at an alpha level of 0.05 using the function Ttest2,
a function that calculates a 2-tailed t-test for comparing two means. Equal variances
between the means were not assumed. The p-values were not corrected for multiple

comparisons.
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Table 2.3: Characterization of interactions using multiple linear regression: example
for two variables x and u. D = deviation (positive + or negative -)

Sign of fx Sign of fu Sign of fxu D Type of interaction
+ + + + Synergistic

- - - + Synergistic

+ + - - Antagonistic

- - + - Antagonistic

- - -

+ - -
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Table 2.4: Further characterization of interactions using multiple linear regression:
example for two interacting variables  and u. D = Deviation (positive 4 or negative
-), A = additive model, M = multiplicative model.

D under A D under M Type of interaction Important interaction
+ Greater than additive
- Less than additive
+ Greater than multiplicative
- Less than multiplicative
+ + Synergistic
+ - Greater than additive, less
than multiplicative
- + Less than additive, greater
than multiplicative
- - Antagonistic

NN

2.3 Synthetic genetic array

2.3.1 Library construction

General approach

The general approach for SGA library construction from the query strain and
deletion mutant array (DMA) library is given in Figure 2.6 and based on [90]. The
DMA library was first condensed from four 96 well plates to 384 density agar format
so that the whole library would fit on one plate. The query strain (modified from the
standard by deleting Crt1) was then mated with the DMA library on YPD agar, the
diploids were pinned onto enriched sporulation (SPO) agar and were subsequently
incubated at 25°C for eight days. After confirming the presence of tetrads for four
random strains under a light microscope, the sporulated cells were subjected to sev-
eral rounds of selection to select for haploid cells containing both Crtl and DMA

mutations.

Standard query strain
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Query DMA library

CRT1:pACT1-BFP
-NATMX-pRNR3-GFP

FO:: KANMX

diploids

YPD agar

l

SPO plate

l

haploids

haploid selection

Figure 2.6: General approach for synthetic genetic array (SGA) library construction.
Adapted from [90]. FO refers to a factor ORF with a GO annotation for transcription.
Each rectangle represents a 384 density agar plate. The query strain (modified from
the standard, described in more detail below) was mated with each deletion mutant
array (DMA) library strain on YPD agar, and the resulting diploids were sporulated
on sporulation (SPO) agar. These sporulated strains were then subjected to several
rounds of haploid selection to select for haploid cells containing both the Crtl and
FO mutations.

The standard query strain, Y8205, was obtained from the Boone lab at the Univer-
sity of Toronto (see Table 2.1). It contained two modifications that enabled selection
of the correct MATa haploids after mating and sporulation [90]. First, deletions at the
CAN1 and LYP1 loci prevented the drugs canavanine and thialysine from entering
and killing the cell. Therefore, selection on this drug media should have eliminated
any cells with the CANI and LYP1 genes (diploids would contain a copy so this

selected for haploids).

Second, the CAN1 gene was replaced with a MATa specific promoter (pSTE2)
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driving expression of HIS5 and the LYP1 gene was replaced with a MAT«a specific
promoter driving LEU2 [90]. Only MATa cells should have expressed HIS5, which
would allow growth on plates lacking the amino acid histidine. MAT« cells should

have repressed the expression of HISS, and expressed LEU2 instead [90].
Modification of the standard query strain

The construct introduced to the standard query strain is shown in Figure 2.7.
This construct was designed to simultaneously introduce the RNR3-GFP promoter-
reporter and eliminate the Crtl gene. To generate this construct, a forward and
reverse primer were designed with 40 bp overhangs to the regions upstream and
downstream of the CRT1 ORF, and 20 bp homology to the beginning and ends of a
dual colour promoter-reporter construct generated by Hilary Phenix. The dual-colour
promoter-reporter construct contained the RNRS promoter fused to the sequence for
GFP and the constitutive ACT1 promoter fused to the sequence for blue fluorescent
protein (BFP). This constitutive promoter-reporter was used so that strains showing
abnormal increases or decreases in constitutive reporter expression relative to others
could be eliminated. The dual colour promoter-reporter construct was amplified
from a plasmid obtained from Hilary Phenix using the designed primers with Crtl

overhangs, resulting in the complete construct.

The construct was integrated into the standard query strain using the yeast trans-
formation protocol discussed previously [32]. The correct location and functionality
of the integrated construct after yeast transformation was verified via flow cytome-
try. Since deletion of Crtl causes constitutively high RNRS expression [40] and BFP
was driven by a constitutive promoter, increased GFP and BFP fluorescence rela-
tive to an autofluorescence control indicated correct location and expression of the
construct. Three transformants tested showed between 49-55-fold increase in GFP

expression relative to the autofluorescence control, which was similar to the deletion
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ICRT1-U

BFP < pACT1]NATMX [pRNR3™>{ GFP [crr1-0

Figure 2.7: Construct used to modify the standard SGA query strain. CRT1—U and
CRTI1—D refer to 40 bp regions of homology immediately upstream and downstream
of CRT1. pRNR3 = RNRS3 promoter sequence, GFP = sequence for green fluores-
cent protein, pACT1 = ACTI promoter sequence, BF'P = blue fluorescent protein
sequence, NATMX = expression cassette that conferred clonNAT resistance.

of Crtl with the URAS3 cassette in strain x (53-fold). BFP levels were also increased
between 31 and 32-fold compared to autofluorescence, indicating functionality of the

constitutive promoter-reporter.
Specifics of the deletion mutant array library

The DMA library was derived from a combination of genes from the strain li-
brary of 6,000 yeast ORF knockouts (ORFs deleted by replacement with KANMX
resistance) and the decreased abundance of messenger RNA perturbation (dAmP)
library for essential factors (ORFs knocked down 4-10 fold by adding the KANMX
gene immediately after the ORF). Both libraries are available from Open Biosystems
but were obtained from the Baetz lab. The DMA library was constructed by Hilary
Phenix. 370 factor ORFs (FOs) encoding factors with GO annotations for transcrip-
tion were chosen. The DMA library was spread over four 96 well plates, leaving 14
empty wells. To some of these empty wells, one of three neutral control strains (gen-
erated by Hilary Phenix) were added. In these strains, a neutral gene (HIS3, URAS3
or HO) was replaced with KANMX. These replacements were not thought to affect

transcription of the reporter construct.
Specific approach

To select for MATa haploids with the Crtl and the DMA mutations after mating
and sporulation, agar media was used with the drugs G418 and clonNAT (to select for
KANMX and NATMX respectively), canavanine and thialysine (to select for haploids)

and a lack of histidine (to select for MATa cells). All steps in generating the SGA
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library were performed using a RoTor HDA pinning robot (Singer Instruments). Solid
(agar) pinning steps were carried out on RoTor Plusplate(© dishes and liquid steps

were carried out in 384 shallow well plates.

2.3.2 Solid phase testing protocol

A solid phase testing protocol developed by Hilary Phenix was used. The library of
mutant promoter-reporter strains to be tested was thawed from -80°C and pinned to
YPD + G418 agar. The spotted cells were grown for two days at 30°C. The cells were
then pinned to synthetic complete media agar and grown in the same conditions for
16 hours. Following this, the cells were pinned to 50 ul of citrate buffer and diluted
again approximately 1:10 to achieve an appropriate cell density for flow cytometry.
Fluorescence (BFP measured from the 405 nm laser and GFP measured from the 488
nm laser) was assayed using a 384 shallow well plate and the sampling robot connected
to the flow cytometer. This procedure was repeated on three different occasions to

obtain replicate data in triplicate.

2.3.3 Statistical analysis

Z-test for outliers

Mean linear GFP fluorescence values were first normalized to the BFP signal.
Z-scores were then calculated for each SGA strain based on the normalized mean of
the sample population (each strain’s GFP fluorescence distribution amalgamated over
three technical replicates) and an estimated control population of normalized medians.
A Bonferroni adjusted p-value of < 0.01 divided by 367 (the number of strains for

which data was collected) (p <2.72x107°) was used to preliminarily identify hits.
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2.3.4 Validation

Re-streaking

Spotted colonies from the master plate were dabbed with a pipette tip, re-streaked

onto agar plates, and incubated for one to two days at 30°C.

YPD+G418+clonNat agar plates: Even with the additional round of haploid se-
lection, spots could have been a mixture of different types of cells, some being an
inappropriate genotype that were able to grow on top of other cells and survive se-
lection. Re-streaking onto plates with both drugs ensured that selection cassettes for
both gene deletions were present and functional. If strains that were streaked from the
master plate grew on these plates, this indicated that the strains had both KANMX
and NATMX resistance cassettes. The strains selected for re-streaking were: Ace2,

Aftl, Ckbl, Spt10, Spt3, Sfpl, Spt8, Mot2, Ada2, Mot3, and Rox1.

SM-His and SM-Leu agar plates: These plates took advantage of the mating type
specific promoters in the standard query strain [90] discussed earlier. Since the correct
MATa haploid would express the Sp-his5 cassette, the strains should have been able
to grow on -His plates. The incorrect MAT« strains should have expressed LEUZ,
allowing them to grow on -Leu plates. Thus, the correct strains should have grown
on -His and not on -Leu. Strains selected for re-streaking onto -His and -Leu plates
were: Spt10, Spt3, Spt8, Mot2, Ada2, and Rox1.

PCR confirmation

CRT1 deletion with NATMX was confirmed first because all strains should have
had this deletion, enabling the same primer set to be used for all confirmations.
Genomic DNA was isolated from strains directly from the master plate or from a
re-streaked plate using the protocol for quick preparations discussed earlier. PCR
reactions were then performed with two sets of primers to test for CRT1 deletion

(Figure 2.8). The first primer set was designed so that the forward primer bound
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inside of GFP and the reverse primer bound downstream of CRTI. A band of the
correct size using this primer set was a positive result for CRT'1 deletion. The other
primer set was the same set used to verify CRT1 replacement with URAS3: designed
so that the forward and reverse primer bound inside of the CRT1 ORF. A band
using these primers indicated that CRT1 was still present. Thus, CRT1 deletion
was validated when input DNA from the same strain was amplified in the positive

reaction, and not in the negative one.

Once CRT1 deletion was confirmed, the KANMX-associated mutation was con-
firmed. For confirmation of these mutations, the forward primer for the positive
reaction bound inside the KANMX cassette and the reverse primer bound down-
stream of the factor ORF (Figure 2.8). For the negative reaction, the forward primer

bound inside the factor ORF and the reverse primer bound downstream.
Mating experiments

Selected SGA library strains were re-streaked from the master plate and were
mated with a MATahisl- tester and MATahisl- tester strain (obtained from the
Baetz lab) on minimal synthetic media agar plates lacking 6 amino acids (SC-6). The
protocol used was modified from the original mating test protocol in [92]. Since the
tester strains were lacking histidine, they could not grow on their own on minimal
media. Additionally, the SGA strains were all missing the URAS gene and could not
grow on minimal media. If the tester strains mated with the SGA strains, the missing
amino acids would compliment each other and the resulting diploids would be able to
grow on the SC-6 plates. The mating experiment was performed so that the testers
were streaked down the left and right length of the plate and the SGA strain was
streaked width-wise across both strains multiple times. The plates were incubated
for three days and were inspected for the presence of newly formed colonies which

indicated that mating had occurred.
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Figure 2.8: Primer sets used for PCR validation of SGA library hits. F refers to
factor. + = positive primer set. Visualization of a product using this set was a
positive result for deletion, - = negative primer set. If the deletion was successful,
visualization of a product using this set was not expected.

Sporulation

Selected SGA library strains were plated onto enriched sporulation medium and
kept at 25°C for 11 days. A small sample of each strain was then observed under the
light microscope to determine whether tetrads could be visualized. A positive result

indicated diploids in the original population.
Hit regeneration and testing

The construct for hit regeneration is shown in Figure 2.9. Primers were designed
with 40 bp overhangs for ~ the beginning and the end of the FO and 20 bp overhangs
to the NATMX resistance cassette. The construct was then amplified from a pFA6a-
NATMX plasmid using these primers and was integrated into the genome of strain
x as per the transformation protocol previously described [32], interrupting the FO
of interest. For validated Crtl-independent regulators, the factor was subsequently

deleted in strain xuvw.
To validate trans-factor deletion after transformation, quick genomic preparations

were made and positive transformants were identified with a PCR reaction. The
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| FO-U| NATMX| FO-D|

Figure 2.9: Construct used to regenerate hits from the SGA procedure. FO-U and
FO-D refers to 40 bp homology to the beginning and end of the factor ORF (FO) of
interest, used to direct construct integration. NATMX is the selection cassette that
confers resistance to the antibiotic clonNAT.

forward primer for this reaction bound inside the NATMX cassette and the reverse
primer bound downstream of the factor ORF (Figure 2.10). Amplification of a band
indicated correct location of the NATMX cassette and thus factor deletion.

Strains were then assayed for GFP expression by flow cytometry. Strains were
grown overnight in synthetic liquid media with double adenine and were released to
an OD of 0.04 for four hours in the morning. Strains were then diluted 1:10 in the
same media and grown for another four hours before being assayed for fluorescence.
Since some of the factor deletions significantly impaired the growth rate, all strains
were assayed in flow tubes so that a set number of events (30,000) could be collected.
Fluorescence data was converted to plots of mean expression values as described in

Section 2.2.2.
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Figure 2.10: Primers used for PCR validation of regenerated SGA factor deletions. +
= positive primer set. Visualization of a product using this set was a positive result
for deletion.
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Chapter 3

Results

3.1 Higher order interactions and Crtl-independent
effects revealed by replacing X-boxes with Tet
operators

Following construction of all strains with perturbations to Crtl (present/deleted)
and/or the X-boxes (present or replaced with Tet operators), I had a total of 16
strains (see Methods). As mentioned earlier, strains are labeled by the components
deleted. Crtl is referred to as x, and the three X-boxes are referred to as u, vand w. I
confirmed replacement of the X-boxes with Tet operators by sequencing (see Methods)
at least one biological replicate (a clone from a single transformation) for each of the
16 strains. For representative sequencing chromats, see Appendix B Figures B.1 and
B.2.

I characterized reporter expression (the trait) for each strain by flow cytometry.
To account for experimental error, I took three measurements (technical replicates)
for each strain (see Methods). Mean linear GFP expression values are shown in

Figure 3.1. I then performed multiple linear regression (see Methods) on the trait
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values to test both an additive and multiplicative model of independence between the

four biological components perturbed (Crtl and each X-box).

In order to determine whether the regression models I used, additive and mul-
tiplicative, were appropriate for my dataset, I tested whether three assumptions of
linear regression [14, 64] had been satisfied. I generated diagnostic plots (see Meth-
ods) of predicted trait values versus standardized residuals to test the assumptions of
linearity between variables and homogeneity of variance, and standardized residuals
versus a theoretical normal distribution to test the assumption of normally distributed

error. The results are shown in Figures 3.2 and 3.3.

The plots of predicted trait values versus the standardized residuals (Figures 3.2
a. and 3.3 a.) did not show a bow-shaped pattern, which suggested that the vari-
ables had a linear rather than curvilinear relationship. Figure 3.2 a. also shows that
the additive model (predicting linear expression values) made systematic errors when
predicting large values, indicating a violation of homogeneity of variance. This sys-
tematic error was reduced when the expression values were log2-transformed (testing
a multiplicative model). However, the multiplicative model made systematic errors
when predicting small values (Figure 3.3 a.). Lastly, the plots in Figures 3.2 b. and 3.3
b. show that the residuals deviated from the line specifying normality in both models,
indicating a violation of normally distributed error. This was not surprising since the
predicted values shown in Figures 3.2 a. and 3.3 a. were larger in some cases than

two standard deviations from the observed response.

Overall, the results suggested that depending on the magnitude of the observed
trait, either the additive or multiplicative model produced more accurate trait pre-
dictions. To move forward with data analysis in a way that minimized errors in trait
prediction, I therefore chose to focus on only those interactions that were identified as

important regardless of neutrality model. See Methods for an in-depth description of

47



2501

i)
=
[

150

100

mean GFP expression (arhitrary units)

]
]

autoflwt U v W Uy W A e X KU XY EW XKUY XUW XMW
Strains

(a) Linearized trait values for all strains.

yba1501 yba1503 yba1506
0.01 0.01 0.01

0.009
0.008

0.009 0.009
0.008 1 0.008
€ 0.007
35

coun
o o
o o
S o
s
coun
e o
o o
S o
S

S 0.006 |

ell

0.005 0.005 : 0.005

0.004 0.004 = 0.004 [

elative cell count
elative cell count
v

R
o
°
3
3
R
=4
°
8
3

o 0.003
0.002
0.001

0.002 0.002

0.001 9 0.001 S
Y,

i 0 am o K
800 1000 200 800 1000 200

200 800 1000

400 600 400 600 400 600
Log [RNR3pr-GFP] (a.u.) Log [RNR3pr-GFP] (a.u.) Log [RNR3pr-GFP] (a.u.)

(b) wt vs u (c) wt vs w (d) wt vs uw

Figure 3.1: Trait values for RNRS3 promoter variants where X-boxes were replaced
with Tet operators. Strains (Table 2.1): autofl = the strain background used to
measure autofluorescence, wt = the strain containing the RNRS3 promoter with no
deletions, and the 15 remaining strains = labeled by the elements replaced (Crtl =
x, X-boxes = u, v, and w). a. Linearized mean GFP expression values for all strains.
Error bars represent the standard deviation of the mean linear GFP expression for
three technical replicates. b-d. Log expression distributions for a representative sam-
ple of strains. Each distribution is for one experimental measurement (one technical
replicate). The wt strain (grey), which contained an RNRS& promoter lacking any X-
box replacements, is plotted along with strain u (b), w (c¢) and uw (d) in red (darker
than wt if viewing without colour) on the same plot for distribution comparison. Sta-
tistical analyses of trait values included multiple linear regression and t-tests, shown
in Tables 3.1, 3.2, and 3.4.
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Figure 3.2: Plots to test three assumptions of multiple linear regression for additive
model, X-boxes replaced with Tet operators. a. yhat = predicted trait values, sres
= standardized residuals. b. qqgplot = quantile-quantile plot, comparing values of
standardized residuals to a theoretical normal distribution.
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Figure 3.3: Plots to test three assumptions of multiple linear regression for multiplica-
tive model, X-boxes replaced with Tet operators. a. yhat = predicted trait values,
sres = standardized residuals. b. qgplot = quantile-quantile plot, comparing values
of standardized residuals to a theoretical normal distribution.

the approach I took to identify, quantify and characterize interactions in this manner.

The results of the additive and multiplicative linear regression analysis for the Tet
operator replacement approach are shown in Tables 3.1 and 3.2 respectively.

Regardless of neutrality model, x was identified as a significant predictor with a
large positive value. This meant that deleting Crtl resulted in a significant increase
in expression. A summary of the significant interaction terms and the resulting clas-
sification is given in Table 3.3.

There was a significant interaction between variables v and w that was identified
regardless of neutrality model and classified as synergistic. This meant that replacing
X-boxes u and w together resulted in an increase in expression that could not be
accounted for by adding or multiplying the effects of replacing u and w individually.
Replacing the X-boxes with Tet operators also resulted in additional effects on tran-
scription in the absence of Crtl (significant predictors zu, zv, Tw, zuw). The zu, zv
and zw interactions were classified as antagonistic. This meant that deleting Crtl

along with any one of the X-boxes resulted in an opposing impact on expression that
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Table 3.1: Multiple Linear Regression results, additive model, X-boxes replaced with
Tet operators. C = coefficient, p = p-value, Significant = [ C significantly different

from 0 at p<0.05.

Predictor term tested S C p Significant
1 x 196.4 1.3x10732 Y
2 u 1.63  0.67

3 v 1.96 0.61

4 w 1.89  0.62

5) TU -20.3 56x1074 Y
6 v -71.0 1.1x10714 Y
7 Tw 2321 9.0x10707 'Y
8 U -4.40 0.56

9 TUW -39.6 86x10706 Y
10 TVW 275 88x1074 Y
11 TUVW 7.20  0.50

12 uv 0.90 0.87

13 uw 16.0 5.0x1073 Y
14 VW 3.16  0.55

15 uow 8.20 0.28
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Table 3.2: Multiple Linear Regression results, multiplicative model, X-boxes replaced
with Tet operators. C = coefficient, p = p-value, Significant = [ C significantly
different from 0 at p<0.05.

Predictor term tested S C p Significant
1 x 844 6.4x10736 Y
2 u 1.93 3.3x10716 Y
3 v 2.14  1.5x10717 Y
4 w 2.11 23x10717 'Y
5 U -2.07 5.8x10713 Y
6 v 2,77 2.1x10716 Y
7 W -2.36 1.8x10714 Y
8 TUv 0.78 4.4x10703 Y
9 TUw -1.38 5.1x10706 Y
10 VW -0.04 0.87

11 TUVW -0.27 0.45

12 uv -0.91 1.6x10705 Y
13 uw 1.10 6.6x10707 Y
14 vw -0.52 6.4x1073 Y
15 UVW 0.06 0.83
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Table 3.3: Interactions identified and characterized for the Tet operator replacement
approach. D = Deviation (positive + or negative -), A = additive model, M =
multiplicative model. Important interaction = Identified under both MLR models
and characterization.

Interacting D under A D under M Important inter-

variables action

uv -

uw + + v'synergistic
vw -

uw

U - - v antagonistic
v - - v antagonistic
Tw - - v antagonistic
TUY v

TUW v v v

TUW v

TUVW

could not be accounted for by deleting each component individually.

One possibility for the findings of the regression analysis was that the effects
observed could be accounted for by some other sequence variation. While inspecting
the chromat traces from the portion of the RNRS& promoter sequenced for these
strains, I observed that the number of thymine bases in the poly(dA:dT) tract located
5 bp upstream of X-box v (Figure 1.2) deviated in a number of cases from the length
of 21 bp documented in SGD [15]. Results are shown in Appendix B Table B.1. As
mentioned earlier, several studies have noted the importance of these sequences for
activation, with length of the tract positively associated with strength of activation
21, 42, 74, 81, 101].

The tract length varied between strains. Therefore, the variable length of the
tract among different RNRS3 promoter variants could have potentially explained the

functional effects of replacing the X-boxes. If the length of the tract was proportional
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to the amount of activation possible, I expected that strains with shorter tracts would
have lower expression than strains with longer tracts, regardless of the X-box(es) that
had been altered. However, some strains in the Tet operator replacement approach
with shorter tracts (uw) showed higher activation than strains with longer tracts
(w) (Figure 3.1 and Appendix B Table B.1), so tract length could not be directly

correlated to amount of activation.

The tract length also varied between biological replicates. Therefore, biological
variability could have been an explanation for the effects observed. In order to de-
termine whether the trends in trait values were general or an effect of some unknown
variability in a specific colony, I collected trait values from biological replicates (see
Methods) and compared the trends in mean values to the technical replicate data in

Figure 3.1. The results are shown in Figure 3.4.

I expected that if the biological variation accounted for the effects observed, then
the trait values between strains would regress toward a common value when measure-
ments from multiple colonies were taken. However, this was not the case. Strains
where Crtl had been deleted (strains containing x) showed varying levels of expres-
sion, similar to the technical replicate data. Additionally, replacing X-boxes u and
w together still had a much larger impact on expression than replacing either site
on its own. Therefore, the higher order interaction between u and w and the effects

observed in the absence of Crtl could not be accounted for by biological variability.

Interpreting the observation of significant regression coefficients containing the x
variable required further investigation. If the X-boxes acted solely through Crtl, I
expected the effect of deleting the sites to be masked by deleting the factor, i.e. I ex-
pected the expression values for strains with a Crt1 deletion to be identical regardless
of X-box replacement. In the regression analysis, this would translate to an interac-

tion between z and the site variable (u,v or w) equal in magnitude, but opposite in
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sign to the effect of the site on its own. To investigate whether the effects observed
in the absence of Crtl could be accounted for by masking, I performed t-tests (see
Methods) to see whether the expression from strains xu, xv and xw differed signifi-
cantly from strain x. Results of the t-tests are given in Table 3.4. It was difficult to
interpret the significant zuw predictor using t-tests since it involved more than two

variables, so I did not further consider this interaction.

Regardless of the scale used to represent the data, the mean of each strain was
significantly less than the mean of strain x, indicating that the effect of deleting X-
boxes u, v and w in the absence of Crt1 resulted in a significant decrease in expression

that could not be accounted for by masking effects.

There were two other possible explanations for observing an impact on expression
upon X-box deletion in the absence of Crtl. One was that replacing the X-boxes
with a longer Tet operator resulted in disruption of functional TF binding sites. To
investigate this possibility, I created a map of all known TF consensus sequences

found in the RNR3 promoter (Figure 3.5).

Results revealed consensus sequences for Mot3 and Swi4 in the replaced region.
Multiple Mot3 and Swi4 binding sites were present in the RNRS promoter, and
the functionality of these particular interrupted CREs on downstream expression
was not known. The second possibility for the effects observed was that the X-
boxes had important functional roles in the absence of Crtl. To distinguish between
these possibilities, I employed a second X-box replacement approach: scrambling the
original 13 bp X-boxes. In this approach, the consensus sequences for Mot3 and Swi4
were left intact. If this approach revealed a significant impact on transcription of
deleting the X-boxes in the absence of Crtl, then the hypothesis that the effects were
due to disruption of Mot3 and Swi4 consensus sequences could be ruled out. Another

advantage to scrambling the original X-box sequences was that possible effects on
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Figure 3.4: Biological replicate data for strains where X-boxes were replaced with
Tet operators. Strains (Table 2.1) labeled by the elements replaced: Crtl = x, X-
boxes = u,v, and w. a. Mean linear GFP expression values for strains where three
biological replicates were available. Error bars represent the standard deviation of
the mean linear GFP expression for three biological replicates. b-d. Log expression
distributions for a representative sample of strains. Each distribution is for one bio-
logical replicate. The wt strain (grey), which contained an RNR3 promoter lacking
any X-box replacements, is plotted along with strain u (b), w (¢) and uw (d) in red
(darker than wt if viewing without colour) on the same plot for distribution compar-
ison. A different biological replicate is shown compared to the one that was used for
the technical replicates. Statistics were not performed on these trait values since the
goal was to examine whether the effects observed for the technical replicates could be
accounted for by biological variation.
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Table 3.4: T-tests comparing strains xu, xv and xw to strain x, X-boxes replaced
with Tet operators. Log2 = Log2-transformed expression values used for comparisons,
Linear = linear expression values used for comparisons, mean = mean GFP expression
over three technical replicates, SD = standard deviation of the mean, Significant =
mean expression values significantly different at p<0.05.

Strain or compar- Log2 mean (SD) Linear mean (SD) Log2 t-test (p- Significant Linear t-test (p- Significant
ison value) value)

x 7.62 (0.06) 196.9 (7.75)

xu 7.48 (0.04) 178.3 (5.45)

xv 7.00 (0.02) 127.9 (2.06)

xw 7.38 (0.09) 166.7 (10.3)

XU vs x -3.4 (0.029) Y -3.4 (0.032) Y

XV Vs x -17.4 (0.00085) Y -14.9 (0.0025) Y

Xw Vs X -3.9 (0.023) Y -4.07 (0.018) Y
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Figure 3.5: Map of all known consensus CREs in the RNRS3 promoter. Sequence
information obtained from Yeastract [1, 60, 87]. * indicates additional sequence in-
formation obtained from [50] or SGD [15]. The orange and blue sites were disrupted
by replacement of the red X-boxes with Tet operators.

transcription of using a bacterial sequence with different G/C content could also be

eliminated.

3.2 Higher order interactions and Crtl-independent
effects confirmed by second X-box replacement
approach

Following construction of RNRS3 promoter variants using the scrambling X-box re-
placement approach, I had a total of 14 strains (see Table 2.1, strains wt and x did not
have to be constructed again because they did not contain any X-box replacements).
I confirmed replacement of the X-boxes with scrambled sequences by sequencing of
at least one biological replicate for the 14 strains. For representative sequencing
chromats, see Appendix B Figures B.3 and B.4.

While inspecting the chromat traces from the RNRS promoter for these strains, I
again observed variability in the poly(dA:dT) tract length (Appendix B Table B.1).
Therefore, this phenomenon was not unique to the sequence used for replacement.
Even though I concluded that biological variation alone could not account for the

effects on expression of replacing the X-boxes, I wanted to further investigate the
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source of tract variability to see if it could be eliminated in the future. The variation
in tract length could have been an artifact of enzyme slippage during PCR, bacterial
transformation, or sequencing read and not reflective of the number of Ts present in
the yeast genome. To examine this possibility, I sequenced a few different preparations
of the same clone (technical sequencing replicates). Tabulation of ploy(dA:dT) tract
length for these strains is shown in Appendix B Table B.1. There was variability
between technical replicates of strains uw and xuvw in the scrambling approach,
making the steps leading to preparing DNA for sequencing a source of variability.
Therefore, it was impossible to determine the source of apparent variability in tract
length, and the observed variability was not necessarily reflective of the actual genomic

sequence.

The linearized trait values for strains generated by the systematic replacement of

the X-boxes with scrambled sequences are shown in Figure 3.6.

One again, to determine whether the additive and multiplicative regression models
were appropriate for my dataset, I tested whether the three assumptions of linear
regression had been satisfied. The results are shown in Figure 3.7 and 3.8. The
pattern in a. and the deviation from the straight line in b. for both Figures 3.7 and 3.8
again suggested that depending on the magnitude of the trait, either the additive or
multiplicative model produced more accurate predictions. Therefore, I once again
focused on only those interactions that were identified as important regardless of

neutrality model.

The results of the additive and multiplicative regression analysis for the X-box

scrambling approach are shown in Tables 3.5 and 3.6.

Like the first replacement approach, x was identified as a significant individual
predictor of the trait regardless of neutrality model. This was expected since strain

x was the same for both replacement approaches. In contrast to the Tet operator
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Figure 3.6: Trait values for RNRS3 promoter variants where X-boxes were replaced
with scrambled sequences. Strains (Table 2.1): autofl = the strain background used
to measure autofluorescence, wt = the strain containing the RNRS promoter with no
deletions, and the 15 remaining strains = labeled by the elements replaced (Crtl =
X, X-boxes = u, v, and w). a. Linearized mean GFP expression values for all strains.
Error bars represent the standard deviation of the mean linear GFP expression for
three technical replicates. b-d. Log expression distributions for a representative sam-
ple of strains. Each distribution is for one experimental measurement (one technical
replicate). The wt strain (grey), which contained an RNRS3 promoter lacking any X-
box replacements, is plotted along with strain u (b), w (¢) and uw (d) in red (darker
than wt if viewing without colour) on the same plot for distribution comparison. Sta-
tistical analyses of trait values included multiple linear regression and t-tests, shown
in Tables 3.5, 3.6 and 3.8.
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Figure 3.7: Plots to test three assumptions of multiple linear regression for additive
model, X-boxes replaced with scrambled sequences. a. yhat = predicted trait values,
sres = standardized residuals. b. qgplot = quantile-quantile plot, comparing values
of standardized residuals to a theoretical normal distribution.
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values of standardized residuals to a theoretical normal distribution.
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Table 3.5: Multiple Linear Regression results, additive model, X-boxes replaced with
scrambled sequences. C = coefficient, p = p-value, Significant = § C significantly
different from 0 at p<0.05.

Predictor term tested S C p Significant
1 x 220.76 8.6x10732 Y
2 u 2.18 0.63

3 v 0.68 0.88

4 w 10.14  0.03 Y
5 U -2893 6.7x10705 Y
6 U -44.54  5.4x10708 Y
7 Tw -7.95 0.22

8 TUY -56.36  4.5x10707 Y
9 TUW -19.28 0.04 Y
10 TUW -66.06 2.1x10708 Y
11 TUVW 39.62 3.7x1073 Y
12 uv 1.35 0.83

13 uw 29.52 5.1x10705 Y
14 W 9.41 0.15

15 uw 19.00  0.04 Y
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Table 3.6: Multiple Linear Regression results, multiplicative model, X-boxes replaced
with scrambled sequences. C = coefficient, p = p-value, Significant = g C significantly
different from 0 at p<0.05.

Predictor term tested 5 C p Significant
1 x 9.32 18x10729 Y
2 u 2.890 28x10714 Y
3 v 1.63 2.6x10708 Y
4 w 492 64x10721 Y
5 U -3.08 4.2x10711 Y
6 v -1.95 6.4x10°07 Y
7 Tw -4.91 1.8x10716 Y
8 TUY 0.10 0.83

9 TUw 0.96 0.04 Y
10 W 0.12 0.79

11 TUVW 0.04 0.95

12 uv -0.80 0.02 Y
13 uw -0.89 8.5x10703 Y
14 vw -0.66 0.045 Y
15 uvw 0.61 0.18

approach, however, w was also identified as a significant individual predictor regard-
less of neutrality model. The coefficient was positive, which meant that deleting w
resulted in a significant increase in expression. A summary of the significant inter-
action terms and the resulting classification for the scrambling approach is given in
Table 3.7.

Once again, there was an important higher order interaction identified between
sites u and w. However, the classification of this interaction was different. In con-
trast to the synergistic classification from the Tet operator replacement approach, the
scrambling replacement approach resulted in a classification of greater than additive,
less than multiplicative. Therefore, deleting u and w together resulted in an impact
on expression that was greater than that expected by adding the effects of u and w
together, but less than that expected by multiplying their individual effects.

There were also, once again, significant effects of deleting the X-boxes in the
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Table 3.7: Interactions identified and characterized for the X-box scrambling replace-
ment approach. D = Deviation (positive + or negative -), A = additive model, M
= multiplicative model. Important interaction = Identified under both MLR models
and characterization.

Interacting D under A D under M Important inter-

variables action

uv -

uw + - v > additive, <
multiplicative

vw -

UVW +

U - - v antagonistic

v - - v antagonistic

Tw -

LUV v

TUW v v v

TUW v

TUVW v

absence of Crtl. These were evident by the significant predictors zu, xv and zuw.
For zu and zv, the classification was the same as for the Tet operator approach:
antagonistic. This meant that deleting Crtl along with X-box u or v resulted in
an opposing impact on expression that could not be accounted for by deleting each

component individually.

Once again, to rule out masking, I compared the expression from strains xu and
xv to the expression from strain x. The results are shown in Table 3.8. Deleting u
and v in the absence of Crtl significantly decreased RNRS3 expression. The finding of
Crtl-independent effects of the X-boxes using two different replacement approaches
strongly suggested that the X-boxes had additional roles beyond Crtl. Therefore, I

developed an approach to further investigate these functional roles.
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Table 3.8: T-tests comparing strains xu and xv to strain x, X-boxes replaced with
scrambled sequences. Log2 = Log2-transformed expression values used for compar-
isons, Linear = linear expression values used for comparisons, mean = mean GFP
expression over three technical replicates, SD = standard deviation of the mean, Sig-
nificant = mean expression values significantly different at p<0.05.

Strain or compar- log2 mean (SD) Linear mean (SD) Log2 t-test (p- Significant Linear t-test (p- Significant
ison value) value)

X 7.79 (0.02) 221.2 (2.88)

xu 7.60 (0.07) 194.4 (8.92)

xv 7.47 (0.06) 177.3 (7.88)

XU VS X -4.65 (0.032) Y -4.94 (0.026) Y

XV Vs x -8.23 (0.0089) Y -9.06 (0.0055) Y

3.3 Preliminary identification of Crtl-independent

regulators of RNR3 by synthetic genetic array

In order to investigate which factors could bind to the X-boxes and mediate the func-
tional roles observed in the absence of Crtl, I first systematically identified important
factors for RNRS3 transcription in the absence of Crtl. To do this, I used a synthetic
genetic array (SGA) [90] screening approach. The end result of performing this
screen (described in detail in the Methods) was a library of approximately 380 strains
(see Table 2.1) containing a Crtl deletion and another factor deletion associated with
transcription. The SGA library strains are referred to by the name of the factor

targeted for deletion, aside from Crtl.

I collected trait values for the SGA library using a solid phase testing protocol
(see Methods). To identify mutations with the most severe impact on transcription
from the RNRS3 promoter (hits), a Z-test for outliers was performed (see Methods).
Hits were classified as activators when deleting the factor decreased reporter expres-
sion compared to a Crtl deletion strain, and repressors when deletion of the factor
increased expression. A heat map of GFP expression and the Z-scores for all SGA
library strains are given in Figure 3.9 and Appendix C Table C.1 respectively. Nine-

teen activators and 10 repressors were identified as significant hits (Appendix C Table
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C.1).

I expected Crtl-independent activators rather than repressors to bind the X-boxes
since a decrease in expression was observed upon deletion of X-box u and v in the
absence of Crtl. Therefore, I focused more on activator hits than repressors in sub-
sequent analyses. The log GFP distributions compared to control for 19 hits (top 16
activators and top three repressors) are shown below in Figure 3.10. I assessed these
hits for functional annotations, links to RNRS, and links to DNA damage. Results are
shown in Appendix C Tables C.2 and C.3. Many of the FOs deleted had previously
been implicated in the regulation of RNR3 (Aftl, Spt3, Spt8, Mot2, Mot3, Rox1).
Several others showed links to the DNA damage response (Bdfl, Spt10, Met18, Sfpl,
TDAO9).

3.4 Four Crtl-independent regulators of RNR3 val-

idated

Validation of the SGA procedure was required to ensure that the strains generated
were haploid MATa and that they had both deletions (Crtl and the factor) present.
I chose several representative hits from the top 19 for each validation step (described
in detail in Methods).

Re-streaking

All strains re-streaked grew on plates that selected for KANMX and NATMX re-
sistance cassettes and the MATa specific HIS3 reporter in the query strain, suggesting
successful trans-factor and Crt1 deletions and haploid cells of the correct mating type.

PCR Confirmation

CRT1 deletion was confirmed for five targeted SGA library strains: Spt3, Spt8,

Met18, Mot3 and Rox1. Trans-factor deletion was confirmed for four library strains:
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Figure 3.9: Heat map of mean linear GFP expression for all strains in the SGA library
after amalgamation over three technical replicates and normalization for BFP. GFP
is plotted on the x-axis for each strain (y-axis) in the library. Strains are ordered
based on median fluorescence intensity:.
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Spt3, Spt8, Mot3 and Rox1. For six hits tested, including the top two activators,
CRT1 deletion was ambiguous. For these deletion strains: Ace2, Aftl, Ckbl, Sfpl,
Spt10 and Mot2, bands were present for both the positive and the negative PCR
confirmation reactions. The result that CRTI was both present and absent for these

strains suggested that they had a copy of CRT1 present and so were diploids.
Mating Experiments

Due to the ambiguity regarding CRT'1 deletion for some of the strains, I performed
mating experiments to determine whether the SGA strains were haploid or diploid,
and if haploid, which mating type was predominant (see Methods). The results of the
mating experiment are shown in Table 3.9. All strains with ambiguous Crt1 deletion
mated with the MAT« tester strain and not with the MATa tester, suggesting that
they were haploid MATa. Spt3 and Spt8 were included in this experiment as controls
since they both passed the PCR validation steps, but showed very little (Spt3) or no
mating at all (Spt8). This was not of major concern because based on GO annotations
(Appendix C Table C.3), Spt3 is involved in sporulation and the deletion of Spt3
and Spt8 have been shown in previous research to impair the mating ability of cells

22, 38].
Sporulation

As an alternative way to determine whether a particular SGA population was
made up of diploids, I attempted to sporulate the ambiguous strains (see Methods).
The results are shown in Table 3.10. The six SGA library strains with ambiguous

CRT1 deletion did not show any tetrads, also suggesting haploidy.
Hit regeneration

The results of the previous validation steps were inconclusive since PCR suggested
that some strains were diploid, but plating, mating and sporulation suggested other-

wise. Therefore, I attempted to regenerate 14 out of the top 19 deletions identified as
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Figure 3.10: Log GFP fluorescence distributions for the top 19 SGA library hits,
all identified as outliers by Z-scores with p values <2.72x107°. Each distribution is
for one experimental measurement (one technical replicate). a-s. The strain labeled
in grey contains a Crtl deletion and a neutral control deletion. The strains labeled
in red (or the darker distribution if viewing without colour) contain a Crtl deletion
along with a factor deletion of interest (labels are the names of the factors deleted).
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Table 3.9: Results of Mating experiment. * indicates only one colony was observed.

SGA library strain Mated with Mated with Mating type inferred
MAT« tester MATa tester

Ace2 Y N MATa
Aftl Y N MATa
Ckbl1 Y N MATa
Stpl Y N MATa
Spt10 Y N MATa
Mot2 Y N MATa
Spt3 Y* N MATa
Spt8 N N undetermined
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Table 3.10: Results of Sporulation experiment.

SGA library strain Tetrads observed
Ace2
Aftl

Ckb1
Sfpl

Spt10
Mot2

Z 22222

hits in haploids of known genotype (strain x) (see Methods) to see which were true

hits and which were false positives.

Of the 14 hits chosen for regeneration, deletion of nine were confirmed by PCR
(see Methods). These were Ace2, Aftl, Spt10, Met18, Spt3, Spt8, Ada2, Mot3, and
Rox1. Trans-factor deletions that were performed but not able to be verified included
Bdf1, Ckbl, Sfpl, Mot2 and Gend. For these strains, the PCR validation reaction
for multiple transformants yielded a negative result, suggesting that the NATMX

cassette had not been successfully integrated.

I then assayed the verified strains for GFP expression (see Methods). Of the nine
hits verified by PCR, only four resulted in a similar effect on RNR3 expression as
I observed in the original screen (compare Figure 3.11 with Figure 3.10). RNRS3
expression was decreased upon deletion of Spt3 and Spt8, validating their effect as
activators. Additionally, RNRS3 expression was increased upon deletion of Mot3 and
Rox1, verifying their effect as repressors.

The rest of the PCR-validated regenerated hits did not impact RNRS expression
as predicted based on the SGA. Aftl, one of the ambiguous Crtl deletion hits, did
not appear to have any impact on RNRS& expression upon deletion (Figure 3.11).
The effect on expression of deleting of Met18 and Ada2 was also very similar to the

level of expression without the deletion.
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Ace2 and Spt10 deletion resulted in increased RNRS expression rather than the
expected decrease, presumably due to morphological effects which are known to con-
found data because they cause changes in autofluorescence [77].

Ace2 is responsible for degrading the septum after cytokinesis (Appendix C Table
C.2) and I observed that cells lacking this protein had an abnormal phenotype under
the light microscope. Ace2 and Sptl0 also showed an increase in the forward/side
scatter distribution collected via flow cytometry (Figure 3.12). Forward scatter is
indicative of cell size while side scatter is indicative of cell complexity. Morphology
changes to the cell would therefore be expected to change the plot of the log of these
properties. Thus, the increase in GFP was expected to represent a general effect on
the cell (i.e. a change in size or shape that allowed for abnormal amounts of protein

accumulation), rather than an impact on RNRS3 expression.

3.5 Validated Crtl-independent regulators of RNRS3

affected by X-box perturbations

For the four hits that were validated by regeneration, I assessed the dependency
of their effects on the X-boxes. Performing the factor deletion in strains with and
without X-box perturbations (strains xuvw and x respectively) (see Methods) allowed
me to determine the dependency of the factor on the X-boxes under these conditions.
If the X-boxes did not have a role in mediating regulation by the factor, I expected
the percentage change in GFP expression upon factor deletion in a strain containing
X-boxes replacements to match the percentage change upon factor deletion in a strain
containing no X-box replacements.

Results are shown in Figures 3.13 and 3.14. Deleting Spt3 and Spt8 had ap-

proximately 10% less of an impact on expression when the X-boxes were deleted.
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Figure 3.11: Log GFP fluorescence distributions for the nine PCR-validated regener-
ated SGA library hits. a-i. The parental strain x is labeled in grey and the regenerated
SGA library strain is overlayed in red (or darker shade if viewing without colour).
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Figure 3.12: Plots of forward scatter/side scatter distributions for a. the parental
control strain x and b-j. the nine regenerated SGA library strains.

Therefore, there was blunting of the effect of deleting the factor when the X-boxes
were also deleted. This partial masking suggested that the X-boxes could play a
small role in activation by Spt3 and Spt8. In contrast, deleting Mot3 and Rox1 had
approximately 75% more impact on expression when the X-boxes had been replaced.
This suggested a potential role for the X-boxes in inhibiting the binding of Mot3 and
Rox1.
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Figure 3.13: X-box dependencies of Spt3 and Spt8. a-b. Mean linear GFP expression
is plotted for each strain, relative to the background strain (x or xuvw) after sub-
traction of autofluorescence. none= no deletions, TF = factor deleted, CRE = u,v,w
deleted. c-f. log GFP expression distribution of the background strain in grey over-
layed by the additional effect of factor deletion in red (red appears darker if viewing
without colour).
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Chapter 4

Discussion

The results of my thesis support the first hypothesis investigated. A higher order
interaction between X-box elements u and w mediates RNRS transcription in the
presence of Crtl. In contrast to my second hypothesis, however, my results suggest
that X-box elements u and v have important functional roles for RNRS3 transcription
in the absence of Crtl. Spt3, Spt8&, Mot3 and Rox1 all affect RNRS3 transcription in
the absence of Crtl, and replacement of the X-boxes appears to alter the functional

impact of these factors on transcription.

4.1 Functional roles of X-box elements in the RNR3
promoter

My systematic perturbation of the three X-boxes revealed important information
about the roles of these CREs in the repression of RNRS transcription. Notably, in
the presence of Crtl, I observed a higher-order interaction that was independent of
the replacement approach and neutrality model; the interaction between X-boxes u
and w, which are the farthest spaced sites in the RNRS promoter, and are found in

opposite relative orientation. This interaction was classified as synergistic (greater
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than additive and greater than multiplicative) in the Tet operator replacement ap-
proach but greater than additive, less than multiplicative in the scrambling approach.
Regardless of replacement approach, the additive model identified this interaction as

synergistic.

Interestingly, X-box u and w have been previously identified as weak and strong
sites respectively with regard to how strongly they bind Crtl [40]. Cooperativity
between a strong and a weak site in transcriptional repression has also been observed
in previous work with the mechanistically similar TF Migl [31, 93|. In this study [31],
the combined effect of a strong and a weak binding site was the same as that of two
strong binding sites. Such a synergistic interaction is consistent with a mechanistic
model where a TF bound to the strong site interacts with the weak site to establish
a DNA loop with one of the weaker sites to increase the strength of repression. It
is possible that I did not detect an interaction between the strong X-box w and X-
box v (also identified as weak in [40]), because X-box v has the lowest Crtl binding

affinity [40] and may also be too close to X-box w to stabilize loop formation.

If DNA looping does occur between u and w, one way for it to happen would be
through Crt1 dimerization. As discussed earlier, RFX proteins are known to dimerize
in higher eukaryotes through a dimerization domain in the C-terminus [24], and a
model of DNA looping has been proposed to account for the fact that dimers can bind
to non-palindromic X-boxes [76]. Some work suggests that Crtl cannot dimerize or
repress through the C-terminus, and that Ssn6 took over these functional roles early
in evolution [48]. However, Zhang and colleagues [102] have found that Crtl has a
repression function in the C-terminus that is separate from the N-terminus known to

interact with Ssn6.

Although my data cannot distinguish between Crt1 dimerization and Ssn6-mediated

cooperativity between elements, both scenarios are consistent with looping of the
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DNA. Formation of a DNA loop between u and w would bring the Mot3 binding
site next to u and the Rox1 binding site next to w in close proximity to each other
(see Figure 3.5). This model would be consistent with the previous observation that
Mot3, Rox1 and Crtl synergistically interact to establish repression, likely through
Ssn6 [50].

My systematic approach also revealed challenges in identifying expected interac-
tions. Based on previous work [40], T expected that each X-box would mediate a
significant amount of repression on its own with the effects of X-box u and v be-
ing quite weak. Scrambling X-box w resulted in a significant increase in expression
(regardless of neutrality model), verifying its importance in repression. However, I
could not detect any significant individual effect of scrambling X-box u or v using
multiple linear regression. This may indicate that flow cytometry is not a sensitive
enough assay to detect the small effects of u and v. Alternative reporter genes (see
[45] for review) should be investigated and compared to GFP in the future. The
LACZ reporter, which can be measured using a sensitive enzymatic assay, may be

better suited to capture the effect of weak binding sites on expression.

Another reason for failure to identify important interactions may have been my
data analysis method. I analyzed all the variables at once and identified a subset of
interactions that were significant under both the additive and multiplicative regression
models. Restricting my analysis was necessary to reduce type I error due to systematic
errors in prediction for both models. However, including all the variables and focusing
on only these interactions could have increased type II error. This problem could be
resolved in the future by testing the impact of subsets of variables in several smaller

models as opposed to one large model, similar to [51].

Unexpectedly, my analysis of systematic X-box perturbations in the absence of

Crtl suggested that these regulatory elements have functions that are independent of
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this repressor. This represents a significant deviation from the commonly accepted
model of RNR3 transcriptional regulation and X-box function [40, 53]. Deleting Crt1
significantly increased RNRS3 reporter expression, as expected [40, 103]. However,
X-box perturbations in the absence of Crtl revealed significant effects on expression
of eliminating the weak X-boxes (predictors zu and zv). The antagonistic interactions
between x and u as well as x and v could not be accounted for by Crtl-dependent
masking of the effects of the X-boxes. This in turn suggests that unidentified TFs
interact in a binary manner with u and v to mediate RNRS3 activation. Since the
sequences of X-box u and v are nearly identical, it is possible that they associate with

the same activator.

It is worth considering why, in contrast to my results, Huang and colleagues [40]
did not observe a significant impact upon X-box mutation in the absence of Crtl. It
may be due to the fact that I changed the entire 13 bp X-box sequence. Huang and
colleagues only mutated two nucleotides, leaving the functional impact of the rest of
the nucleotide positions in the site unperturbed. The X-boxes share 9 of 14 bases
with other species [40]. This leaves five variable nucleotide positions between species.
There is additional variability within yeast as the sequence composition between the
three sites is not identical. These sources of variability are likely functionally impor-
tant since single nucleotides at a specific position in a consensus CRE can impart

significant function to a promoter [86].

It is as a final note worth pointing out that I chose an approach that completely
eliminated the X-box elements from the RNRS promoter. This approach is not with-
out limitations, since this could also eliminate functional binding sites for TFs other
than Crtl, or even introduce new ones. Although Tet operator sequences have been
used in many synthetic yeast promoters [23], the sequence contains a consensus se-

quence associated with the transcriptional repressor Ashl (Yeastract [1, 60, 87]) and
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it is possible that this site contributes to the repression observed in the absence of
Crtl. The observation that scrambling the X-box sequences, which contain no known
consensus sequences (Yeastract [1, 60, 87]), yields a similar repressing effect alleviates
this concern in the present context.

Even though the scrambled X-box sequences contain no known consensus se-
quences, it is still possible that they function as weak TF binding sites. Indeed,
with a single nucleotide substitution, all sequences used to replace the X-boxes en-
code consensus Mot3 binding sites (Yeastract [1, 60, 87]). It is therefore possible
that Mot3 could bind to these sequences weakly and is responsible for the effects on
transcription observed in the absence of Crtl. One way to eliminate the effect of the
random introduction of binding sites in future experiments would be to test a library
of random sequences for replacing each X-box instead of just one. This way, the
library expression as a whole would eliminate the impact of random site insertions

and enable assessment of the functional impact of deleting the CRE in question.

4.2 Crtl-independent RNR3 regulators

Because of the evidence I had suggesting additional functional roles of the X-box
elements in the transcriptional regulation of RNRS3, 1 systematically assessed the
impact of transcription-related genes on Crtl-independent RNRS expression. My
analysis identified four factors that affected RNRS reporter expression in the absence
of Crtl. Two activators (Spt3 and Spt8) and two repressors (Mot3 and Rox1) were
initially identified using the high-throughput screening approach and subsequently
validated. Spt3 and Spt8 are part of the Spt-Ada-Genb-acetyltransferase (SAGA)
complex which is known to play important roles in RNA polymerase II-dependent
transcription in yeast (Appendix C Tables C.2 and C.3) [83], and is thought to help

deliver core transcriptional machinery to the RNR3 promoter [100]. Mot3 and Rox1
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have also been implicated in RNR3 repression [50].

The dependencies of Spt3, Spt8, Mot3 and Rox1 on the X-boxes for their regula-
tion of RNRS3 in the absence of Crtl had not been previously mapped. My results
suggest that the X-boxes may be involved in blocking the repressive effects of Mot3
and Rox1. Deleting these factors had a greater impact on expression when the X-
boxes had been eliminated. Since binding sites for Mot3 and Rox1 are found relatively
close to the X-boxes (Figure 3.5), it would not be hard to imagine a co-factor that
binds to the X-box sites during activation, preventing the repressors from interacting

with their binding sites by steric hindrance.

My analysis also suggests that the X-boxes may play a small role in activation of
RNRS3 by Spt3 and Spt8. Deleting the X-boxes and Spt3 or Spt8 allowed for some
blunting of the effect of deleting the activator on its own. However, the difference
in relative expression was small, i.e. nowhere close to 100% which would indicate
complete masking/ epistasis, meaning that Spt3 and Spt8 have X-box independent
functions as well. This is consistent with previous observations indicating that both
the upstream regulatory sequence (which includes the X-boxes) and the core promoter

region are important for Spt3 binding and SAGA-mediated activation [100].

The X-box dependencies of the Crtl-independent regulators must be investigated
in more detail in the future due to the possibility of random introduction of binding
sites and the small amount of data collected. One way to do this would be to com-
bine the deletion of the regulators with elimination of the X-boxes using a library of
random sequences. Further investigations will also be required to determine if the
suspected X-box dependent regulatory functions are direct or indirect. This could be
accomplished by determining whether the factor binds directly to the X-boxes using

a low-throughput ChIP assay or electrophoretic mobility assay [67].
My identification of Spt3, Spt8, Mot3 and Rox1 as putative X-box dependent reg-
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ulators highlights some of the complications associated with current high-throughput
strain generation technologies. Specifically, in the SGA procedure, there are many
steps that can potentially introduce artifacts leading to false-positive identifications.
In my case, false identification of activators occurred because one copy of a transcrip-
tional repressor that should have been deleted was retained. As a result, transcription
was low in these strains, mimicking the effect expected by the loss of function of an
activator. Because of the needed regeneration step due to false positives, I had to
restrict my focus to a subset of the identified hits. Thus, factors affecting RNRS3

activation and binding to the X-boxes may have been missed.

Interestingly, my examination of genes identified in the initial screen revealed sev-
eral potential activators already known to be associated with RNR3 or DNA damage
(Appendix C Tables C.2 and C.3). However, my further examination by PCR ampli-
fication using CRT'1 specific primers suggested that many of these strains retained an
intact copy of CRT'1. Curiously, these strains turned out not to be diploids according

to mating and sporulation experiments.

Two possible routes by which a copy of CRT1 can be retained are meiotic non-
disjunction and chromosomal recombination. Meiotic non-disjunction involves the
retention of an extra chromosome by unequal segregation during anaphase 1. This ef-
fect has been reported to occur with SGA previously [82]. Alternatively, homologous
recombination of CRTI into the genome at an alternative location during the diploid
stage could explain the results. Recombination is more common in a DNA-damage
deficient background [28] so it is expected to be higher than usual in my particular
experiment. In addition, these effects are expected to be even more common when
two genes (CRT1 and the gene encoding another trans-factor) involved in the DNA
damage pathway are deleted. This would explain the curious observation that many

of the hits that had an extra copy of CRT1 have also been shown to be related to
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DNA damage.

Overall, my results suggest that X-boxes contribute to activation, possibly by co-
factor-mediated blocking of Mot3 and Rox1. The simplest explanation would be that
a factor related to Crtl mediates effects observed in its presence and absence. Ssn6

is a prime candidate for consideration.

The first possibility is that Ssn6 on its own mediates activation through the X-
boxes. Ssn6-Tupl acts as a repressor when recruited to RNR3 by Crtl [53] but is
known to remain at the promoters of active genes [98]. Tupl and Crtl are known
to dissociate from RNR3 upon activation [102]. The C-terminus of Ssn6 which is
not required for repression has an activation function at some promoters through its
interaction with the activator TF Rtg3 [19]. Interestingly, there is an Rtg3 consensus
binding site located within X-box u (Figure 3.5). Rtg3 was not identified as a hit in

my screen, but this may represent a false negative result.

Alternatively, Crtl and Ssn6 may both contribute to activation. Human RFX
proteins are involved in repression and activation of transcription [47]. Some work
suggests that Crtl is both a repressor and a transient activator of RNRS transcrip-
tion [102]. It has been argued that since Crtl is required for repression, deleting it
masks its role in activation [102]. Crtl may be involved in reversing the repressed
state, which is not necessary when it is deleted [102]. Maintenance of an activated
state once the repressed state is reversed [102] may require Ssn6. When Ssn6 is
deleted, Crtl does not dissociate from RNRS and very little activation is possi-
ble [53, 102]. However, when Crtl is deleted and Ssn6 is present, full activation
is possible [102]. This supports a multi-step activation model and that Crtl acts
upstream of Ssn6 in the earlier step. My results are not inconsistent with a model

where Ssn6 dislodges Crtl and occupies the X-boxes during the second step.
It is further possible that Crt1 and Ssn6 play redundant roles in activating essential

85



RNR genes, and that each factor on its own causes an amount of activation that
prevents cell death. My SGA did not produce a colony for the Assn6/crtl double
mutant. It turns out that the Reese lab also had difficulty generating the mutant
(correspondence with Joseph Reese via email), providing further support that the
two factors share a redundant function in activating an essential process. Since the
RNR enzyme is required to synthesize DNA before replication, lack of activation
would lead to cell death. Even though RNRS3 is not essential, RNR2 and RNR/ are
(SGD [97]) and they both have multiple X-box sequences in their promoters [40].
The notion that Ssn6 is a dual repressor-activator of RNRS3 is an important hy-
pothesis to investigate in the future. This would best be accomplished in a similar
manner to [102], where the functional activation and repression domains of Crt1 were
discovered by systematic perturbation in the absence of Ssn6. The C-terminus of Ssn6
has been previously implicated in promoter activation [19]. Therefore, portions of its
C-terminal domain could be eliminated systematically in a background where Crtl
has been deleted. This way, we could see which portion of Ssn6 is important for
activation of RNRSZ in the absence of Crtl. The dependency of an important region
of Ssn6 on the X-boxes could then be mapped in a similar manner to how I mapped

the X-box dependencies of Spt3, Spt8, Mot3 and Rox1.

4.3 New models of RNR3 repression and activa-
tion

Results from my work and the literature can be amalgamated to produce models of
RNRS3 promoter function. These models can be used to drive further research.
Repression and de-repression of the RNRS promoter involves coordinated action

among a variety of factors and complexes [50, 53, 80, 88, 100, 101, 102] which also
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depends on the shape of the DNA, similar to the enhanceosome (a protein complex

composed of transcriptional activators) found in higher eukaryotes [11, 53].

A model for repression is several TFs acting together with one co-repressor complex
to keep the chromatin in a repressed state (Figure 4.1). Under baseline conditions,
Crtl interacts with its three X-boxes and the Ssn6-Tupl co-repressor complex [40].
The interaction between X-box u and w I identified is consistent with both Crtl
dimerization and flexible interactions with the Ssn6 co-factor. Thus, both are included
in the model. Crtl dimerization is represented by a dashed line between the two
molecules bound to u and w. The interaction is illustrated by looping of the DNA,
allowing Crt1 molecules to interact via distant sites. Mot3 and Rox1 are thought
to act synergistically with Crtl through Ssn6 [50]. Ssn6, in turn, interacts with

nucleosomes and Crtl to bend the promoter DNA and repress transcription [53].

De-repression /activation of RNRS& is complex and understanding may be facili-
tated by thinking of it as involving at least two steps: the first step involves chromatin
modification and depends on Crtl, and the second step involves maintenance of the
chromatin state and PIC formation [53, 80, 88, 100, 101, 102]. Since my work exam-
ined RNRS3 activation in the absence of Crtl, my results add to a model of the later

step.

A model for the first step of activation of RNRS3 is shown in Figure 4.2. Opening
the chromatin requires the general transcription factor complex TFIID and the chro-
matin remodeling complex SWI/SNF [100, 101]. Crtl is known to interact with TFIID
and SWI/SNF [102]. The repressor/activator TF Rapl also interacts with TFIID and
SWI/SNF [88]. It does not have consensus sequences in the RNRS promoter but binds
to the upstream regulatory sequence [88]. In addition to what has been established,
our lab has data suggesting that the transcriptional activator Swi4 may play a role

in this process. Swi4 is a documented TF for RNR3 in Yeastract [1, 60, 87|, there is
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Figure 4.1: Updated model for repression of RNRS.

a consensus sequence for this activator directly upstream of X-box v, and the effect
of deleting Swi4 is masked by deleting Crt1 (GFP fluorescence expression data from
Hilary Phenix, not shown). The effect of another activator that acts during the first
step of activation (Rapl) is also masked by deleting Crtl [80, 88]. These epistatic
relationships suggest that Swi4 and Rapl act downstream of Crtl, meaning they are

activated by or dependent on Crtl for their function.

The second stage of activation is less well defined. The existing evidence seems
to suggest that there may be an intermediate activation step between the first and
second step that depends on a Crtl-defined chromatin structure, but not Crtl it-
self. The chromatin modifying protein Rpd3L is recruited to the upstream regulatory
sequence of RNR3 after TFIID and SWI/SNF modify the chromatin, and its recruit-
ment does not depend on Crtl [80]. However, the effect of Rpd3L on activation is
masked by deleting Crt1 [80]. This epistatic relationship suggests that Rpd3 is some-
how dependent on Crtl [2]. Taken together, the existing evidence suggests that the
activating effects of Rpd3L depend on a chromatin configuration at RNRS3 that is
absent when Crtl is deleted. Swi4 may also be involved in this intermediate step,

since our laboratory methods are unable to separate these preliminary steps.

A model of the second step of RNRS3 activation is shown in Figure 4.3. Once

the chromatin is opened up, there is no longer a requirement for co-activators like
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Activate Part 1

TATA

Figure 4.2: First Step of activation of RNRS.

SWI/SNF and TFIID [101], and Crtl dissociates from the promoter [40, 102]. Ev-
idence suggests that the final stage (second step) of RNRS3 activation requires only
factors mediating PIC formation and another factor [88]. For most TATA-containing
promoters, PIC formation includes the co-activator complex SAGA [33]. My work
shows consistency with [100] in that Spt3 and Spt8 (part of SAGA) are important
factors for RNR3 activation when Crtl is absent. My data further suggest that X-
boxes u and v individually contribute to activation in the absence of Crtl. Further,
I observed that repressors bound better when the X-box sequences were replaced.
Consistent with all of these results is a model where Crtl dissociation (by deletion
or DNA damage in a native context [40]) disrupts the conditions for repression. Dis-
sociation results in a change in the conformation of the Ssn6 protein [19] while it
remains at the X-boxes. This altered conformation inhibits Tupl, Mot3 and Rox1
from binding. Since Ssn6 is not known to bind DNA directly [85], it is possible that
another activator TF (e.g. Rtg3) is yet to be identified that interacts with Ssn6 to

mediate the activation.

4.4 Conclusion

The goal of this thesis was to investigate how multiple promoter elements combinato-

rially define transcriptional regulation. My results suggest that the conserved X-box
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Figure 4.3: Updated model for second step of activation of RNRS.

sequence elements play an intricate role in RNRS3 transcriptional regulation. Specifi-
cally, higher-order X-box-mediated interactions are important for RNRS& transcription

and the role of the X-boxes extends beyond their interaction with Crtl.

Overall, the results in this thesis illustrate the utility of systematic perturbation
and multiple linear regression for quantitative identification of functional interactions.
This is a useful step towards the creation of predictive models of transcriptional reg-
ulation. However, my investigations also highlight that significant challenges must be
overcome to develop comprehensive thermodynamic models of transcriptional regula-
tion through native eukaryotic promoters. Even for a promoter supposedly regulated
by a simple repression mechanism in a relatively simple microorganism, developing
such models will likely be highly resource intensive. Firstly, highly sensitive tran-
scriptional assays must be employed in order to accurately characterize the func-
tion of individual CREs and the interactions between them. Current flow cytometry
technologies may be insufficient to fully characterize the functions of relatively weak
CREs, and other, more sensitive assays are not easily performed in a high-throughput

manner.

The absence of accurate systematic perturbation data inevitably limits the accu-
racy and scope of the thermodynamic models that can be supported. Secondly, as my

research suggests, CREs may have unexpected functions that extend beyond what is
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generally captured by binary interactions in thermodynamic models. Closer analysis
of the existing literature on the interaction between Crtl and Ssn6 further supports
this notion. Correspondingly, it will be necessary to employ an iterative approach,
similar to the one employed here, where these additional roles are identified and
characterized. The basic problem here is that the scope of systematic perturbation
approaches scales exponentially with the number of components analyzed. Corre-
spondingly, the generation of complete perturbation datasets for natural promoters

will likely exceed what can be accomplished as a thesis research project.
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Appendix A

Customized MATLAB scripts

Converting fluorescence data to mean expression values

Before any analysis was done, an information file was created for each experiment
which included the file name and the strain information for that particular file. This
information file was saved as a file recognized by MATLAB (file name extension .txt
or .mat) and loaded during the analysis so that the data would be stored along with
information that could later be accessed and plotted. Files obtained from the flow
cytometer were analyzed by three scripts (file name extension .m) written by Mads
Kaern to: 1) join the files together into one amalgamated file (fcs_join.m), 2) gate the
data to eliminate the top 10% of outliers in the population (representing dead, com-
promised cells, etc.) (fes_gating.m) and 3) convert the probe data into linear mean flu-
orescence values for plotting and statistical analysis (singlecolour_analysis.m). Scripts
specific for each data set were then written to plot the data in a meaningful way.

An example of the output for fcs_join.m is shown in Figure A.1. The left plot
shows the forward scatter (FS) by side scatter (SS) log plot of the cell population
representing all files joined together. FS and SS show the size and complexity of
the cells in the population respectively. It was important that there was minimal

variability in this plot. The second plot shows an amalgamation of all .fcs files and
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their flow rate over time for one experiment. In this example, there was a space
between some of the files because I ran two plates several minutes apart. During this
step it was important to look for huge discrepancies in flow rate and to make sure
the number of peaks in the plot represented the number of files one wished to join

together.

An example of the output for the fcs_gating.m script is shown in Figure A.2. FL1

is flow probe 1, which is the probe detecting GFP fluorescence expression.

After the gating script, the singlecolour_analysis.m was run. An example of the
output for one file is given in Figure A.3. This script was written to first normalize
each cell population to constitutive BFP expression values. This was only relevant if
a population of cells contained a reporter where a constitutive promoter was used to
drive BFP expression. This was used as another measure to eliminate sick or abnormal
cells. Next, the script was written to fit population distributions for each file to single
and double Gaussian distributions, and plot the log GFP values for the corresponding
sub-populations generated for each file according to these models. Then, a linear
transformation on the gated probe data was performed. The flow cytometer probes
collect log expression values. These values were linearly transformed by computing
10 to the power of the log expression value divided by the FL1 probe range defined
earlier in the script, which was 10 to the power of 1:1024 divided by 256. The resulting
output of this script was a data file that included mean linearized GFP expression
values that could be plotted, normalized for autofluorescence, tranformed or analyzed

further with statistics.
Generating Plots Directly from Raw Data

Alternatively, the files obtained from the flow cytometer were analyzed with a
series of scripts written by Hilary Phenix. The first script allowed the user to visualize

the raw data from each .fcs file by plotting raw F'S/SS distributions as well as raw and
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Figure A.1: Examples of output for running the joining script in MATLAB on a series
of fecs files obtained after flow cytometry. The first figure shows an amalgamated
FS/SS log plot for all files. The second figure shows a plot of all files and their flow
rate over time.
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FS/SS scatter - raw data FS/FP1 scatter - raw data

300
=" /00 =
= 500
2 2
& 4 = 400
w =
i} 8 i
20 o & 200
550 BOD BSO  7OO 7a0 550 GO0 BSO FOO 7AO
Forward scatter Forward scatter

Figure A.2: Example of output while running the gating script in MATLAB on a
series of fcs files obtained after flow cytometry. The left figure shows a FS/SS log
plot of an individual file (file 51 in this example) and the right plot shows the FS by
FL1 (GFP fluorescence) log plot. The red and black lines represent the 90% gating
for this file, eliminating some of the outliers.

111



—— Dual population model

—— Single population model

10° 10t 10t b= 0t 10t b= 10 10t
FL1Log FL1Log

Figure A.3: Example of the output for one file while running the single colour analysis
script in MATLAB. The first plot is not relevant since this particular cell population
did not have a constitutive promoter-reporter construct. The middle plot shows fits
to a single (single population model) and double (dual population model) Gaussian
distribution. The rightmost plot is a histogram of the log GFP distribution for one
sample population and its corresponding sub-populations according to the dual pop-
ulation model (sample 51).

relative probe distributions (check files.m). An example of the output from this script
is shown in Figure A.4. FL6 is the violet probe detecting BFP fluorescence, which is
only meaningful if the strain being analyzed has a reporter driving BFP. Even without
the reporter, abnormal fluctuations in this distribution represent autofluorescence
fluctuations, which can be typical of sick or dying cells. This script also allowed the
user to define a minimum flow rate and bimodal estimation threshold, where files
below these thresholds were discarded or estimated as unimodal, respectively. Based
on the plot visualization, files indicative of experimental error were also discarded at
this stage (i.e. with abnormal GFP or FS/SS distributions). Next, a script could be
run to load an amalgamated data file composed of individual checked .fcs files from
a series of experiments. Then, a script was run that allowed the user to define the
wild-type file and plotted each file’s FL1 log population distribution on top of the
wildtype distribution on the same graph (Cmp_MutWT_FLDist_sameplot.m). Plots

of interest could be exported directly from the script in jpeg format.
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Figure A.4: Example of the output for one file while running the check files script
in MATLAB. From top left, the plots are the FS/SS log distribution, the FL1 val-
ues relative to maximal FL1 expression, the FL6 log distribution and the FL1 log

distribution.
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Appendix B

Sequencing
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Table B.1: Tabulation of the number of Ts in the poly(dA:dT) region for each RNRS3
promoter variant colony sequenced. TetO refers to strains from the Tet operator
replacement approach, while scramb refers to strains from the scrambling X-box re-
placement approach. Biological replicate counts for the same strain are separated
by commas, and technical replicate counts of one biological replicate are given in
brackets.

Strain number of Ts
wt 17

X 17
TetO

u 16,18
v 20,21
A 21

uv 22,17
uw 20

VW 17,18
uvw 20

Xu 27

XV 22

XW 14
xuv 20
XUW 15
XVW 21
XUVW 16
Scramb

u 21

v (19,19)
A 19

uv 13

uw 26,(22,23),(17,20)
VW (14,14)
Uvw 15

Xu 24

XV 16

XW 20
Xuv (16,16)
XUW 22
XVW 15
XUVW (14,16)
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Figure B.1: Sequencing results: X-boxes replaced with Tet operators. Chromat traces
are shown for sequencing of the wild-type RNRS promoter (X-boxes boxed in black
and labeled), and three strains where single X-boxes were replaced (boxed in red).
Chromat traces are only shown for one strain background (Crtl+), but X-box re-
placement in Crtl- strains was also confirmed.
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Figure B.2: Sequencing results continued: X-boxes replaced with Tet operators.
Chromat traces are shown for sequencing of strains where two or three X-boxes were
replaced (shown in red). Chromat traces are only shown for one strain background
(Crtl+), but X-box replacement in Crtl- strains was also confirmed.
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Figure B.3: Sequencing results: X-boxes replaced with scrambled sequences. Chromat
traces are shown of the wild-type RNRS3 promoter, and three strains where single
X-boxes were replaced. Chromat traces are only shown for one strain background
(Crtl+), but X-box replacement in Crtl- strains was also confirmed.
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Figure B.4: Sequencing results continued: X-boxes replaced with scrambled se-
quences. Chromat traces are shown for sequencing of strains where two or three
X-boxes were replaced. Chromat traces are only shown for one strain background
(Crtl+), but X-box replacement in Crtl- strains was also confirmed.
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Appendix C

Synthetic Genetic Array analysis

Table C.1: SGA strains and Z-test for outliers. Strains labeled by the gene name
encoding the factor that was deleted aside from Crtl.

Strain z-score p-val

ACE2 -9.80248 1.09858 x 1022
AFT1 -9.2911 1.52699x 10720
BDF1 -9.16922 4.76474x10~2°
CKB1 -9.10142 8.91586x10~2°
SPT10 -9.00145 2.22753x 10719
MET18 -8.95429 3.41916x 10719
GALSO -8.85207 8.5908x 10719
SPT3 -7.76582 8.11179x10~1°
INO2 -7.43636 1.03499x 1013
SFP1 -7.40716 1.29033x 1013
SPTS8 -7.3372 2.181x 10713
TDA9 -7.2202 5.19126x 1013
IXR1 -6.89094 5.54248 x 10~
EXO5 -5.89375 3.77533x10~%
MOT?2 -5.42984 5.64045x 1098
GCN4 -4.93496 8.01676x 10797
DEP1 -4.50679 6.58167x107%
CTI6 -4.44231 8.89974x10~%
PHO23 -4.39 1.13352x10%
MAC1 -3.67901 0.000234139
YPR013C -3.40022 0.000673306
BURG6 -3.22815 0.00124593
RIM101 -2.8898 0.00385489
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Table C.1 — continued from previous page

Strain z-score p-val

HAL9 -2.82275 0.00476132
EMI1 -2.56533 0.0103079
MTCT7 -2.54229 0.011013
SAS4 -2.34612 0.01897
FLOS -2.30484 0.0211757
RML2 -2.28185 0.0224984
HMOT1 -2.26686 0.0233987
PGD1 -2.16888 0.0300921
STB4 -2.14265 0.0321415
CRZ1 -1.93304 0.0532309
URE2 -1.92959 0.0536572
SKO1 -1.86848 0.061695
EDS1 -1.84689 0.0647631
UME1 -1.779 0.0752392
MUKT1 -1.73997 0.0818639
GAT2 -1.72912 0.0837882
CRF'1 -1.68678 0.0916454
DOT6 -1.64744 0.0994672
HAP2 -1.6117 0.107027
CDC36 -1.60879 0.107661
RDS2 -1.60762 0.107919
PHD1 -1.6045 0.108604
MSN4 -1.60394 0.108728
HAP4 -1.56033 0.118682
SFL1 -1.54262 0.122924
DALS82 -1.53817 0.124007
SYNS -1.51313 0.130246
AHC2 -1.51208 0.130514
SAS5 -1.50741 0.131706
YNL155W -1.49974 0.133682
I'TT1 -1.45383 0.145994
CKA2 -1.404 0.16032
SAS2 -1.36497 0.172263
YLR278C -1.35799 0.174468
RLM1 -1.33865 0.180685
UPC2 -1.33419 0.182141
BAS1 -1.3253 0.185072
SNF6 -1.32261 0.185965
SUB1 -1.29756 0.194439
ARR1 -1.29078 0.196781
YPRO15C -1.26223 0.206867
DIG1 -1.24519 0.213063
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Table C.1 — continued from previous page

Strain z-score p-val

TOS8 -1.19662 0.231453
YPR022C -1.19327 0.232764
SEF1 -1.16961 0.24216
CAF130 -1.16928 0.24229
ASHI -1.14653 0.251575
YPR127TW -1.12433 0.260875
FSH3 -1.11057 0.266752
RPI1 -1.10449 0.269383
PFK27 -1.08976 0.27582
VHR1 -1.06903 0.285058
EMI2 -1.06353 0.287542
ECM22 -1.05519 0.291341
MEDG6 -1.04972 0.293847
GAC1 -1.03245 0.30186
YER184C -1.02118 0.307167
SGV1 -1.0187 0.308344
HSF1 -0.99032 0.322018
HAP3 -0.950965 0.341622
YER130C -0.946716 0.343784
MSNT1 -0.944095 0.345121
HTLI -0.916389 0.359463
ACA1 -0.914168 0.360628
USV1 -0.90536 0.365275
YFLO052W -0.897831 0.369276
GAT3 -0.892258 0.372255
YIL024C -0.883094 0.377185
FHL1 -0.881932 0.377814
MEDS -0.85079 0.394886
YTH1 -0.848001 0.396438
ZIM1T7 -0.845546 0.397806
RRNT -0.837645 0.40223
BDP1 -0.805431 0.420571
PRR1 -0.802931 0.422015
SNG1 -0.781603 0.434448
GAL3 -0.779558 0.435651
RPD3 -0.769503 0.441595
SUT2 -0.764052 0.444836
GLN3 -0.760459 0.44698
CKA1 -0.758489 0.448159
ARP7 -0.75145 0.452382
MBF1 -0.739535 0.459582
MKS1 -0.738199 0.460394
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Table C.1 — continued from previous page

Strain z-score p-val

LOT6 -0.73318 0.463449
HMS2 -0.727579 0.466872
MED7 -0.722197 0.470173
SUAT -0.711969 0.476484
SNF11 -0.710093 0.477646
MGA2 -0.695159 0.486955
TFG1 -0.679128 0.497057
NTE1 -0.675087 0.49962
HAA1 -0.674503 0.499991
NCB2 -0.673057 0.500911
CIT2 -0.665738 0.505579
SRB4 -0.665651 0.505634
RSF2 -0.657408 0.510919
YNRO63W -0.641854 0.520968
RVBI1 -0.638872 0.522906
NRG1 -0.623228 0.533135
CNA1 -0.616457 0.537593
FZF1 -0.615107 0.538484
CATS -0.569467 0.569039
MAL13 -0.544073 0.586391
TECI -0.532932 0.59408
HST4 -0.529256 0.596628
CTS1 -0.525816 0.599016
ADRI1 -0.514824 0.606676
IME1 -0.508803 0.61089
RGM1 -0.50538 0.613292
NOTS5 -0.50123 0.616209
SUT1 -0.475023 0.634771
RGT1 -0.472906 0.636281
MIG3 -0.469729 0.638549
GTS1 -0.465456 0.641605
SRBT -0.458949 0.646271
RDS1 -0.452333 0.651029
YLL054C -0.443267 0.657573
CLN1 -0.435956 0.662869
HCM1 -0.428754 0.668103
CBF1 -0.41418 0.678743
MAL33 -0.401181 0.688287
SPS18 -0.40056 0.688744
STP4 -0.378743 0.704879
URC2 -0.377398 0.705878
RTG1 -0.371227 0.710469
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Table C.1 — continued from previous page

Strain z-score p-val

BDF2 -0.366664 0.713869
MSN2 -0.364386 0.715569
PZF1 -0.363341 0.71635
RSC58 -0.361692 0.717583
TFB1 -0.358295 0.720122
SRB2 -0.357976 0.720361
[F'H1 -0.356214 0.72168
LUCT -0.353782 0.723502
YRR1 -0.352712 0.724305
MCM1 -0.344304 0.730618
SIR1 -0.328416 0.742597
YAK1 -0.315033 0.752737
HUG1 -0.29685 0.766581
YMRI181C -0.295741 0.767428
SFG1 -0.289008 0.772575
YIR014W -0.285766 0.775057
DAT1 -0.277836 0.781138
ASG1 -0.254505 0.799105
HIR2 -0.254129 0.799396
PDR1 -0.252256 0.800843
SWI5 -0.245551 0.80603
OAF1 -0.222865 0.823641
PDE1 -0.21626 0.828785
UGA3 -0.213652 0.830819
FKH2 -0.212678 0.831578
RSF1 -0.199176 0.842125
FRA2 -0.194627 0.845685
BRE4 -0.182531 0.855166
YAPG6 -0.172247 0.863243
MED4 -0.146711 0.88336
DIG2 -0.144517 0.885092
AFT2-0.111712 0.911052
KIN28 -0.109241 0.913011
RIF1 -0.0966581 0.922998
TODG6 -0.0836947 0.933299
GIS1 -0.0819201 0.93471
CUP9 -0.0639962 0.948973
WTM2 -0.0390315 0.968865
MET28 -0.0308753 0.975369
RVB2 -0.0167791 0.986613
BUR2 -0.00401479 0.996797
RDR1 0.00344446 0.997252
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Table C.1 — continued from previous page

Strain z-score p-val

FKHI 0.0101568 0.991896
STB3 0.0424255 0.96616
RTG3 0.0523041 0.958286
FRA1 0.0620393 0.950532
YLR346C 0.0666572 0.946855
SNT2 0.0697049 0.944429
NRM1 0.0742733 0.940793
CMP2 0.0791357 0.936925
YGRO035C 0.0906909 0.927738
ERT1 0.106195 0.915427
FRES 0.112685 0.91028
LEU3 0.147731 0.882555
NRG2 0.153409 0.878075
MIG1 0.155611 0.87634
MKT1 0.163598 0.870048
CAD1 0.167622 0.86688
YMR102C 0.171881 0.863531
TYET7 0.173596 0.862183
STP3 0.174537 0.861444
YORO059C 0.176419 0.859965
YAP5 0.185991 0.852452
HAP5 0.196399 0.844298
CRT10 0.199184 0.842119
SIP4 0.222274 0.824101
RFX1 0.240571 0.809887
REH1 0.266054 0.790198
KAR4 0.268798 0.788085
PRR2 0.288154 0.773229
YDRO026C 0.289337 0.772323
RIF2 0.290028 0.771795
YLR040C 0.295594 0.76754
CNB1 0.298372 0.765419
STB1 0.298372 0.765419
SWI1 0.308729 0.757528
CTH1 0.309807 0.756708
RAD14 0.314346 0.753259
ZPS1 0.316979 0.75126
CEP3 0.331469 0.740291
ARGS81 0.334813 0.737766
HAC1 0.341947 0.732391
BYE1 0.350557 0.725921
SIN4 0.35911 0.719512
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Table C.1 — continued from previous page

Strain z-score p-val

AZF1 0.362319 0.717114
ZRT1 0.37635 0.706657
HIR3 0.405017 0.685465
YLR046C 0.41601 0.677403
ZRT?2 0.419846 0.674598
TAF11 0.433781 0.664447
YGRO067C 0.458892 0.646312
BUD27 0.465714 0.64142
CINb5 0.46703 0.640478
PDRS 0.472907 0.63628
YAP3 0.47535 0.634538
GAT4 0.482396 0.629524
YPR196W 0.491253 0.623248
HUA1 0.493606 0.621584
MET31 0.50595 0.612891
CHA4 0.513112 0.607873
ECO1 0.533959 0.59337
YRM1 0.556897 0.577598
RPH1 0.560303 0.575273
PHO2 0.569493 0.569021
RRN11 0.572862 0.566738
YJL206C 0.575245 0.565126
OPI1 0.57964 0.562157
YER156C 0.581001 0.56124
THO2 0.595417 0.551565
MIG2 0.59671 0.550701
HTBI1 0.634465 0.525777
PIP2 0.647519 0.517296
GCR1 0.652679 0.513963
HOT1 0.685181 0.49323
RRNG6 0.685357 0.493119
SWI3 0.693745 0.487842
SIP3 0.705005 0.480807
RRN5 0.707988 0.478953
HMS1 0.727991 0.466619
ABF1 0.745676 0.455863
RME1 0.745897 0.45573
SOK2 0.746576 0.45532
JEN1 0.746706 0.455241
SMP1 0.75761 0.448685
YKL222C 0.758096 0.448394
GZF3 0.762047 0.446032
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Table C.1 — continued from previous page

Strain z-score p-val

TBS1 0.763213 0.445336
YBP1 0.777475 0.436878
SAP1 0.791893 0.428423
GAL4 0.795295 0.426442
WAR1 0.796387 0.425807
ECL1 0.802974 0.42199
MSS11 0.807324 0.41948
OAF3 0.808309 0.418913
IWRI 0.81195 0.41682
PDR3 0.824816 0.409476
MSA2 0.834702 0.403885
STB5 0.837643 0.402231
YPLO8SW 0.84668 0.397173
AROBS0 0.85608 0.391953
YOX1 0.887883 0.374604
THI2 0.907721 0.364025
YAP7 0.908805 0.363453
PLM2 0.916426 0.359444
ZAP1 0.924178 0.355394
YLL056C 0.93556 0.3495
CAF120 0.94492 0.3447
ETP1 0.949545 0.342344
CST6 0.959361 0.337377
ARGS80 0.963914 0.335089
STP2 0.97097 0.331563
CUP2 0.979923 0.327124
RAP1 1.02174 0.306905
GIS2 1.02625 0.304774
XBP1 1.02737 0.304247
RTG2 1.03255 0.301812
PHR1 1.03433 0.300984
SRB5 1.04662 0.295276
YMLO037C 1.0533 0.292201
CDC39 1.07059 0.284352
SSN2 1.10767 0.268006
MET32 1.12225 0.261755
MGAT1 1.13635 0.255811
NDTS80 1.14977 0.250238
ISW1 1.15908 0.246422
CCRA4 1.17552 0.239788
MSAT 1.19835 0.23078
YIRO1I6W 1.19882 0.230599
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Strain z-score p-val

SPT2 1.20634 0.227688
GSM1 1.21377 0.224837
TOM1 1.2149 0.224404
WTM1 1.21959 0.222621
PFK26 1.22094 0.222109
RRN3 1.23612 0.216413
ELF1 1.23762 0.215856
MBP1 1.25868 0.208145
GAT1 1.26458 0.206023
NOTS3 1.30153 0.193077
LYS14 1.30467 0.192006
TOS4 1.34074 0.180006
PUT3 1.36299 0.172886
HTB2 1.3972 0.162353
SPT23 1.42494 0.154175
HST3 1.43164 0.152248
DALSO 1.44977 0.147123
STD1 1.48897 0.136495
MET4 1.51626 0.129453
SSL1 1.51628 0.129448
CKB2 1.56057 0.118625
OTU1 1.67481 0.0939719
WHI5 1.70353 0.0884692
YHP1 1.77518 0.0758681
HYR1 1.79288 0.0729922
CKS1 1.875 0.0607932

CLN2 1.87675 0.0605528
IMP2’ 1.88404 0.0595599
GCR2 2.20887 0.0271835
PHO4 2.25676 0.024023
HIR1 2.31118 0.0208229
PPR1 2.38103 0.0172641
STP1 2.42965 0.0151135
YAP1 2.78286 0.00538825
SUM1 2.90307 0.00369521
HTZ1 3.19839 0.00138196
SWI4 3.60757 0.000309083
RPN4 4.04999 5.12198x 1079
UMES6 4.12253 3.74741x 1079
DALS1 4.13395 3.56583x10~%
SGF11 4.26305 2.01656x10~%
SKN7 4.51816 6.23791x 1096
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CHD1 4.52134 6.145%x 1079
ISW2 4.98557 6.1778x 10797
TAF13 6.32567 2.52128 10710
SUS1 7.30307 2.81273x1013
NGG1 7.7745 7.57435x 101
ROX1 7.81448 5.51894x10~1°
MOT3 10.2143 1.71175x 102
ADA2 27.8812 0
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Table C.2: Functional analysis of SGA library hits. SGA Hit functions from SGD [15],
whether they are linked to DNA damage or regulate RNRS3, and interesting interac-
tions from the BioGRID database [13].

hit SGD description (copied directly) RNR3 BioGRID
Ace2 Transcription factor required for septum destruction after cytokinesis Aftl
Aftl Transcription factor involved in iron utilization and homeostasis Y [4] Spt3,Rox1
Bdfl Protein involved in transcription initiation at TATA-containing promoters Y [36] Spt8
Ckb1 Beta regulatory subunit of casein kinase 2 (CK2), a Ser/Thr protein kinase with roles in Bdf1l
cell growth and proliferation
Spt10 Putative histone acetylase with a role in transcriptional silencing Y [91] Swi4,Mot2
Met18 Component of cytosolic iron-sulfur protein assembly (CIA) machinery Y [71] Rfx1,Spt3,TAF1
Gal80 Transcriptional regulator involved in the repression of GAL genes in the absence of galac- Ino2
tose
Spt3 Subunit of the SAGA and SAGA-like transcriptional regulatory complexes Y [100] Mot3,Spt8,Met18,
Aftl,Ada2
Ino2 Component of the heteromeric Ino2p/Ino4p basic helix-loop-helix transcription activator Gal80,Swi4
that binds inositol/choline-responsive elements (ICREs)
Sfpl Regulates transcription of ribosomal protein and biogenesis genes Y [99] Torl
Spt8 Subunit of the SAGA transcriptional regulatory complex but not present in SAGA-like Y [100]
complex SLIK/SALSA
Tda9 DNA-binding protein Y [75]
Ixrl Protein that binds DNA containing intrastrand cross-links formed by cisplatin Y [94]
Exob Mitochondrial 5’-3’ exonuclease and sliding exonuclease
Mot2 Ubiquitin-protein ligase subunit of the CCR4-NOT complex Y [61] Spt10
Gcen4 Basic leucine zipper (bZIP) transcriptional activator of amino acid biosynthetic genes in Ada2,Spt3,Rapl
response to amino acid starvation
Ada2 Transcription coactivator
Mot3 Transcriptional repressor and activator with two C2-H2 zinc fingers Y [50]
Rox1 Heme-dependent repressor of hypoxic genes Y [50] Mot3

Table C.3: Functional analysis of SGA library hits: GO annotations. GO slim process
terms for the top 16 activators and top 3 repressors identified in the SGA. Searched
and exported directly from SGD using the GO SLIM Mapper [15].

GOID GO term Gene(s)

6366 transcription from RNA polymerase II promoter INO2,SPT3,ADA2,GCN4,
MOT2,AFT1,SPT10,IXR1
,SPT8,ACE2,SFP1,GAL80, MOT3,ROX1

6325 chromatin organization SPT3,ADA2,SPT10, SPT8,BDF1

6974 response to DNA damage stimulus CKB1,SPT10,IXR1, BDF1

16570 histone modification SPT3,ADA2,SPT10, SPTS8

43543 protein acylation SPT3,ADA2,SPT10, SPTS8

18193 peptidyl-amino acid modification SPT3,ADA2,SPT10,SPT8

6281 DNA repair SPT10,IXR1,BDF1

42221 response to chemical stimulus GCN4,IXR1

33043 regulation of organelle organization ADA2,BDF1

6629 lipid metabolic process INO2,MOT3

910 cytokinesis ACE2

6360 transcription from RNA polymerase I promoter CKB1

5975 carbohydrate metabolic process GALS80

6383 transcription from RNA polymerase III promoter CKB1

51726 regulation of cell cycle ACE2

51052 regulation of DNA metabolic process BDF1

7059 chromosome segregation AFT1

6352 ” DNA-dependent transcription, initiation” GCN4

43934 sporulation SPT3

7005 mitochondrion organization EXO5

746 conjugation SPT3

31399 regulation of protein modification process ADA2

278 mitotic cell cycle ACE2

6811 ion transport AFT1

7124 pseudohyphal growth SPT3

6354 ” DNA-dependent transcription, elongation” MOT2

51049 regulation of transport AFT1

6468 protein phosphorylation CKB1

6401 RNA catabolic process MOT2

70271 protein complex biogenesis GCN4

1403 invasive growth in response to glucose limitation SPT3

48285 organelle fission AFT1

70647 protein modification by small protein conjugation or removal MOT2

6970 response to osmotic stress MOT3

42594 response to starvation AFT1

8150 biological process unknown TDA9

other other MET18
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