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Abstract

Human health is increasingly threatened by the emergence of multiply drug resistant
malignant organisms. Yet, our understanding of the numerous ways by which such resis-
tance arises is modest. Here we present evidence of a bet hedging strategy in the budding
yeast, Saccharomyces cerevisiae, to counter the effects of cytotoxic drugs through the ac-
tion of Pdrb, an ATP-binding cassette transporter. We have employed flow cytometry and
fluorescent activated cell sorting to probe the expression levels of a GFP-tagged version of
PDRY5 in individual cells. The results obtained from these experiments demonstrate that
each yeast population is variable in the levels of Pdr5 production, and a small subpopu-
lation of cells produces this efflux pump at much higher quantities than the population
average. Consequently, cells with high and low levels of Pdrb grow differentially in presence
and absence of cycloheximide, a cytotoxic drug. These properties are highly suggestive of
a bet hedging strategy mediated by Pdrb levels. We further link this bet hedging strategy
to the transcriptional regulatory network of PDR5 consisting of two major transcription
factors, Pdrl and Pdr3. Our analysis suggests that a self-activating feedback loop act-
ing on Pdr3 plays an important role in generation of the aforementioned subpopulation.
Furthermore, our results point to a large difference in the activity of these two regulators
wherein Pdr3 is notably stronger than Pdrl. The disparity in their activity could indicate
a mechanism for generation of the observed proportions of subpopulations with regards to

the level of Pdrb.
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Chapter 1

Introduction

1.1 Drug Resistance

Rapid advancements in health care and drug-based treatment of maladies, in the past
century, have led to an equally swift increase in the emergence of pathogens that can resist
these drugs. In fact, the rate at which microorganisms become resistant to newly developed
drugs outstrips the rate of their development [1]. Most drugs against microorganisms lose
their potency shortly after market introduction as a result of inherent or acquired drug
resistance [2], as seen in Figure 1.1. Single cell organisms are not the only malignant living
things for which drug resistance has become an alarming problem. Many cancer cells can

acquire resistance to chemotherapeutics and become the seeds of metastatic tumours.

1.1.1 Avenues of Drug Resistance

Drug resistance is a stable phenotype wherein an organism can thrive and proliferate in the
presence of otherwise inhibiting levels of a drug. It is an evolutionary phenomenon which
arises from natural selection of individuals that can negate the effects of the drug in one of

several ways. However, cells use two general strategies to overcome the effects of a drug—
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Figure 1.1: The approximate lifetime of antimicrobial drugs after market introduction.
Most classes of drugs have a short market life before their target organisms develop resis-
tance to them. Figure reproduced with permission from the Center for Global Develop-
ment: The Race Against Drug Resistance, copyright 2010.

removal of the drug or its target [3,4]. Removal of a drug can be manifested in a number
of ways, such as its active expulsion from the cell, its enzymatic inactivation, prevention of
its entrance to the cell, or its sequestration once it has entered. Similarly, the target may
be removed by its mutation, down-regulation, or repair. Mutation or down-regulation of a
target is not the most optimal solution for an organism because the drug target is usually
essential for its survival. Nonetheless, mutations that alter the structure of the target do
occur frequently and decrease effects of the drug. Such mutations often lower the fitness of
the organism, at least in the short term, by disturbing the target’s function (e.g. see [5]).
If a reasonable balance between resistance and lower fitness is struck, the mutant can live
long enough to acquire other favourable mutations or conditions that offset the impact of

the original mutation [6].

The target itself can remain unchanged if effects of the drug are nullified by other fac-

tors. The anti-drug action of these factors can arise as a result of mutations—permanently



changing their functions—or a transient alteration in their state, such as up- or down-
regulation [7], post-translational modification [8], or network rearrangements [9], among
others. Apart from individuals that possess a mutator phenotype, the rate of random mu-
tations for the majority of the population, under normal conditions, is often quite low—
approximately 0.003 per effective genome per division [10]. Many of these mutations are
deleterious or neutral, further decreasing the rate of occurrence of beneficial ones. There-
fore, in spite of higher mutation rates during stress conditions, including drug treatment,
in both microbes [11,12] and eukaryotes [13], the frequency of mutations that would impart
drug resistance may not be high enough to account for its prevalence. Hence, mutation-
independent mechanisms of variability in a population are likely to contribute significantly

to drug resistance and cannot be overlooked.

1.1.2 Heterogeneity and Drug Resistance

Since the initial discovery of antibiotic resistance in bacteria—occurring very shortly after
mass market introduction of the first antibiotic—the search for its causes has been ardently
pursued. Classically, mutation has been the only known mechanism for the generation of
enduring heterogeneity in a population. Naturally, given its role in selection, mutation has
been considered to be the major player in acquired drug resistance [14,15]. However, preva-
lence of drug resistance and the relatively fewer mutations, especially in higher eukaryotes,
have led some investigators to re-examine the significance of non-mutational mechanisms
in generation of heterogeneity and their implications for drug resistance [9,16-22]. Indeed,
non-genetic heterogeneity—i.e. cell-cell variations that are not permanently established by
mutations—is abundantly present in all genetically identical populations, and the effects
of this kind of heterogeneity on the population are more immediate than those caused
by mutations. Furthermore, each cell has the potential to move through all possible bio-
chemical states. Therefore, cells will not have to permanently remain in a state of lower

fitness when the environmental conditions change. Because of these properties, this form



of heterogeneity has the capacity to facilitate drug resistance.

The best studied mechanism of transient variability is the noisy expression of genes.
In this context, gene expression refers to transcription, translation, and the intervening
steps leading to synthesis of functional proteins. All these steps, from the initial binding
of transcription factors (TFs) to the final degradation of the protein product of a gene, are
biochemical reactions characterized by random diffusion and collision of Brownian particles
[23]. Therefore, gene expression is inherently stochastic. The simple gene expression model
of Figure 1.2A demonstrates the main biochemical reactions involved in this process. Each
reaction is characterized by a rate constant, which is a measure of the average speed of
the reaction. However, random fluctuations influence the rate of each chemical reaction,
and the strength of their influence depends on the number of starting molecules, volume
of the system, and the magnitude of each rate constant [24]. In particular, biochemical
reactions which facilitate gene expression usually involve a small number of molecules
(e.g. TFs) and are strongly influenced by random fluctuations in the concentration of
these molecules. The stochastic nature of these reactions gives rise to bursts of RNA
transcription [25], which propagate to cause large fluctuations in the level of resulting
protein products (Figure 1.2B). Furthermore, when the gene product is a part of a genetic
circuit, noise in its expression will be transmitted to other elements of the same circuit,
resulting in correlated fluctuations in their levels [26,27]. If fluctuations from one state to
another are circumstantially slow, these states can be inherited and thus act as substrates
for Darwinian evolution. Consequently, non-genetic heterogeneity plays an important role

in the stress response of most organisms [28-30].

The presence of a toxic compound in the environment produces a clear stress condition
for a cell. Therefore, it is reasonable to expect that mechanisms involved in the biological
stress responses would also be involved in drug resistance [31]. Accordingly, non-genetic
heterogeneity has gained significant attention in the past decade as an important basis for

acquisition of drug resistance. Some of the strongest evidence in support of its role in this
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Figure 1.2: Stochastic gene expression. A) A simple model of transcription and translation
based on two states of a promoter. In this model each step of the process is a chemical
reaction that is characterized by an appropriate rate constant. Reprinted with permission
from Macmillan Publishers Ltd: Nature Reviews Genetics 6:451-464, copyright 2005. B)
Transcriptional bursting causes large fluctuations in the level of proteins in a biological
system over time. Reprinted with permission from Macmillan Publishers Ltd: Nature
467:167-173, copyright 2010.



process come from the field of synthetic biology.

The benefits of studying synthetic systems over natural ones are twofold. First, most
synthetic systems are semi-orthogonal to that of the host—i.e. synthetic elements are de-
rived from other organisms and do not interact with the host’s genetic networks. Second,
these systems are built from well-studied, modular components, facilitating easier and
more predictable manipulations. Blake et al. [32] and later Nevozhay et al. [33] used
synthetic networks and exogenous drug resistance genes in Saccharomyces cerevisiae for
this purpose. Both of these groups demonstrated that larger variability among individual
cells in a population—due to noisy promoter dynamics or stochastically-induced bistabil-
ity, respectively—leads to a better chance of survival and a higher population fitness in

response to prohibitive levels of drug.

These results are not limited to synthetic systems. FEscherichia coli, as well as other
bacteria, can become dormant—i.e. have a growth rate of nearly zero—and escape the
effects of antibiotics. Entrance into dormancy, in F. coli, has been shown to rely on the
level of an endogenously produced toxin [34]. This toxin can only act when it is present
above a certain threshold, which is randomly crossed by a small subpopulation of cells [22].
In cancer cells, too, the contribution of non-genetic heterogeneity to drug resistance has
been reported. Levchenko et al. [35] reported the intercellular transfer of P-glycoprotein
(P-gp), a Homo sapiens membrane drug pump, and acquisition of drug resistance by
previously drug-sensitive cells. Generation and propagation of such drug resistant pockets
within tumours result in a genetically identical, but phenotypically variable, population
that can survive treatment. In fact, it has been known for many years that P-gp and
some anti-apoptotic pathways are regulated by a network architecture [36] that could
increase stochastically-induced variability [27]. More directly, researchers have performed
single-cell proteomics analyses of approximately 1000 proteins in cancer cells under drug
treatment [37]. They have found that, while cells showed normal levels of variability in

protein levels before treatment, the addition of the drug amplified this variability within



a small subset of proteins. Finally, they demonstrated that cells with higher levels of one
of these variably-produced proteins have a better chance of surviving drug treatment than

those with lower levels.

This accumulating body of evidence has led Brock et al. [18] to offer a fresh view on
the issue of cancer phenotype emergence and maintenance. They suggest that phenotypic
variability of genotypically identical cells is a potential mechanism of drug resistance in
cancer cells. They argue the following: because mammalian cells do not mutate quickly,
natural selection is more likely to occur on phenotypic variants than genotypic ones. Sup-
pose that levels of a protein that modulates survival of cancer cells during drug treatment
are variable within the tumour population. A subpopulation with higher levels of this
protein would undergo Darwinian selection if it can maintain these levels over at least one
generation. Furthermore, since most anti-cancer drugs cause DNA damage, the surviving
population is more likely to develop lasting, favourable mutations and acquire permanent
resistance [18,21]. Recently, two studies have provided tangible results in support of this
role of heterogeneity in drug response. Sharma et al. [9] identified a small subpopulation of
a cancerous cell line with reversible drug tolerance that appears to be controlled through
chromatin dynamics. Additionally, Kreso et al. [17] have functionally correlated variabil-
ity in the in vivo repopulation kinetics—rate of tumour propagation—among xenografted
clonal cancer cells with their ability to resist therapy. The authors found that, within the
clonal populations, up to five categories of cells with distinct growth dynamics existed,

which could explain their variable response to the drug.

In addition to these studies, computational and mathematical models are increasingly
used to investigate the possibility of and the requirements for drug resistance in heteroge-
nous populations of isogenic cells. The advantages of stochastic heterogeneity in stress-
response mechanisms within randomly changing environments have been extensively mod-
elled since the beginning of the current century [38-41]. Recently, however, researchers

have focused on specifically understanding the problem of drug resistance and mathemati-



cally exploring the role of stochasticity in its emergence. For example, modelling has been
used to generate diagrams representing ‘fitness landscapes’, which can capture the fitness
of a population over a range of drug concentrations and levels of its cognate resistance
gene [19,33]. A fitness landscape developed for E. coli allowed Deris et al. [19] to deter-
mine critical concentrations for a drug above which the population became bistable for
the expression of the drug resistance gene. These results were confirmed experimentally.
Nevozhay et al. [33], on the other hand, found that the expression of an exogenous drug
resistance gene in S. cerevisiae is taxing to the organism at high levels. The fitness land-
scape, in this case, showed a clear ‘sweet spot’ level of expression for the drug resistance
gene that would maximize the organism’s fitness. Furthermore, analysis of experimental
data regarding the ability of two breast cancer cell lines to populate three distinct pheno-
typic states in absence or presence of a drug, led Gupta and colleagues [42] to develop a
quantitative model to describe state switching among these cells. The authors calculated
the probabilities of switching from one state to another, along with cell viability in each
state, and accurately simulated the population composition after drug treatment. Finally,
Charlebois et al. [43] have shown, performing in silico simulations of cell populations, that
noisy gene expression, coupled with some stability in the level of a drug resistance factor,
is sufficient to make a subset of the population permanently resistant to a drug. For this
scenario to work, the levels of the drug resistance factor in the population must be variable,
and the cells with high levels have to maintain them until the first cell division. Under
these conditions, cells with low levels will perish, and the population will consist only of the
high expressing cells, effectively increasing the population mean level of the drug resistance

factor (Figure 1.3).
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Figure 1.3: Establishment of drug resistant populations independent of mutations. When
a population is exposed to a certain amount of a drug that would kill all cells below a
threshold, those with a higher level of a drug resistance factor would survive the initial
drug treatment. However, they can only survive and establish a high-level population if
they can maintain this level for more than one generation.

1.2 Heterogeneity—Bet Hedging

The concept of bet hedging as an evolutionary phenomenon was conceived more than 40
years ago [44-46]. As the name implies, this strategy had been previously investigated
and used extensively in economics and finance to minimize the risk of uncertain ventures.
To give an example, if one were to repeatedly bet one’s entire earnings on the horse with
the best odds of winning in a horse race, one would maximize one’s performance in the
majority of the times. However, when that horse loses, all of one’s earnings are lost, and
one is eliminated from the competition. Therefore, it is beneficial to hedge one’s bets
and lose some of the profit in each race in order to avoid complete elimination in case
of unfavourable outcomes. This strategy is only practical when the advantage gained by
avoiding the deleterious effects of unfavourable conditions far exceeds the disadvantage

caused by lower profits during favourable conditions.

Formally, in bet hedging, a given genotype is optimal when it has a larger geometric
mean fitness over time than others, even if its arithmetic mean fitness is smaller. In tem-
porally stable environments where the fitness of a given genotype remains constant over
time, the geometric and arithmetic fitness means are identical. However, because the mul-

tiplicative nature of reproduction directly governs fitness, the geometric mean provides a



better measure for it than the arithmetic one in a changing environment [47]. Furthermore,
the genotype that maximizes geometric mean fitness does so by minimizing the variance

in fitness over time, which is evolutionarily favourable [45, 48, 49].

Originally, bet hedging was used to describe the incidence of smaller than possible clutch
sizes. In this tactic, the organism sacrifices the benefit of maximum fecundity in order to
offset the prohibitive cost of placing all its resources in reproducing and maintaining a
large clutch that may be completely destroyed by unpredictably changing environmental
conditions [50]. This form of bet hedging is termed conservative [51]. Mountford [52], on
the other hand, used the idea of diversified bet hedging, while not branding it as such,
to explain why some populations would maintain non-breeding adults. He demonstrated
that, in the face of extreme conditions, the more resilient non-breeders form a reserve
to reestablish the population, which increases its long-term growth rate. This latter use
of bet hedging to explain evolutionary phenomena did not gain much attention at the
time [38, 53], possibly due to an inability to experimentally study and manipulate bet-

hedging populations.

The definition of bet hedging, however, has evolved and been much debated since its
initial use. In the context of this work, bet hedging is primarily a risk spreading strategy.
This strategy occurs when a population can reversibly diversify its phenotype, whereby
one or more distinct phenotypes are disadvantageous in normal conditions, but have an
increased fitness under extremely unfavourable ones. Therefore, when the probability of
occurrence of such conditions is non-zero and the environment randomly switches between
them, decreasing the detrimental effects of the extreme ones can be more favourable than
maximizing the fitness during the normal one [54-61]. It is worthy to note that merely
possessing variable phenotypes does not demonstrate the presence of a bet hedging strat-
egy; these phenotypes must differentially affect the fitness of an individual under distinct

conditions [54].
A large body of mathematical modelling and computational simulations has been pro-
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duced in an attempt to describe the properties of bet hedging and to derive the optimal
strategies for different kinds of organisms, populations, or environments [38,40,55,59,60,62,
63]. On an experimental level, however, much work remains to be done in order to demon-
strate the significance of bet hedging as a survival strategy, especially in eukaryotes [64].
One of the first examples of bet hedging was found in E. coli where a complex network of
regulatory factors, including DNA methylation, gives rise to phases of ON and OFF fim-
brial fibre production [65]. While fimbrial fibres are required for initial host colonization
by bacteria, their production is both metabolically expensive [65] and is correlated with
higher chances of phagocytosis by the host leukocytes [66], signifying this as a bet hedging
strategy. Since then, the use of bet hedging by more than one family of bacteria—e.g. en-
terobacteria and mycobacteria—to maintain a small population of persister cells has been
documented [22,67]. In Bacillus subtilis, a subpopulation of cells was shown to undergo
epigenetically-driven sporulation under metabolic stress, thereby preparing a portion of
the population for long term survival if the conditions were to further deteriorate [68].
Indeed, Beaumont et al. [58] directly observed the evolution of bet hedging in the bac-
terium Pseudomonas fluorescens through causative mutations that allowed the population
to maintain a heterogenous phenotype able to survive sequential switching between two

opposing environmental conditions.

The experimental evidence for bet hedging in higher eukaryotes is presently controver-
sial. Effects similar to those seen in P. fluorescens have been observed in S. cerevisiae,
but only in a man-made synthetic system [69]. In this case, two strains were designed to
stochastically switch between two expression states—low and high. One switched slowly
while the other did so rapidly. Then, each strain was subjected to sequential growth in
two opposing environments; one imparted higher fitness to the low expressing subpop-
ulation and the other to the high expressing subpopulation. It was demonstrated that
the strain with slow switching rate had a higher fitness when the rate of environmental

change was small, while the other survived better in rapidly switching environments. These

11



results agree well with findings that, for large populations, the proportion of cells possess-
ing the lower-fitness phenotype is correlated with the frequency of the occurrence of the

unfavourable condition [60, 70, 71].

It has recently been suggested that some prions enhance survival under environmental
stress and are, thus, nominated as likely agents for bet hedging in yeast [56]. In addition,
Levy et al. [72] have observed the first potential case of naturally occurring bet hedging in
S. cerevisiae and identified the gene by which it is mediated. They show that the higher
expression of T'SL1—a gene involved in trehalose biosynthesis—is correlated with lower
growth rates, as well as improved response to heat shock. However, they observe that Tsl1
accumulates preferentially in aging cells, which confounds the role of Tsll in causing the
observed growth rate differences. Therefore, despite these efforts, conclusive proof of bet
hedging, as a naturally occurring mechanism to cope with environmental fluctuations, is

lacking in eukaryotes.

1.3 Heterogeneity—Network Architecture

The regulatory networks that control gene expression play crucial roles in defining the
properties of non-genetic population heterogeneity. These networks generally enhance the
information processing capacity of the genome by expanding the number of possible outputs
that can be derived from the same inputs. The structure and connectivity—also known
as architecture or topology—of a network, like the formula of a mathematical function,
specify the types and properties of the outputs it generates. Therefore, since different net-
work architectures can yield diverse outputs, they become substrates for natural selection
and some are maintained throughout evolution of an organism’s genome. Physical and
regulatory interactions can come about accidentally due to random mutations. However,
whether these interactions are maintained is determined by their benefit—or harm—to the

organism. Research has established that large interconnected genetic networks can often be

12



reduced to recurring patterns of interactions that contain few genes [73]. These patterns,
or network motifs, have distinct properties and exist in proportions that are higher than
would be expected due to randomly occurring interactions [74,75]. Of these, the feedfor-
ward loop (FFL) motif and the feedback loop (FBL) motif are two of the most biologically

common ones that are found in nearly all organisms [73, 76].

1.3.1 Feedforward Loop Motif

This network motif consists of three nodes—i.e. genes—and three edges—i.e. regulatory
interactions. One gene, X, regulates the expression of two others, Y and Z, while Y only
regulates that of Z. Depending on the regulatory sign of each of the three interactions—
negative for inhibition and positive for activation—eight distinct FFL subtypes can be
produced, as outlined in the top panel of Figure 1.4. The subtypes can be grouped under
two categories based on the overall sign of the direct and indirect regulatory routes—i.e.
X — Zand X — Y — Z. If both have the same overall sign, the FFL is coherent;
otherwise, it is incoherent. This motif can be further diversified based on the combinatorial
logic of the regulatory interactions acting upon Z. If both X and Y are required for the
expression of Z, an AND gate is formed; if only one is sufficient, it gives rise to an OR logic

gate [77].

Type-I coherent and type-I incoherent FFLs (C1FFL and I1FFL, respectively) are
the most frequently occurring FFLs in nature [78,79], but have very different regulatory
dynamics from one another. For instance, CIFFL causes a delay in the response of the
network to an external stimulatory signal, depending on its output logic. If it is an AND
gate, then the delay manifests upon addition of the signal—the ON step—because of the
lag time between induction of X and sufficient accumulation of Y. By the same token, the

lag time between termination of X induction and dissipation of Y leads to a delay upon

removal of the signal—the OFF step—in the OR gated C1FFL [80].

13



Y Y Y Y

YA NV

X—>2z x'—z X'—"72 x z
I 1I I 1I
Y Y Y Y
NNy AN /N
X Z X —> Z X— Zz X —» Z
III IV I IV
Coherent Incoherent
Q Q
X—>Y X—>Y

Positive autoregulation Negative autoregulation

Figure 1.4: The various possible configurations of feedforward loop and feedback loop
motifs. The eight possible permutations of a feedforward loop are depicted in the top
panel. If the overall sign in both the direct and indirect routes of regulation are the same,
the motif is coherent, otherwize it is incoherent. The subtypes were arbitrarily assigned
by Mangan et al. [77]. The bottom panel shows self-activatory (left) and self-inhibitory
(right) configurations of the feedback loop motif either with one (top) or two (bottom)
nodes.
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In contrast, I[1FFL accelerates the response to signals at the ON step under the AND
logic—OR logic is not defined for this category of FFLs. Response acceleration stems
from the inhibitory action of Y and is in comparison to a scenario where Z is directly
activated by X. In order for Z to reach the same steady-state level in both scenarios, X
needs to overshoot Z activation to counteract the ensuing inhibitory action of Y [77,79].
This phenomenon is, in fact, used in natural and synthetic networks for pulse generation

and fold change detection [80-82].

Most interesting is the ability of FFLs to process input noise differentially based on
their architecture. For example, Kittisopikul and Siiel [83] demonstrated that for the FFL
subtypes in which the X — Y edge is activating—including both C1FFL and [1FFL—
expression of Z is much more bursty than when it is an inhibitory edge. Therefore, these
subtypes promote stochastic initiation of Z expression and, in E. coli, are mainly enriched in
functional categories involved in rare processes, such as stress response [83]. It was further
shown by Swain and colleagues that the C1FFL regulatory network is generally associated
with higher variability in gene expression than I1FFL [84]. This outcome is because of
an increase in noise through two activating routes—constructive interference—of C1FFL

unlike its reduction due to the opposing inhibitory route—destructive interference—in

[1FFL.

1.3.2 Feedback Loop Motif

All self-regulating complex systems must use information feedback to permit modulation of
an input by its output [85]. Therefore, it is not surprising to find single, double, and multi-
node FBLs, in abundance, in all living systems. Regardless of their number of nodes, FBLs
are either positive or negative (Figure 1.4, bottom panel) depending on whether the output
amplifies or suppresses its own production, respectively. In genetic networks, negative and

positive FBLs have diverse properties and functions. In the case of a negative FBL, it
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decreases response times to a given signal compared to a simple activation network with
the same steady-state level [75,86]. In addition, it limits expression deviations from that
steady-state level. Therefore, negative FBLs attenuate noise and stabilize the level of a

product in both natural and synthetic networks [24,87-90].

Positive FBLs, however, function in the opposite manner. In fact, this motif fosters
variability by amplifying small deviations [24,91]. Furthermore, positive FBLs can perpet-
uate their own expression and, thus, persist for long periods of time resulting in ‘expression
memory’. Combining these two main features of positive FBLs, a population can have two
distinct expression states which are stable over time. This bistability is attained due to
the complementary positive-FBL effects of noise amplification to achieve high expression
and memory of the expression state caused by its perpetuity [27,76,92-94]. Interestingly,
bistability can be avoided, in favour of bimodality, if the active form of the TF is made

unstable to enhance stochastic restoration of the non-expressing state [29,95].

1.4 Pleiotropic Drug Resistance

In the biological warfare against microbes and cancers, the only thing that is more threat-
ening than drug resistance is multiple (pleiotropic) drug resistance (MDR/PDR). As ma-
licious cells become resistant to traditional drugs, the use of newer and stronger cytotoxic
agents increases. In addition, many pathogens need to be treated with drug cocktails
to ensure their complete removal [96]. These treatment regimens place a great selective
pressure on populations of organisms to evolve MDR. In bacteria, and other pathogenic
microbes, MDR is often acquired by consecutive mutations and/or horizontal gene trans-
fers. Additionally, MDR can be acquired through the action of transmembrane pumps that
actively expunge diverse classes of drugs from cells [97]. In fact, the use of transmembrane
eflux pumps is the major avenue of MDR in mammalian cells and other higher eukary-

otes [98]. Transmembrane drug efflux pumps are often able to recognize and expel tens
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of structurally or functionally unrelated compounds from the cell. Five major superfami-
lies of multidrug transporters are in existence across all domains of life—major facilitator
superfamily (MFS), ATP-binding cassette (ABC), multidrug and toxic compound extru-
sion (MATE), resistance nodulation division (RND), and small multidrug resistance (SMR)
transporters [99]. Among these, members of the first two superfamilies are most implicated

in eukaryotic MDR from fungal pathogens to cancer cells [98,100,101].

As the largest family of secondary active transporters with more than 10,000 sequenced
proteins across all kingdoms [102], MFS members function as uniporters, symporters, and
antiporters. These transporters are crucial for the survival of cells and partake in such
activities as glucose uptake—e.g. GLUT1 of H. sapiens—transport of amino acids and
other metabolites—e.g. Hipl of S. cerevisiae—phosphate:organophosphate exchangers—
e.g. Pho-5 of Neurospora crassa—as well as drug eflux. The drug clearance is typically

carried out by drug:H* antiporters [103, 104].

The ABC transporters are the other important superfamily of membrane pumps. They
derive the energy for active transport of various substrates across membranes by hy-
drolyzing ATP—a feature which has been conserved among all studied organisms. ABC
transporters serve as either importers—in prokaryotes—or exporters—in prokaryotes and
eukaryotes—of ions, amino acids, oligopeptides, sugars, lipids, and other hydrophobic com-
pounds [105]. Several ABC transporters act to clear hydrophobic, aromatic, and other
small organic compounds and have the ability to generate MDR. Of these transporters,
the H. sapiens P-gp is by the far the most extensively studied, and its role in intrinsic and
acquired MDR of numerous cancer cell lines has been elucidated. On one hand, tissues
with naturally high expression of P-gp are more prone to give rise to intrinsically drug
resistant tumours [106]. On the other hand, a high level of P-gp has been shown to take
part in MDR acquisition of other tumour types, such as acute myeloid leukaemia [106,107].
Interestingly, significant natural, inter-individual variability in the level of P-gp—on both

mRNA and protein levels—in the gastrointestinal tract has been widely reported [108,109]
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and is speculated to lead to aberrant drug response in patients.

Among fungal pathogens, Candida albicans is the species most commonly responsible
for candidiasis, as well as opportunistic pathogenesis in immunosuppressed patients. High
expression of Cdrl, the most prevalent ABC transporter of C. albicans, in clinical isolates
has been associated with decreased susceptibility to the azole class of antifungals (er-
gosterol biosynthesis inhibitors), cerulenin (a fatty acid biosynthesis inhibitor), and some

echinocandins (disruptors of cell wall synthesis), among others [101,110].

Naturally, the direct study of pathogens and malignant cells could pave the way for
rapid translation of experimental results into treatment strategies. However, the com-
plexities of basic, exploratory research in these organisms prompt us to make use of more
tractable model organisms. The budding yeast, S. cerevisiae, was the first eukaryote whose
genome was completely sequenced [111], and has been, undoubtedly, the model organism
upon which much of microbiology and medicine has been founded [112]. Given the wealth
of knowledge about §. cerevisiae and its accessible biology, it is the model of choice in many
biological studies. Furthermore, drug resistance pathways have been characterized exten-
sively in S. cerevisiae, which deem it a suitable candidate for investigating the emerging

concepts of non-genetic drug resistance.

Pleiotropic drug resistance in S. cerevisiae is mediated through an interconnected net-
work of TFs and transmembrane pumps, which interact closely with the general stress
response and lipid biogenesis pathways of yeast. Twenty known proteins take part in the
PDR network, of which six are TF's, nine are ABC transporters, and the rest are metabolic
regulators and other interactants [113]. Pdrl and Pdr3 are the two major transcriptional
regulators of PDR and possess binding sites on the promoters of many of the other genes
involved, forming a complex network of interactions with cascades, feedback and feedfor-
ward motifs (Figure 1.5A). Pdr5, the S. cerevisiae homologue of Cdrl and P-gp, is the
most prominent gene among ABC transporters and has been extensively studied for its

role in MDR [114].
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Figure 1.5: The regulatory network of PDR in S. cerevisiae and its motifs. A) Regulatory
interactions between Pdrl and Pdr3, the main TFs in PDR, and some of their more
prominent targets. Adapted from BioMed Central Ltd: Genome Biology 6:R35, 2005
freely available under the terms of the Creative Commons Attribution License. B) A close-
up on the regulatory network architecture of PDRJS, under the control of Pdrl and Pdr3,
which form a type-I coherenet feedforward loop.

1.4.1 PDRS5

PDR5 is a 4536 base pair (bp) gene on the q arm of S. cerevisiae chromosome XV, coding
for a 170 kDa protein of 1511 amino acids (aa). Pdrb consists of two sets of nucleotide
binding domains and transmembrane domains (NBD-TMD) placed in tandem. Both NBDs
are highly conserved in all species and contain the signature ABC domains. Each TMD
contains six putative a-helices, which span the membrane, and can take one of two confor-
mations. The conformation that creates an inward facing cavity—towards the cytosol—is
thought to have a higher affinity for the substrate than the outward facing cavity [113,114].
Binding of two ATP molecules—possibly cooperative—to the NBD-NBD dimer causes a
conformational change in the TMDs from the inward facing cavity conformation to the
outward facing one, whereby the substrate is transported and released outside the cell.
Hydrolysis of ATP to ADP, and its subsequent release, reverses the conformational change
and prepares the pump for another transport [105]. Unlike many other ABC transporters,
ATP-hydrolysis activity of Pdrb is not coupled to the amount of substrate present; in fact,
it continuously hydrolyzes ATP at a rate of about 28 s [114,115], suggesting its role in

cellular detoxification from harmful metabolic byproducts [116]. Pdrb activity has been
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correlated to enhanced resistance and survival of S. cerevisiae upon encountering tens of
compounds from diverse classes. Also, a large promiscuity in substrate selection has been
observed among Pdr5 and two other important ABC transporters—Snq2 (Sensitivity to 4-
NitroQuinoline-N-oxide) and Yorl (Yeast Oligomycin Resistance)—which ensures effective

MDR in face of a large range of xenobiotics [117-119].

PDR5 was discovered as a non-essential gene whose absence sensitized S. cerevisiae
cells to both cycloheximide and sulfometuron methyl [120]. Soon after its discovery, it was
determined that the promoter of PDR5 contains multiple binding sites for two previously
identified TFs, Pdrl and Pdr3 [121,122]. These TFs bind to four binding sites on the
promoter of PDR5 designated Pdrl/Pdr3 response elements—or PDREs. Two perfect
PDREs with the sequence 5’-TCCGCGGA-3’ are interspersed with two deviating PDREs
with the sequence 5-TCCGTGGA-3". These PDREs are located in the range of -563
to -304 from the start codon of PDR5 [123]. Multiple lines of evidence suggest that
the sequence spanned by the PDREs forms a nucleosome depleted region, whereas two
well-defined nucleosomes reside at the proximal region of the promoter coinciding with
the TATA box and transcriptional start site of PDR5 [124,125]. Given generally noisy
transcription from TATA containing promoters [126] and the evidence for nucleosomal
occupancy at that position, bursty mRNA transcription from the PDRS promoter [127] is
indeed expected. Apart from Pdrl and Pdr3, another transcriptional regulator modifies
the expression of PDRS5. Rdrl has been shown to bind to the PDRS5 promoter and acts as

a repressor increasing drug sensitivity in the absence of the other TFs [116, 128].

1.4.2 Master Regulators—PDR1 and PDRS3

These two major TFs control the expression of many PDR genes, as well as some lipid
homeostasis, metabolic, and stress response elements. Pdr3 and Pdrl belong to the ex-

clusively fungal family of zinc cluster TFs—exemplified by the well-studied Gald—whose

20



DNA-binding domains consist of six conserved cysteine residues chelating two zinc ions,
ZnyCg [129]. They are paralogous, arising from the yeast whole genome duplication event
millions of years ago, and share 36% aa homology [130]. The middle portions of these two
TFs—involved in dimerization and regulatory interactions—show a much higher homology
than either terminus. In particular, despite having similar sizes, their acidic C-terminal ac-
tivation domains do not share much sequence identity [131-133]. Nonetheless, both Pdrl
and Pdr3 recognize PDREs, and their regulation of most PDR genes are dependent on
these elements [122]. Indeed, they can bind PDREs as homo or heterodimers, thereby in-
creasing the combinatorial variety of PDR transcriptional regulation [129,134]. Delahodde
et al. [135] identified two PDREs in the promoter of PDRS, establishing the role of Pdrl
in activating the expression of this TF and demonstrating the presence of an autocatalytic
positive FBL. This set-up of the regulatory network modulating the expression of PDRS
constitutes a C1FFL, which arises from the concurrent activation of PDR5 and PDRS3 by

Pdrl, along with the activation of PDR5 by Pdr3 (Figure 1.5B).

A consensus about the exact mechanism of PDRS regulation by Pdrl and Pdr3 is yet
to be reached. Chromatin immunoprecipitation evidence suggest that Pdrl is present on
the promoter of PDRJ, as well as other PDRE-containing promoters, even without drug
treatment [136]. This observation is consistent with a significant steady state expression
of Pdr5 in cells growing with fermentable carbon sources [116], and a rapid increase in
transcription of PDR5—within five minutes—upon drug treatment [125]. High-throughput
analysis of GFP-tagged protein levels in rich media at steady-state has given an indication
of the relative amounts of Pdrl and Pdr3. According to these studies, the number of Pdr5
proteins are in the tens of thousands, while those of Pdrl and Pdr3 are in the thousands
and hundreds, respectively [137]. These values are consistent with a model where PDRY is
activated by a constitutively promoter-resident Pdrl, whose activity increases after binding

to drug substrates.

Nonetheless, some discrepancies remain regarding regulation of PDRI and PDRS3 on
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one hand, and their control of PDR5 on the other. One group of researchers supports a
nuclear receptor-like model for the activation of Pdrl and Pdr3, backed by radiolabelled
ligand displacement experiments for some drugs, including cycloheximide, and enhanced
co-immunipercipitation of general transcriptional activators—e.g. members of SAGA and
Mediator complexes—with drug-bound Pdrl [138,139]. Yet, others maintain that neither
Pdrl DNA binding nor its recruitment of these activators is modified by its association
with drugs [124,136]. The uncertainty in a comprehensive understanding of Pdrl/Pdr3
regulatory mechanisms is further exacerbated by a number of observations. First, the
identification of a binding site for Rpn4 in the promoter of PDRI [140] and functional
activation of PDR1 by this TF [141] have been the first demonstration of a transcriptional
regulator of PDRI, but have remained largely unexplored. Rpn4 is a zinc finger tran-
scription factor which upregulates most of the proteasome genes in S. cerevisiae, and is
in turn activated by a variety of stress conditions. Hence, given that RPN/ is regulated
by both Pdrl and Pdr3 [142,143], a multicomponent positive feedback among these three
transcription factors exists, at least under certain conditions. Second, it has been long
discovered that Pdr3 becomes active upon mitochondrial genome loss, resulting in high
Pdr5 expression and drug-independent drug resistance, in p° yeast cells [144,145], but the

mechanism of such activation has remained unresolved.

1.5 Hypotheses

1. The cell-cell variability in the level of the PDR5 gene product improves survival
in presence of drugs and highlights a bet hedging strategy in S. cerevisiae drug

resistance.

2. The architecture of the transcriptional regulatory network, controlling PDR5 expres-

sion, enhances cell-cell variability in its levels.
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1.6 Specific Aims

1. Characterization of Pdr5 expression profile and its properties in presence and absence

of drug.

(a) Tagging of Pdr5 with yeast-enhanced green fluorescent protein (yEGFP) and
characterization of the cell population based on the Pdr5-yEGFP expression

profile.

(b) Investigating the properties of the different subpopulations before and after drug

treatment using flow cytometry and cell sorting.

2. Probing the role of each TF, as well as the network structure, in regulating the

expression of PDR5 and response to drug treatment.

(a) Generation and study of mutants lacking either PDR1 or PDRS3 to investigate
activation of PDRS5 by only the positive FBL of Pdr3 or direct activation by

Pdrl, respectively.

(b) Generation and study of mutants containing one copy of PDRI or PDR3 reg-
ulated by the other factor’s promoter to study the same network motifs as in

2(a), but comparing the activities of the two TFs.
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Chapter 2

Materials and Methods

2.1 Construction of Parts

The various DNA constructs, to be transformed in yeast cells, were constructed using
overlap extension polymerase chain reaction (PCR). Each individual DNA sequence—
comprising one part—was amplified from isolated genomic DNA or plasmid DNA, using
a forward primer (FP) that contained some homology for the previous part and a regular
reverse primer (RP). The area of homology, added as an overhang onto FP, was the reverse
complement of the previous part’s RP; thus, matching its thermodynamic properties. In-
dividual parts—or monomers—were amplified using a conventional PCR program. Target
genomic or plasmid DNA was denatured at 98°C for 5 or 2 min, respectively. Primers were
allowed to anneal for 20 s at a temperature calculated to be the average of the melting
temperatures of FP and RP. Extension was carried out at 72°C, and its time was based on
the length of the part to be amplified; it was calculated to correspond to 15 s for every 1000
bp. Each amplification was repeated for 25-30 cycles depending on previously observed

efficiency and the amount of final product required.

These monomers were then used to build dimers, trimers, or tetramers. The desired

number of monomers were mixed at roughly equimolar concentrations; this was achieved

24



by adding 50 ng of each monomer per 1000 bp of its length. All required reagents for
PCR were added except primers, and the monomers were pre-cycled for at least 13 cycles.
The annealing temperature was based on the average melting temperatures of all relevant
areas of homology. Extension time was set to correspond to the longest part. Following
the pre-cycling, FP of the first part and RP of the last part (end primers) were added to
the mixture, and another round of at least 12 cycles was performed. At this stage, the
annealing temperatures were changed to the average melting temperatures of end primers,
and the extension time was based on the total length of the expected multimer. See

Figure 2.1 for a schematic representation of this process.

Reagents for each PCR reaction were as follows: 1X Phusion HF Reaction Buffer
(#B0518S, New England BioLabs), 200 uM deoxynucleotide mixture (#N0447S, New Eng-
land BioLabs), 10 uM of each primer (Invitrogen and Integrated DNA Technologies), and
1 U of Phusion HF DNA Polymerase (#MO0530L, New England BioLabs). A Mastercycler
EP Gradient thermal cycler (#D-5002-1001, Eppendorf) was used for all PCR reactions.
Success of amplification was confirmed by gel electrophoresis using a 1.5% agarose gel in

1X TAE buffer at 80 V for 30-60 min depending on the size of the amplified part.

2.2 Yeast Cell Manipulations

2.2.1 Transformation

The LiAc/SS carrier DNA/PEG method of Gietz and Schiestl [146] was employed for all
yeast transformations. Briefly, an overnight culture of yeast cells was diluted in 2xYPD
media to a density of 5 x 10° cells/mL. This culture was placed in a shaking incubator at
200 rpm and 30°C for ~4 hours until it reached a density of 2 x 107 cells/mL. Cells were
centrifuged at 4000 rpm for 5 min, in a durafuge 100 (Precision), and were washed three

times with autoclaved deionized water (ddH,0O). For each separate transformation, 1 x 10®
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Figure 2.1: A schematic representation of the assembly method used for building our
constructs. Monomers are built using FPs with overhangs homologous to the previous
piece. These monomers can then be mixed in different combinations to yield various
multimers after pre-cycling and amplification with end primers. This strategy generates
pieces with large areas of homolgy—a whole gene, for example—that would increase the
efficiency of TAR cloning.



cells were placed in a solution containing 33% w/v polyethylene glycol (PEG), 100 mM
lithium acetate (LiAc), 300 ug/mL salmon sperm ssDNA, and 200 ng of each multimer in
ddH50. These were thoroughly mixed by a vortexer and incubated in a water bath at 42°C
for 40 min. Cells were washed and those being transformed with an auxotrophic marker
were placed on selection plates immediately, whereas those with a drug resistance marker

were grown in YPD media for 4 hours before being placed on drug plates.

Regarding the DNA transformed into cells, two approaches were taken. Depending on
the number of parts, dimers, trimers, or tetramers were generated such that each would
have an area of homology equal to one part (>100 bp) to their adjacent multimers (e.g.
tetramer and dimer 2 of Figure 2.1). For areas of homology larger than 40 bp, S. cerevisiae
can combine multiple fragments [147] through its DNA repair pathway. We always designed
the first and the last parts to contain >200 bp homology to our target site for efficient

genomic integration.

2.2.2 Isolation of Genomic DNA

A phenol-chloroform method for extraction of yeast genomic DNA was applied. In short,
overnight cultures of cells were centrifuged and washed twice (as above). Cells were resus-
pended in a 1:1 mixture of breaking buffer (2% v/v Triton X-100, 1% w/v SDS, 100 mM
sodium chloride, 10 mM Tris-HCI, 1 mM EDTA) and a phenol:chloroform:isoamyl alcohol
(25:24:1) solution. 300 mg of acid-washed glass beads were added to the mixture, and the
tube was placed in a bead beater for 3 min. TE buffer was added to the resulting suspen-
sion, and it was spun down in a microcentrifuge device (Centrifuge 5415 D, Eppendorf)
for 5 min at 13000 x g to remove cell debris and beads. The DNA within the supernatant
was precipitated with excess 100% ethanol. DNA was collected by microcentrifugation, as
described, and treated with RNase A, for 10 min at 37°C, after resuspension in TE buffer.

Genomic DNA was once again precipitated as previously outlined and resuspended in TE
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buffer.

The genomic DNA yielded from this procedure was used for PCR amplification of
desired sequences. The coding sequences (CDS) of both TFs, as well as areas of homology
to upstream and downstream of genes of interest, were amplified from genomic DNA thus
isolated. Furthermore, after initial screening of successful transformants, a number of
them would undergo isolation of genomic DNA for PCR-based confirmation of correct

integration.

2.3 Strains and Growth Conditions

2.3.1 Strains

In total, eight strains were generated during this study (see Table 3.1 for full genotypes)
from the parental BY4741 strain (EUROpean Saccharomyces Cerevisiae ARchives for Func-
tional analysis, EUROSCARF).

e WT: This strain was created by integrating a yEGFP CDS directly downstream
of the PDR5 gene. An 8 aa linker (GDGAGLIN) was placed between Pdrb and
yEGFP to maximize the latter’s fluorescence [148]. A KanMX cassette was placed
downstream of yEFGFP for drug selection on plates containing 200 ug/mL G418. All

other strains were built in this background.

e pdr1A and pdr3A: A URAS3 expression cassette was obtained from the pRS406
plasmid. Homology sequences (at least 270 bp) upstream and downstream of either
PDR1 or PDR3 were amplified and attached to the URAS3 cassette to form dimers
(two for each strain). The two appropriate dimers for the deletion of each gene
were co-transformed in W'T cells. Positive transformants were selected by growth on

synthetic complete (SC) media without uracil.
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e pdrl1Apdr3A: A HISS expression cassette was amplified from the pRS403 plasmid
and was trimerized to the upstream and downstream homology sequences of PDR]I.
This trimer was transformed into pdr3A cells, which were then grown on SC media

without histidine to select for successfully transformed colonies.

e 2xPDR1 and 2x PDR3: The CDS of either PDR1 or PDRS3 was amplified from
isolated genomic DNA of BY4741. For each transformation, a tetramer and a dimer
were produced. The tetramer consisted of an area of homology immediately upstream
of the gene to be replaced (PDR3 or PDR1), the CDS of the gene to be integrated
(PDR1 or PDR3, respectively), the reverse terminator of S. cerevisiae ACT1 gene,
and the HISS expression cassette. The dimer was made up of the HIS3 expression
cassette and a homology area immediately downstream of the gene to be replaced.
For each strain, the appropriate tetramer and dimer were co-transformed in the
corresponding background strain (pdr3A or pdrl A, respectively). Transformants
which could grow on SC media without histidine, were replica plated onto SC media

lacking uracil to identify and discount false positives.

e pdr1 A/p3-PDR1 and pdr3A/pl-PDR3: The dimers used to create pdriA
or pdr8/A were co-transformed into 2x PDR1 or 2x PDRS3, to knock out the native
PDR1 or PDRS3 gene, respectively. Selection of successful transformants was carried

out on SC media lacking uracil.

After each transformation, five colonies were selected and their genomic DNA was
isolated. The isolated DNA was used for PCR confirmation of correct integration. Primers
were designed outside the areas of homology for each target, as well as within the integrant
and the target. Correct integration was confirmed if a PCR product with a correct size
was obtained using integrant primers, and no PCR product was present when using target
primers. One colony, from those with PCR-confirmed integration, was arbitrarily chosen

and frozen at —80°C in YPD supplemented with 15% glycerol.
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2.3.2 Growth Conditions

e Liquid media: All liquid media consisted of 2% w/v yeast extract and 4% w/v bac-
teriological peptone (YP) in ddH2O. YP glycerol/ethanol (YPGE): 3% v/v glycerol
and 3% v/v ethanol were added to YP; YP galactose (YPgal): 2% w/v galactose
was added to YP; YP dextrose (YPD): 2% w/v glucose was added to YP; 2xYPD:

double the amounts of yeast extract and bacteriological peptone were used.

e Chemicals: Cycloheximide (#C-6255, Sigma Chemical Company) was dissolved in
YPgal to form a stock of 1 mg/mL and was diluted to reach indicated final concentra-
tions. Nocodazole (#13857, Cayman Chemical) was dissolved in dimethyl sulfoxide,
DMSO, to form a stock of 5 mg/mL. All dilutions of the drug were maintained in a
final concentration of 1% DMSO v/v. Propidium iodide, PI (#P4170, Sigma), was
prepared at a stock concentration of 1 mg/mL in a 50 mM sodium citrate buffer and

was added to each sample to a final concentration of 5 yg/mL.

2.4 Flow Cytometry and Cell Sorting

A CyAn ADP 9 Analyzer (#CY20130, Beckman Coulter, Inc.) was employed for all flow
cytometry experiments. Both fluorophores were excited by a 488-nm solid state laser;
yEGFP fluorescence was detected with a 530/40 filter, while PI fluorescence was detected
by a 613/20 filter. A MoFlo Astrios Flow Cytometer Cell Sorter (A66831, Beckman Coul-
ter, Inc.) was used for all sorting experiments. A 488-nm solid state laser excited fluores-

cence of yEGFP, which was detected with a 513/26 filter.

e Flow cytometry: Cultures were grown overnight and then diluted to an ODggy of
0.05 in appropriate media. They were placed in 96-well plates and grown at 30°C in a
shaking incubator. All cells were initially grown for at least 3 hr; for samples treated

with a drug, it was added to its working concentration after this growth period.
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Samples were diluted 10X in 50 mM sodium citrate buffer, containing PI where
indicated, and placed in clean 96-well plates. Samples were mechanically collected
and delivered to the cytometer by a HyperCyt Autosampler (IntelliCyt Corp.). For
experiments taking place over several days, samples were diluted in their respective
media to an ODggg of 0.05 once every 12 hours. All Flow Cytometry Standard file
formats (.fcs) were analyzed with the FlowJo software (Tree Star Inc.), which was

also used for the creation of all histograms.

Cell sorting: For sorting before drug treatment, an overnight culture of cells was
diluted to an ODgyy of 0.15 and grown for 3 hr. For sorting after drug treatment,
cells treated with drug were centrifuged and washed twice with YPgal media. They
were then allowed to grow for 6 hr in YPgal media in a shaking incubator at 30°C.
Samples were sorted based on yEGFP levels, and the gating strategy is described in
the Results section (Figure 3.3). The final number of cells collected from each gate

was recorded for each sample.

2.5 Spot Assay

Samples were prepared in one of two ways depending on their source. Those from sorting

experiments contained sheath fluid and were spun down in the microcentrifuge for 30 s at

13000 x g. They were diluted in YPgal media to a density of 1 x 10°/mL. Those from

overnight cultures were diluted to the same density based on their ODggy. These samples

were incubated at 30°C for one hour. Afterwards, three sequential 10X dilutions were

prepared in YPgal for each sample. A 3.6 yL spot of each dilution, as well as the main

sample, was placed on plates with or without drug. Plates were incubated at 30°C for 2 to

6 days depending on the condition and were photographed when at least one sample had

reached full growth.
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Chapter 3

Results

3.1 Characterization of PDR5 Expression

3.1.1 Reporter Construction and Optimization of Conditions

In order to quantify the level of PDR5 expression in each cell, we decided to use a strain
of yeast that contains a fluorescence tag directly fused to Pdrb. A library of budding yeast
GFP-tagged proteins is available; however, the GFP protein used in these strains is not
codon optimized for S. cerevisiae [149]. Therefore, we decided to label Pdrb with a copy
of yEGFP, de novo, in a BY4741 strain (see Table 3.1). yEGFP was fused to the coding
sequence (CDS) of PDRJ5 using homology-based transformation-assisted recombination
(TAR) cloning. An area of homology to the C-terminal of PDRS, several hundred bp
long, was amplified using primers that would exclude the stop codon. Another area of
homology upstream of the stop codon was also amplified to ensure efficient integration of
the construct in that position. These two areas of homology, as well as the yEGFP CDS
and a selection marker (KanMX), were fused to each other in a pairwise fashion, using
overlap extension PCR, and then transformed into the S. cerevisiae BY4741 strain, as

described in Methods (Figure 3.1). Correct integration into the target site was confirmed
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Figure 3.1: The PDR5-yEGFP construct used to report on the level of Pdrb. The construct
was integrated into the genome of yeast BY4741 strain, downstream of PDRS5 using the
two-step overlap extension PCR and TAR cloning. P5up: the area of homology to the C-

terminal of PDR5 gene up to, but excluding, the stop codon; P5dw: the area of homology
downstream of PDRS stop codon.

using PCR amplification from isolated genomic DNA of transformants which were able to

grow on G418-containing plates.

3.1.2 Flow Cytometry Analysis of PDR5-yEGFP Expression un-

der Various Conditions

The expression level of PDRS is closely linked to growth and has been shown to depend
on the carbon source [116]. Therefore, we investigated the expression profile of Pdr5-
yEGFP in presence of three different carbon sources to establish the optimal conditions
for our experiments. Glycerol and ethanol are two sources commonly used together in
order to create non-fermenting conditions for S. cerevisiae. Glucose and galactose are both
fermentable, but the BY4741 strain of S. cerevisiae does not use galactose anaerobically

due to a gal2- deletion, creating a unique growth condition.

Accordingly, flow cytometry analysis showed that the level of Pdr5-yEGFP in this strain
did not increase much in cells growing with glycerol/ethanol, while a marked increase
was detected when cells were grown in glucose (Figure 3.2A). Furthermore, increasing
concentrations of both glucose and galactose (up to the commonly used 2% w/v) led to
higher levels of Pdr5-yEGFP in both conditions, but the highest level of Pdr5-yEGFP in
galactose was lower than that of glucose (Figure 3.2B). Because of the lower basal induction

of PDR5-yEGFP by galactose compared to glucose, as well as the higher growth rate with
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Table 3.1: List of yeast strains.

Strain Genotype

BY4741 S288C: MATa; his8A1; leu2 A0; metl5A0; ura3A0
WT BY4741: PDR5-yEGFP-KanMX

pdrl A WT: pdr1 A::URAS3

pdr3 A WT: pdr3A::URAS3

pdrl Apdrs A pdr3 A: pdri A::HIS3

2x PDR1 pdr3A: ura3A::PDRI1-rtACT1-HIS3

2x PDR3 pdr1 A: ura3A::PDRS3-rtACTI1-HISS

pdr1 A/p3-PDR1 2xPDRI1: pdri A::URAS3
pdr3A/pl-PDR3 2xPDRS3: pdr3A::URAS3

@ The parental strain from which the indicated strain was derived is shown before
the colon.
it compared to glycerol/ethanol, we chose to add galactose as the carbon source to our
media (rich media hereafter) for the remaining experiments. Curiously, we noticed that a
high-expressing subpopulation (HES) was present in samples that were not treated with
drug (Figure 3.2C). This HES constitutes at least 1% of the total population growing
in log phase, and its distribution is distinctly discernible from that of a low-expressing

subpopulation (LES) comprising the remaining of the population.

Next, we investigated the response of this strain to cycloheximide and nocodazole, two
substrates of Pdrb. Cycloheximide is a cytotoxic organic compound, with a relatively
simple structure, which inhibits eukaryotic protein synthesis by occupying the E-site of
the ribosomal complex and blocking its translocation along the mRNA [150]. Nocodazole
interferes with microtubule formation and spindle assembly during mitosis by binding to
tubulin dimers and inhibiting their polymerization [151,152]. Cycloheximide is extensively

used as a reporter on Pdrb activity and has been shown not to be extruded by other major
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Figure 3.2: Characterization of PDR5-yEGFP expression profile under different condi-
tions. A) The Pdr5-yEGFP levels in WT strain when grown in YP with 2% glucose
(maroon) or glycerol /ethanol (violet) compared to autofluorescence of parental strain with
no yEGFP. B) A rise in the level of Pdr5-yEGFP with higher concentrations of either
glucose (maroon) or galactose (blue) up to a final concentration of 2% w/v. Cells were
grown in YPGE with increasing amounts of either glucose or galactose, as indicated. C)
Basal level of Pdr5-yEGFP when grown in rich media compared to BY4741 autofluores-
cence. The Pdr5-yEGFP profile comprises of two differentially expressing subpopulations;
the high-expressing subpopulation (HES) is highlighted. D) Significantly higher levels of
Pdr5-yEGFP after growth in presence of either nocodazole, NOC, (orange) or cyclohex-
imide, CHX, (red) compared to basal levels. The cells were grown in 5 ug/mL of NOC or
0.1 yg/mL of CHX for 52 hours and kept in log phase by diluting in fresh drug-containing
media every 12 hours.
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ABC transporters in S. cerevisiae [118], whereas nocodazole—among other azoles—can be
removed by Pdrb, as well as some other factors [153,154]. As expected, the level of Pdr5-
yEGFP increased significantly after long exposure to either drug (Figure 3.2D). After 52
hours of treatment, cycloheximide induced higher levels of Pdr5-yEGFP than nocodazole,
both of which were used in sublethal concentrations that would allow reasonable growth.
Since cycloheximide is transported outside the cells exclusively by the action of Pdr5, we

elected to use this drug for the rest of this study.

3.1.3 Properties of HES and LES

Identification of a distinct subpopulation of S. cerevisiae cells that expressed PDR5-yEGFP
at higher levels than the rest of the population prompted us to consider the role and
function of the HES in drug resistance. It is reasonable to expect that those cells with
a higher level of Pdrb-yEGFP would be able to more efficiently remove a drug substrate
of Pdr5 and survive in its presence. In particular, the average level of Pdr5-yEGFP in
the HES coincides well with its average level in the whole population of drug treated cells

(Figure 3.2D).

To test this hypothesis, a log-phase population of WT cells harbouring the PDR5-
yEGFP construct was enriched for the HES and the LES using fluorescence-activated cell
sorting (FACS). The HES and the LES were collected with gates set at the two extrem-
ities of the Pdrb-yEGFP expression profile, as indicated in Figure 3.3A, which contained
approximately 1% and 90% of the total population, respectively. Flow cytometry analy-
sis of the two enriched subpopulations after sorting (Figure 3.3B) revealed that while the
separation was not perfect, the high-gated sample was ~60% enriched for HES and the
low-gated sample was ~80% enriched for LES. We maintained the sample enriched for
HES in rich media for 42 hours, at which time the population re-established its original

distribution (Figure 3.3C). The percentage of cells in the HES progressively decreased to
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asymptotically approach the value of 1% with a half-life of about 11 hours.

Both the high-gated and low-gated samples were analyzed for their ability to survive on
cycloheximide-containing plates. Ten-fold dilutions of each sample, starting from the same
cell density—based on cell count provided by the cell sorter—were spotted on rich-media
plates with or without cycloheximide. Figure 3.4 clearly shows the superior capability of
the HES-enriched sample to survive and grow on drug-containing plates when compared
to the LES-enriched one. Furthermore, the HES-enriched sample grew better than the
unsorted population in the presence of drug. The growth advantage of HES-enriched
samples appears to be directly related to their higher average level of Pdr5-yEGFP since
they grew slower in the absence of cycloheximide than the LES-enriched and unsorted

samples, which grew equally well.

3.1.4 Pdr5-yEGFP Response to Cycloheximide Treatment

Investigation of the PDR5-yEGFP expression profile in this strain of S. cerevisiae, in
the absence of any drug, demonstrated the presence of two subpopulations with distinct
phenotypes whose presence or absence has strong implications for the ability of cells to
survive drug treatment. Therefore, we wondered if the dynamics of Pdr5-yEGFP induction
would be consistent with the case of a bimodal population in which these subpopulations
may play a role. Initially, we investigated the increase in mean levels of Pdr5-yEGFP
when grown in liquid cultures of rich media supplemented with cycloheximide. Under these
conditions, for cells maintained in log phase, the rate of increase in levels of Pdr5-yEGFP
was modest at the beginning, but grew over time, to finally reach a plateau after more than
3 days. The resulting sigmoidal time-course is shown in Figure 3.5A. We also followed the
dynamics of Pdr5-yEGFP relaxation from its highest level after removing the drug. This
experiment was designed mainly to investigate the presence or absence of memory in the

PDR5-yEGFP expression system. Presumably, if a mechanism for generation of memory
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Figure 3.3: Analysis of HES and LES properties through FACS enrichment of these sub-
populations. A) Placement of sorting gates for enriching HES and LES containg samples.
Approximately 1% and 90% of the total population, respectively, were collected in each
gate. B) Flow cytometry analysis, immediately after sorting, demonstrates enrichment for
HES in the high-gated sample (dark blue) and for LES in the low-gated sample (cyan) com-
pared to the unsorted population (blue). C) The population profile of the HES-enriched
sample shifts gradually to its original form after 42 hours of growth in rich media. Cells
were kept in log phase through dilution in fresh media at 12-hour intervals.
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Figure 3.4: Spot assay of HES-enriched, LES-enriched, and unsorted samples in the pres-
ence or absence of drug. Sorted and unsorted cells were diluted to the same density, and
ten-fold dilutions of these were spotted on rich media plates with or without 0.1 yg/mL
cycloheximide.

exists, the high expression level will linger for a time, the length of which is dependent on
the strength of said mechanism. Conversely, a linear decrease in the level of Pdr5-yEGFP
would be expected if no memory existed. Flow cytometry analysis of Pdrb-yEGFP levels
after removal of drug, indeed, demonstrates persistence of higher levels of Pdr5-yEGFP
for at least 12 hours after release from cycloheximide. The inset of Figure 3.5C shows this
12-hour delay in reduction of mean Pdr5-yEGFP levels. However, what the change in the
mean level of Pdrb-yEGFP fails to capture is the mechanism by which it comes to be. The
average Pdrb-yEGFP levels decrease not due to a gradual shift in these levels within the
whole population, but as a result of a decrease in the number of cells of an HES and the

corresponding increase in those of an LES (Figure 3.5C).

Two processes can plausibly give rise to such dynamics. First, the cells within the LES
may enjoy much higher fitness in rich media than those in HES, and thus, outcompete the
latter and completely overtake them. Second, elevated expression of PDR5-yEGFP may
be reversible, allowing cells of the HES to return to basal levels of Pdrb-yEGFP after a
lag period in the high expression regime. In order to assess the possibility of these two
alternatives, we evaluated the likelihood of survival of a seed LES during drug treatment
to reestablish itself after drug removal, as well as the ability of HES cells to grow in
rich media. Cells were exposed to cycloheximide for 72 hours followed by drug removal

and growth in rich media for a further 6 hours. The resulting population had a bimodal
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Figure 3.5: Pdr5-yEGFP response to cycloheximide treatment and removal. A) Mean lev-
els of Pdr5-yEGFP increase sigmoidally over time. Cells were incubated with 0.1 yg/mL
cycloheximide for 72 hours and their fluorescence was measured at 6- or 12-hour intervals
using flow cytometry. Mean values at each time point were normalized to autofluorescence
of BY4741 cells under the same drug conditions. Error bars are standard deviation of tech-
nical triplicates. B) An example of a two dimensional dot plot where yEGFP fluorescence
is given by the abscissae and PI fluorescence is given by the ordinates. Cells above the
dashed line accumulate PI and are considered to be inviable. This profile corresponds to
the population 18 hours after drug removal. C) The evolution of Pdr5-yEGFP population
profile over time after removal of cycloheximide and growth in rich media. Cells were grown
in rich media after 72 hours of 0.1 ug/mL cycloheximide treatment and were maintained
in log phase by dilution in fresh media at 12-hour intervals. Inset: Normalized mean levels
of Pdr5-yEGFP obtained from shown histograms. Values were normalized as in A).
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Figure 3.6: Spot assay of HES-enriched and LES-enriched samples after drug removal from
(A) WT and (B) pdri A cells in the presence or absence of cycloheximide. Cells were grown
in rich media for 6 hours after a 72-hour treatment in 0.1 ug/mL cycloheximide. These
populations were sorted using high and low yEGFP gates to obtain HES- and LES-enriched
samples for WT and HES-enriched samples only for pdri A (since no appreciable amount
of LES was present for this strain at that time point). Cells were spotted on plates with
or without 0.1 pg/mL cycloheximide as in Figure 3.4.

distribution of Pdr5-yEGFP-expressing cells (similar to that of Figure 3.5C). The sorted
HES and LES were then spotted on rich-media plates with or without drug (Figure 3.6A).
As previously observed, the LES sample was greatly disadvantaged in presence of the
drug. In fact, in this case, the LES sample was almost completely unable to grow on drug-
containing plates, presumably due to higher enrichment of each subpopulation compared
to the previous experiment. Furthermore, the sample enriched in HES had a clearly lower
fitness on rich media alone. However, its ability to grow on these plates indicated that it
has a reasonable fitness in rich media, albeit lower than the LES sample. We also incubated
cells with propidium iodide (PI) to directly measure the viability of each subpopulation.
PI is an ionic DNA-intercalating dye that is excluded from the cytoplasm of cells with
intact membranes. Thus, it is commonly used to report on membrane integrity, as a proxy
for cell viability, in many organisms [155]. Figure 3.5B shows a bimodal population of
cells—18 hours after drug removal—expressing Pdr5-yEGFP and stained with PI. Even
though more than 35% of the cells are within HES, none of those are detected beyond the

threshold above which cells are considered to be inviable.
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3.2 Contribution of PDRS5 Regulatory Network to Its

Expression Dynamics

PDRY5 expression is activated by two paralogous TFs, Pdrl and Pdr3, which are arranged
such that they give rise to a C1FFL motif with a positive FBL nested within it (Fig-
ure 1.5B). As outlined previously, both these motifs enhance stochastic variability in their
target genes and result in a delayed OFF response. Consequently, we set out to investigate
the role of these two TFs and the network components in the response of Pdr5-yEGFP to

cycloheximide.

3.2.1 Deletion of PDR1 and PDR3

We began with generating three mutants, bearing deletions of pdri, pdr3, or both (Fig-
ure 3.7A). To create single-deletion strains, pdri A and pdr3A, either gene was displaced
by insertion of a URAS expression cassette with large sequences homologous to regions up-
stream of the gene’s start codon and downstream of its stop codon. Transformation of the
cassette and these homologous regions (in two pieces) was performed as described in the
Methods section. The deletion of each gene was established by PCR-based confirmation of
positive transformants using appropriate primers. The double mutant, pdr! Apdr3A, was
similarly constructed by knocking out PDR1 in the pdr3A strain with a HIS3 expression

cassette.

Based on the current consensus about the regulation of PDR5 by these two TFs, the
pdr3 A strain would include only a simple, direct-activation network controlling the PDR5-
yEGFP expression. We expected that this strain would demonstrate lower heterogeneity
in expression, as a result of losing both C1FFL and FBL motifs. However, its response to
drug should not greatly differ from that of the WT given that Pdrl is considered to be the

master regulator of PDR5 with evidence of its binding and induction by cycloheximide.
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On the other hand, the pdr! A strain, would comprise only of the positive FBL driven by
Pdr3. Accordingly, we anticipated that while the expression level of PDR5-yEGFP should

be quite low, its variability would be much higher than at least pdr3A.

The flow cytometry data obtained from these three strains confirmed some of our
predictions while disproving others. The pdr3A strain mostly met these expectations; in
the absence of any drug, its levels closely resembled that of WT, and its HES decreased by
almost 10-fold compared to that of WT (Figure 3.7B). In contrast, the pdr! A strain had
a surprisingly high expression level. Since the pdri Apdr3 A mutant showed only slightly
higher levels of Pdr5-yEGFP than cellular autofluorescence, it must be concluded that even
if another mechanism of PDRS activation is present, it is not nearly as strong. Therefore,
it appears that Pdr3 is either able to activate PDRS to a level similar to that of WT when
present at a much lower concentration than Pdrl (~10 fold [137]) or that PDRS3 itself
is activated by some other factor in the absence of Pdrl. More interestingly, when we
focused on the HES of pdri A cells, not only was it larger than those of both pdr3A and
WT strains (more than 20 and 2 folds, respectively), its mean level of Pdr5-yEGFP was
approximately 30% larger than that of the WT (FIgure 3.7C). This clue is consistent with
the first scenario proposed above, in which Pdr3 is stronger than Pdrl and can activate

the expression of PDR5 more strongly than the latter.

Moreover, we repeated the spot assay experiment with the pdr!A strain (the only
mutant strain with an appreciable HES). Similar to the WT case, the HES-enriched sample
of pdr1 A cells was able to survive not only better than the LES-enriched sample, but also
the unsorted one (Figure 3.8). Yet, the HES-enriched sample was at a more distinguishable
disadvantage compared to the other two samples in a way reminiscent of the WT HES after
drug treatment. This outcome is potentially due to the higher level of Pdr5-yEGFP in the
HES of pdri A cells. Consistent with these results, the HES-enriched sample of pdri A that
was sorted after 72 hours of drug treatment grew well on cycloheximide-containing plates.

On the other hand, this one had a lower fitness—even lower than the WT HES-enriched
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Figure 3.7: The PDR5-yEGFP expression profile in pdr3A, pdri1 A, and pdri ApdrsA
strains compared to that of WT during log-phase growth in rich media. A) A schematic
representation of the network architecture regulating PDR5 expression in each deletion
mutant. B) The population profile of pdr3A (magenta), pdriA (green), pdriApdr3A
(grey), and WT (blue) strains compared to BY4741 autofluorescence (black). These pro-
files were obtained from cells growing in rich media at log phase using flow cytometry.
Proportion of cells in the HES are indicated for each strain (0% when not indicated). The
position of this subpopulation is highlighted. C) A magnification of the HES profie for
pdr1 A, pdr3 A, and WT strains.
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Figure 3.8: Spot assay of HES-enriched, LES-enriched, and unsorted samples of the pdri A
strain in the presence or absence of cycloheximide. A population of pdri A cells was grown
in rich media and sorted using high and low yEGFP gates while in log phase. Sorting and
spotting were carried out as described in Figure 3.4.

sample—on rich media (Figure 3.6B).

3.2.2 Drug Response of Mutants

The conspicuous phenotype of the pdriA strain in the absence of the drug led us to
contemplate the possibility that this strain may demonstrate odd behaviour upon treatment
with cycloheximide, as well. Initially, we investigated the change in the expression level
of Pdr5-yEGFP in all three mutants and compared it to that of WT. As evident in panel
A of Figure 3.9, Pdr5-yEGFP levels in the pdr! A strain become strikingly higher than
those of both WT and pdr3A. While we had predicted, due to its basal expression level
and a relatively large HES, that the pdri A strain would be able to survive in the presence
of cycloheximide, we certainly did not expect its level of Pdr5-yEGFP to be so much
higher than WT. Less surprising was the inability of Pdrl alone (in pdr3A cells) to reach
similar levels of Pdr5-yEGFP as WT since without the feedback on Pdr3, it could not
dramatically increase the levels of Pdr5-yEGFP. Also, the sharp switch-like increase in
Pdr5-yEGFP levels of the pdriA strain is consistent with the positive FBL structure.
Another noteworthy observation was the lower initial levels of Pdr5-yEGFP in the first ~10
hours of drug treatment in the pdr! A population (to the left of the red dashed line). This
is in contrast to the steady increase of Pdr5-yEGFP levels in both WT and pdr3A cells.

After this time, pdr3A cells do not further increase their levels of Pdr5-yEGFP, unlike
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WT cells which do. Therefore, the WT strain appears to possess the hybrid temporal
properties of the pdri A and pdr3A strains. These dynamic and temporal differences in
PDR5-yEGFP expression between pdr3 /A and pdrl A appear to be dependent on Pdrl and

Pdr3, respectively, since the pdr! Apdr3 A strain did not show any such dynamics.

In addition to measuring the level of Pdr5-yEGFP in cells of each strain, we quantified
the proportion of cells in each population that were able to extrude PI at each time point.
As mentioned previously, PI is a binary reporter for determining viability of cells. While
accumulation of PI only means that a cell’s plasma membrane is damaged, this property
is often equated to a loss of viability. Furthermore, we have directly observed, using a
microfluidics chamber coupled with a time-lapse fluorescence microscopy, that individuals
which uptake PI do not resume growth even several hours after removing the drug and
adding rich media. Therefore, we considered PI staining to be a good measure for cell
survival and defined percent viability to be the proportion of cells that do not fluoresce
in presence of PI (see Figure 3.5B for an example). We further established the validity
of this measure by killing BY4741 cells using heat—cells did not grow in rich media after

treatment—and confirming the ability of PI to differentially stain dead S. cerevisiae cells.

The viability of all strains were consistent with a Pdr5-yEGFP-dependent cyclohex-
imide resistance. Accordant with the delay in rising levels of Pdrb-yEGFP in pdri A cells,
a larger portion of this population loses its viability, within the initial ~20 hours of cy-
cloheximide treatment, than either the pdr3A or WT populations. However, as the level
of Pdr5-yEGFP in pdri A cells elevates dramatically, the proportion of viable cells also
increases beyond those of the other strains. Also, percent viability of the pdr3A strain
closely resembles that of the WT population at the beginning of drug treatment. This
further highlights the difference in the PDR5-yEGFP expression dynamics among the dif-
ferent strains and its contribution to each individual’s chances of survival over time. The
inability of the pdriApdr3A strain to increase the expression level of Pdr5-yEGFP in

presence of cycloheximide and its almost complete loss of viability at the end of treat-
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Figure 3.9: The response of pdr3A, pdriA, and pdriApdr3A strains to cycloheximide
treatment compared to WT. The change in (A) the mean levels of Pdr5-yEGFP and
(B) percent viability of cells over time in each of pdr3A (magenta), pdriA (green),
pdr1 Apdr3A (grey), and WT (blue) in response to 0.1 ug/mL cycloheximide. pdrl Apdr3 A
cells were sampled at fewer time points since they demonstrated no apparent change. The
mean fluorescence obtained from flow cytometry experiments was normalized as described
previously. Error bars are standard deviation of technical triplicates. Red dashed lines
indicate the time point at which the behaviour of the pdri A strain, for the corresponding
property of the population, dramatically changes.
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ment confirms the need for the Pdrl/Pdr3-dependent expression of Pdrb to extrude this
drug. Indeed, this dependence is not true in the case of nocodazole treatment, where, even
though Pdr5-yEGFP remained at its basal levels during the entirety of the treatment in
pdr1 Apdr3 A cells, this strain was able to regain its viability, albeit slower than the others

(data not shown).

It is interesting to note that, in line with the switch-like dynamics of PDR5-yEGFP
expression in pdri A cells, its expression profile shows a more distinct bimodality in this
strain than in WT both during drug treatment and after its removal (Figure 3.10). The
HES of the pdri A population distinctly increases in proportion over nearly 30 hours (Fig-
ure 3.10A). The WT population, however, shows a more gradual increase in Pdr5-yEGFP
level where the separation of HES and LES is not as clear as that of the pdri A strain.
Furthermore, the initial level of HES in the pdri A population is larger than that of the
WT population (as discussed previously), and the former maintains a higher mean level
of Pdr5-yEGFP in its HES throughout the cycloheximide treatment. After an almost
complete population switch from LES to HES at 30 hours, the pdri A mean level of Pdrb-
yEGFP plainly overtakes that of WT.

A similar distinct bimodality of Pdr5-yEGFP levels exists in the pdri A strain upon
removal of cycloheximide and growth in rich media (Figure 3.10B). It is interesting to see
that the total level of Pdr5-yEGFP increases, transiently, after removal of drug (compare
the distributions at 0 and 9 hours). While this trend happens in the WT strain, as well
(Figure 3.5C), it is more easily detected in the case of the pdrl A strain. In fact, this effect
in the pdr! A population allows us to easily distinguish between LES and HES noting that
almost all of the cells are located within the latter. We believe that this effect is specific to
cycloheximide and may be due to a backlog of mRNA caused by this drug’s mode of action
in blocking translation. The fact that we have not observed such dynamics after release of
cells from nocodazole lends some support to this notion. Lastly, one must not overlook the

timescale of the change in the population profile of pdri A cells. It takes approximately
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Figure 3.10: Bimodality in the population profile of pdri A cells during and after cyclo-
heximide treatment. A) The change in the population profile of Pdr5-yEGFP levels for
the pdr1 A (green) and WT (red) strains in 0.1 pg/mL cycloheximide over 72 hours. His-
tograms of flow cytometry results for yEGFP fluorescence of the two strains are overlaid
for each time point. B) The gradual shift in the population profile of pdri A cells after drug
removal over 196 hours. Cells were grown in rich media after the 72-hour cycloheximide
treatment and were maintained in log phase by dilution in fresh media at 12-hour intervals.
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Figure 3.11: Unimodal evolution of the pdr3A population profile after drug removal. Cells
were grown in rich media, and were maintained in log phase, for 35 hours, following a
72-hour treatment with 0.1 yg/mL cycloheximide.

76 hours for pdri1 A cells to reach a 50-50 LES-HES population profile—compared to ~12
hours for WT cells—and more than a week to reestablish the original population profile

before drug treatment—compared to ~28 hours for WT.

The bimodal decrease in the levels of Pdrb-yEGFP in WT and pdriA cells is in
stark contrast to the linear dynamics of pdr3A strain after drug removal. The level of
Pdr5-yEGFP in pdr3 A cells lingers for a short time—n~4 hours—after drug removal (Fig-
ure 3.11), but this could be due to the mRNA backlog effect invoked to explain the similar
phenomenon in the other two strains. After this time point, PDR5-yEGFP expression
decreases gradually and unimodally until it reaches its basal levels, which it does at ~15

hours—almost half the time it takes for WT to do so.
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Figure 3.12: Schematic depiction of network variants which contain only one of the two
TFs. A) C1FFL with positive FBL achieved by two PDRS3 genes, 2x PDR3 (left), or two
PDR1 genes, 2x PDR1 (right). B) Single TF networks driven from the other’s promoter.
PDR3 CDS is controlled by the pPDR1 promoter, pdr3A/pl-PDR3 (left), or PDR1 CDS
is driven from the pPDR3 promoter, pdr! A/p3-PDR1 (right). The native TF is deleted
in both cases.

3.2.3 Other Network Variants

The oddly higher levels of Pdrb-yEGFP in the pdri A strain compared to WT, and its
ability to better survive in prolonged cycloheximide exposure, suggested that Pdr3 may be
a stronger activator than Pdrl. Pdrl and Pdr3 presumably form homo and heterodimers
when both are present [134]. Therefore, if Pdrl had lower activity—either due to lower
affinity to DNA or diminished capacity to recruit transcriptional machinery—it would stand
to reason that its presence in WT cells would lead to the formation of heterodimers that are
less active than Pdr3-Pdr3 homodimers. In an attempt to remove the complication caused
by the differential activity of Pdrl and Pdr3 from the study of their network dynamics, we
produced two variants each featuring either Pdrl or Pdr3 as the only TF in the C1FFL

network controlling the activity of Pdr5-yEGFP, illustrated in Figure 3.12A.

The first mutant, 2x PDRS, contained two copies of PDR3—one driven from its own
promoter and the other from the native pPDR1 promoter. This strain was constructed by

knocking out the URA 3 expression cassette in the pdr! A strain with a construct consisting
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of the PDR3 gene attached to a HIS3 expression cassette. Transformants were grown
on synthetic media lacking histidine and correct integration was confirmed using PCR
amplification. Furthermore, the integration locus was sequenced by Sanger sequencing to
check for potential mutations or substitutions in the newly inserted PDR3 CDS. Sequencing

yielded 69% coverage of the locus, in which no mutations were detected.

The change in the profile of PDR5-yEGFP expression during drug treatment in the
2x PDRS3 strain demonstrates an interesting combination of WT and pdr1 A profiles (Fig-
ure 3.13). At the early stages of drug treatment this strain behaves similar to WT cells,
where its Pdr5-yEGFP levels increase slowly for ~47 hours until a larger jump in the mean
Pdr5-yEGFP levels. This change in the level of Pdr5-yEGFP is unlike the distinctly bi-
modal behaviour of pdri1 A cells, which gain a sharp increase in their Pdr5-yEGFP levels
after constant initial levels. However, by the time the steady-state levels of Pdr5-yEGFP

are reached at ~72 hours, they are very close in both the 2x PDRS3 and pdr1 A strains.

The second mutant, 2x PDR1, was constructed in a similar fashion to the former. PDR1
followed by a HIS3 expression cassette formed a construct that was integrated into the
genome to displace the URAS expression cassette of the pdr3 A strain. Sequencing of this

locus resulted in 89% coverage, in which no mutations were detected, either.

The mean levels of Pdr5-yEGFP in both the 2x PDR1 and pdr3 A strains are very close
to each other during the 72-hour cycloheximide treatment (Figure 3.13). The change in
the population profile of Pdr5-yEGFP in these two strains is quite similar to each other,
unlike what was observed in the case of 2x PDRS and pdriA. It is clear that Pdrl, even
at a supposedly higher dosage, cannot activate the expression of PDR5-yEGFP more than
half as well as the intact network. In fact, it may be that this limited activation strength
of Pdrl is the reason behind the resemblance in the dynamics of PDR5-yEGFP expression
of 2x PDR1 and pdr3 A strains. It appears that maximum activation is achieved after the

initial rise in the level of Pdr5-yEGFP.
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Figure 3.13: Flow cytometry analysis of mutants which contain one of the two TFs in var-
ious network configurations. The shift in the level of Pdr5-yEGFP in WT (red), 2x PDR1
(dark blue), pdr3A (magenta), pdri A (green), 2x PDR3 (brown), and pdr3A/pl-PDRS3
(garnet) populations. This shift occurs with varying dynamics among these strains and
yields different steady-state levels of Pdr5-yEGFP at the end of a 72-hour treatment with
0.1 yg/mL cycloheximide. Dashed lines indicate the mean level of Pdr5-yEGFP fluores-
cence for the last time point, which is expressed as a multiple of the WT value.
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As the evidence for higher activity of Pdr3 over Pdrl accumulated, we decided to
further investigate the properties of these TFs by somewhat removing the effects of the
network architecture. Therefore, we created strains in which one native TF was knocked
out and the other was replaced by the first one (Figure 3.12B). The strain pdriA/p3-
PDR1 was obtained by knocking out the native PDR1 gene in the 2x PDR1 strain using
a URAS3 expression cassette, which left only the PDR1 CDS driven from the pPDR3
promoter. Similarly, pdr3A/pl-PDR3 was created by replacing the native PDRS& gene
with the URAS3 expression cassette keeping only one copy of PDRS3 controlled by the
pPDR1. Selection of positive transformants and confirmation of correct transformation

was performed as before.

For the pdri A/p3-PDR1 strain, the expression profile before drug treatment, its evo-
lution during cycloheximide exposure, and the associated loss of viability were practically
indistinguishable from that of pdri Apdr3A mutants. Evidently, Pdrl is not able to es-
tablish a basal level of Pdr5-yEGFP, when driven from the pPDR3 promoter, nor can it

increase this protein’s levels after addition of cycloheximide.

The other strain, however, strongly activates the expression of PDRS-yEGFP while
cells grow in rich media, as anticipated. Moreover, the Pdr5-yEGFP profile of pdr3A/pl-
PDRS3 cells evolved over time in a similar fashion to that of 2x PDRS3, especially during the
initial hours of cycloheximide treatment (Figure 3.13). Unlike the pdri A strain, pdr3A/pl-
PDRS3 cells demonstrated a more gradual elevation in the level of Pdr5-yEGFP at first.
Nonetheless, they reached a similar steady-state level of Pdr5-yEGFP to both of the other

Pdr3-containing strains.
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Chapter 4

Discussion

The PDR network of S. cerevisiae has been accepted to be the major determinant of MDR
in this organism. Therefore, as the centre piece of PDR in S. cerevisiae, PDR5 becomes
a key player in this process. Add to this the established role of PDR5 homologues in
drug resistance of pathogenic fungi and cancer cells, and it becomes a most attractive
candidate for the study of MDR. A large body of work has been produced for the past two
decades about the mechanism of action of Pdr5, and its homologues, in the extrusion of
structurally and functionally variable drugs and its genetic regulation in the large context of
S. cerevisiae PDR. However, few researchers have studied the gene expression of PDR5 in
its own right, rather than a reporter for its regulators, let alone detailed investigation of its
long-term dynamics. Furthermore, only a handful of studies have considered the expression
of PDR5 in individual cells. Therefore, it is important to understand the individual-level
dynamics of PDR5 expression, as a principal element in the survival of S. cerevisiae in

realistic environments, if we are to truly understand the concept of non-genetic MDR.
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4.1 PDR5-mediated Bet Hedging

Bet hedging is an evolutionarily stable strategy that arises from temporally variable envi-
ronments which change unpredictably [49]. Therefore, one cannot consider a population’s
strategy to be bet hedging, with certainty, unless the evolutionary history of the organism,
for an appropriate amount of time, is known. However, in the absence of controlled or
known selective environments, one can deduce bet hedging by its characteristic properties.
The main hallmark of this strategy—particularly in single-cell organisms—is risk spreading
across an isogenic population of individuals to increase the overall fitness of the genotype
over time. Accordingly, evolution of a bet hedging strategy can be postulated when: i) an
isogenic population of cells exhibits distinct phenotypes, and ii) each phenotype confers

differential fitness to the individual exhibiting it in different environments [54].

Drug resistance is a case where bet hedging could be a useful strategy. On one hand,
evidence for stochastic expression of general stress response elements, including drug re-
sistance, in a variety of organisms is ubiquitous [21,30,37,57]. On the other hand, noisy
gene expression has been shown to be metabolically costly for cells, which is why mecha-
nisms have been set in place to minimize the amount of noise in essential and housekeeping
genes [29,156,157]. Moreover, overexpression of drug resistance genes has been specifically
linked to reduced fitness in cells [33]. As such, bet hedging has been proposed as a mecha-
nism for drug resistance in bacteria on multiple occasions [63,64]; however, it has not been

mechanistically shown to be used in eukaryotic drug resistance.

PDR5 is an ideal candidate for involvement in eukaryotic bet hedging. It is one of
the main drug resistance genes of S. cerevisiae; the network, regulating its expression, has
been shown to improve cell-cell variability both theoretically and experimentally; and its

mRNA levels fluctuate, indicating transcriptional heterogeneity in the population [127].
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4.1.1 Variability in the Level of Pdr5

The first task is to demonstrate that the hypothesized variability in expression of PDRS5
leads to phenotypic states with distinct fitness characteristics in drug and no-drug condi-
tions. Since presentation of the phenotype is facilitated by the protein, we tagged the Pdr5
protein with yEGFP at its C-terminal. To the extent of our knowledge, only a handful of
groups have published tagging of PDR5 with GFP—all C-terminally—mnone of which have
reported any significant loss of function [116,158-161]. We did not encounter any notice-
able decrease in the number of colonies formed by yEGFP-tagged individuals compared to
the parental strain. Therefore, we consider the strain containing Pdr5-yEGFP (WT) to be
representative of the parental BY4741 strain in its drug resistance properties and overall

fitness.

Furthermore, we used galactose as an exclusive carbon source. Growth in glucose
leads to a high basal level of PDR5 expression (Figure 3.2 and [116]), and sole use of
fermentation could give rise to p° cells with drug-independent high expression of PDRS.
Galactose, however, does not induce the expression of PDR5 as strongly as glucose. Using
galactose as a carbon source generally leads to a mixture of fermentative and aerobic
metabolism by S. cerevisiae [162]. However, the parental strain we chose to study—
BY4741—is derived from S. cerevisiae S288C strain, harbouring a gal2- deletion, which
does not allow metabolization of galactose anaerobically. In fact, S288C cells have been

shown to maintain their mitochondrial DNA in galactose [163].

The variability in the population of WT cells, in their log phase of growth in galactose, is
displayed in the form of a small subpopulation of cells—HES—with a mean expression level
several folds larger than the rest of the population. Both cycloheximide and nocodazole
cause a strong shift in the mean levels of Pdr5-yEGFP of WT cells. We used 0.1 yg/mL
cycloheximide because larger concentrations of this drug—as low as 1 ug/mL-—led to strong

growth inhibition and inability of the population to regain its viability after more than a
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week. The HES forms only a small proportion of the total population, but its mean
level is close to that of drug-treated samples. Further inspection of HES indicated that
it is unlikely to be caused by a mutation, as populations derived from different colonies
at different times revert back to the same original profile after being enriched for HES

(Figure 3.3).

A possibility was raised earlier that this reversion to the original expression profile may
be due to a much greater fitness of the LES cells allowing them to overwhelm the HES.
Two lines of evidence argue against this notion. First, HES cells can grow reasonably well
on rich media (Figure 3.4), even when they express PDR5-yEGFP at its highest observed
level after drug treatment (Figure 3.6). Second, if growth rate of the HES were negligible,
with the assumption that LES has the same ~3-hour doubling time as the parental BY4741
in galactose [164], it would take ~3 hours for the proportion of cells in HES to halve. With
this half-life, the HES would reach 1% of the population after 17 hours only. This is in
contrast to the approximately 40 hours it takes, experimentally, for HES to reach 1% of the
population, and its calculated half-life of more than 10 hours. Therefore, it appears that
while LES cells do overtake HES cells, complete inundation of the latter by the former does
not occur. Nevertheless, it bears mentioning that, given some non-zero rate of growth for
cells of the HES, the final profile can be arrived at without the need for them to switch from
the high-expression state to the low-expression one. Single-cell experiments following the
expression level of PDR5-yEGFP over time after drug removal are best suited for settling

the particular question of state switching under these conditions.

These results argue for a bimodal expression of PDR5. The population profile of WT
cells with respect to the levels of Pdr5-yEGFP shows a clear bimodal characteristic before
drug administration and after its removal. This bimodality does not appear to be accom-
panied by bistability since HES does not persist for long, as the major subpopulation,
after enrichment or drug removal (Figures 3.3 and 3.5). Studies with synthetic networks

have substantiated the possibility of obtaining bimodality without bistability in genetic
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networks with a positive FBL and a short-lived TF [95]. These properties fit well with at
least one of the TFs regulating PDRS5 expression—Pdr3 is in a positive FBL and has a
half life of ~51 minutes [165].

Bimodality in the expression of any gene in a genetically uniform population is a cate-
gorical example of non-genetic heterogeneity. Not only two distinct subpopulations exist,
cells can potentially move from one to the other and share the possibility of experienc-
ing the woes and blessings of each expression state. Therefore, the first requirement for

classification of PDR5 expression pattern as bet hedging is present.

4.1.2 Fitness Disparity of HES and LES

As previously noted, mere existence of phenotypic variability in a population does not sig-
nify a bet hedging strategy in that population. There need be some meaningful difference in
fitness between various phenotypes under distinct environmental conditions. PDRS trans-
ports tens, if not hundreds, of compounds across the membrane. Therefore, its presence
can modulate the fitness of an individual in as many environments. In order to demon-
strate differential growth dynamics of the two subpopulations of S. cerevisiae with regards
to PDR5 expression, we used two such environments—cycloheximide-containing and rich

media.

The first clue for a potential difference in the fitness of the two subpopulations came
from the observation that the HES distribution coincided quite well with that of drug-
treated populations (with both cycloheximide and nocodazole in Figure 3.2). It stands
to reason that if some cells already express a certain level of Pdr5-yEGFP required to
survive in presence of these drugs, they would have a better chance of survival during
drug treatment. Enrichment of populations for HES and LES, using FACS, allowed us
to unequivocally demonstrate a clear difference in the fitness of these subpopulations in

said environments. The spot assay experiment of Figure 3.3 simply and efficiently reveals
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an unmistakeable disparity in the growth capabilities of populations enriched for HES and
LES. Furthermore, the inability of LES-enriched samples to survive as well as HES-enriched
samples, in addition to the slower growth of the unsorted sample itself, leads us to conclude
that the increase in the mean level of Pdrb-yEGFP after cycloheximide treatment is not
purely due to an induction of PDR5 expression by its regulatory elements ‘after’ drug
addition. The contribution of HES to the general survival and growth of the population

as a whole, in the presence of cycloheximide, is not negligible.

However, if fitness of the HES were equal to that of the LES in the absence of drug,
one would predict it to be the dominant phenotype since it increases the fitness of the
population in presence of the drug. However, not only is the high expression of PDRS
not the sole phenotype in these populations but, in fact, it is merely present in a very
small fraction of cells. Thus, it would appear that high expression of PDRYS is associated
with some fitness cost when cells grow in rich media. Yet, it is entirely possible that
the fitness defect of the HES in the absence of drug is not as severe as that of LES
in its presence. In such a case, we may not be able to easily observe the difference in
the growth rates. Indeed, the HES-enriched sample of the WT strain did show a slight
growth defect on rich media plates although the incomplete enrichment of HES in the
high-gated samples certainly obscured the fitness defect of the HES under these conditions.
Therefore, we resorted to investigating HESs sorted from the bimodal populations obtained
after drug treatment to obtain samples that were more enriched in high-expressing cells.
While showing superior growth on cycloheximide-containing plates, these HES-enriched
samples had an unambiguous growth deficiency when grown on rich media compared to
LES-enriched samples. Furthermore, samples sorted for the HES of the pdri A mutant

were similar to the HES-enriched samples of WT in their growth deficiency on rich media.

If we combine the results from mean levels of Pdr5-yEGFP in these samples with the
qualitative view of their growth deficiency in rich media, we arrive at a correlation between

these two parameters. The levels of Pdr5-yEGFP are lower in the HES of WT than that of
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pdr1 A before drug treatment (Figure 3.7C); similarly, the HES levels of Pdr5-yEGFP in
WT cells are consistently lower than those of pdri A cells after drug treatment (compare
Figure 3.5C with Figure 3.10B). Also, it is apparent that HES-enriched samples of the WT
strain before drug treatment have the highest growth efficiency on rich media followed by
HES-enriched samples of pdri A cells before exposure to cycloheximide (Figures 3.4 and
3.8). Finally, WT HES samples grow better than pdri A HES samples that are sorted
after cycloheximide treatment (Figure 3.6). In summary, for ability of HES to grow in rich
media: WT before drug > pdri A before drug > WT after drug > pdr! A after drug; for
mean level of Pdr5-yEGFP in HES cells: WT before drug < pdri A before drug < WT
after drug < pdr1 A after drug. These results suggest that higher levels of Pdr5-yEGFP
decrease the fitness of cells when grown without drug. An inverse relationship between
higher levels of Pdr5-yEGFP and growth in the absence of drug is in agreement with
available evidence. In a recent study, transmembrane proteins were identified as one of two
categories of proteins to have an observable impact on fitness when overexpressed [166].
Furthermore, the seemingly idiosyncratically constitutive ATP hydrolysis by Pdr5 [115]

can become prohibitive to the growth of an individual when it is expressed at high levels.

4.2 Transcriptional Regulation of PDR5

Recognizing that PDR5 could be a part of a bet hedging strategy by S. cerevisiae directed
our attention to understanding how this strategy is implemented across the population.
Based on the evidence presented in the Introduction, the intricate network regulating PDRS
expression seemed the most likely reason behind implementation of this strategy. We tack-
led the question of PDRS5 transcriptional regulation through construction of variants of the
PDRY5 regulatory network with strains containing only one of its two major transcriptional

activators in a number of configurations.
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4.2.1 Peculiar Behaviour of Pdrl and Pdr3

Both PDR1 and PDRS3 were discovered by genetic mapping of S. cerevisiae mutations
that caused resistance to two or more unrelated drugs [121,167]. The sequence homology
and overlap in targets for these two TFs, as well as the ability of cells to survive on
drugs in absence of one or the other, led many researchers to conclude that their functions
are largely redundant. Furthermore, identifying Pdrl as a regulator of PDR3 expression
resulted in the belief that Pdrl is the master regulator of PDR, while Pdr3 only plays a
secondary part in this process [168]. This belief has been somewhat challenged since the
Pdrl-independent role of Pdr3 in activating a large number of genes—including PDR5—
in p° cells was elucidated. Yet, the general attitude in S. cerevisiae PDR literature is to

consider Pdr3 as the less important factor in drug resistance.

Based on the overall literature review conducted at the beginning of this study, we
expected that deletion mutants lacking pdr3 would fair relatively well, while those without
pdrl would suffer more. However, from our first experiments, this expectation was not
met. Cells of the pdr! A strain bearing only the PDR3 gene, not only had a similar basal
expression level to that of both pdr3A and WT strains but also possessed an HES with
a higher mean level of Pdr5-yEGFP than that of WT (Figure 3.7). The level of Pdr3
has been estimated to be an order of magnitude lower than that of Pdrl under standard
growth conditions [137]. However, these estimates were obtained from high-throughput
collections of data and do not take into account mutations or changes in growth conditions.
Despite their homology and hypothesized redundancy, Pdrl and Pdr3 have many targets
and functions that are distinct from one another. Furthermore, the role of Pdr3 in response
to loss of mitochondrial DNA hints at Pdrl-independent regulation of this TF. Therefore, it
is likely that in the absence of Pdrl, a compensatory mechanism upregulates Pdr3 leading
to the observed basal activation of PDR5 in the pdri A strain. We initially considered

this to be the most likely scenario; however, the phenotype of pdri A after drug treatment
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forced us to reconsider.

Cycloheximide treatment of pdri A cells resulted in mean levels of Pdr5-yEGFP nearly
two fold larger than those of WT cells at steady state (Figure 3.9). These results were
unpredicted in that they suggested stronger activity of Pdr3 than Pdrl. These two TFs
have been shown to form homo and heterodimers in vivo [134]. Therefore, the most
parsimonious explanation for this behaviour is that Pdr3 can better activate PDRS, and
Pdrl attenuates its activity in WT cells by binding to it. A potential reason for the lower
activity of Pdrl is the presence of an inhibitory domain about 250 amino acids from its
N terminal [169]. While overexpression of Pdrl has been implicated in repression of some
genes [143], the specific function of this domain has not yet been established. Moreover, this
domain is conserved in most TFs of the Gal4 family [170], including Pdr3. In fact, Pdrl and
Pdr3 share high homology in the two main motifs of this domain [131]. In contrast, they
do not share as much homology in their activation domains [171]. Therefore, it is possible
that the difference in the activities of these TFs is due to variation in their activation

domains.

It must also be noted that a higher level of Pdr5-yEGFP in pdril A cells was not specific
to cycloheximide, but was also observed in presence of nocodazole. To our knowledge, no
published work has claimed that Pdr3 activates PDR5 more strongly than Pdrl. The
only source to corroborate our findings is a PhD thesis [172], in which pdri A cells were
shown to grow better on cycloheximide media than pdr3A cells. We confirmed these
results, and the fact that they were not published, with the thesis supervisor—Dr. Turcotte,
McGill University—through personal communication. The lack of support for this claim
within the literature is not particularly surprising. The large majority of studies we have
examined focus on the immediate to short-term response of Pdr5 levels—or its mRNA—to
the presence or absence of either TF. In fact, we have not come across any studies, which
have considered the dynamical change in the levels of Pdrb over a timescale longer than

one day. Interestingly, our results indicate that the effect of higher Pdr3 activity on Pdrb
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levels does not become apparent for at least the first 12 hours of growth, and this effect
on cell survival does not become evident until ~30 hours after treatment (Figure 3.9).

Therefore, the higher activity of Pdr3 could easily be overlooked in short-term studies.

Another clue to the higher activity of Pdr3 comes from the other mutants generated
in our study. The bottom panel of Figure 3.13 shows flow cytometry histograms for three
mutants that contained Pdr3 as the only TF to activate PDR5. Regardless of the regu-
latory network architecture containing the TF(s)—positive FBL in pdr! A, C1FFL with
embedded positive FBL in 2x PDR3, and direct activation in pdr3A/pl-PDR3—all these
strains reached a very similar steady state level of Pdr5-yEGFEFP at the end of cyclohex-
imide treatment. We observed an analogous situation in the mutants containing only Pdrl
as their activator. Together, these results implicate that, at the height of cycloheximide
treatment, the promoter of PDRS is saturated with present TFs. Furthermore, the ex-
pression of PDRJ5 is activated more strongly by Pdr3 homodimers than Pdrl homodimers,
with the activity of heterodimers being intermediate. Moreover, cold competition assays
have shown that cycloheximide binds Pdr3 with an approximately three fold less affinity
than it does Pdrl [138], implying that Pdr3 may not need cycloheximide binding for its

activity as much as Pdrl does.

4.2.2 The Role of the Network Architecture

The PDRS regulatory network contains two main motifs, both of which are theorized
to increase variability in target expression. Therefore, it is natural to presume that these
features are instrumental in the establishment of expression variability noticed in the levels
of PDR5. Our aim was to study each motif separately from the other and compare it to the
case of direct activation. However, it was impossible for us to generate C1FFL alone. There
are two potential ways to destroy the positive FBL in the network—either by removing

the binding sites for Pdr3 on its own promoter or by mutating its DNA binding domain.
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Due to the special regulatory overlap between paralogous Pdrl and Pdr3—they bind the
same PDREs—we were not able to take either of these approaches. The first would have
abolished Pdrl activation of PDRS3 and the second would have removed Pdr3 activation
of PDR5. Therefore, we resorted to the study of direct activation, positive FBL, and the

C1FFL-FBL combination.

With regards to promotion of variability and generation of an easily identified HES,
the pdrl A strain containing only the positive FBL behaved as expected. The two sub-
populations of pdriA reveal a markedly more disjoint character than those of the WT
strain before addition of the drug, during treatment, and after its removal (Figures 3.7 and
3.10). All of these characteristics are consistent with those predicted from a positive FBL.
Yet, the WT strain contains this same positive FBL; therefore, the less distinct separation
between its subpopulations must be due to the action of direct activation from Pdrl. The
WT LES has a higher mean level of Pdr5-yEGFP than pdri A LES, while its HES has
a smaller mean level than that of pdriA. Therefore, it may be that the lower activity of
Pdrl contributes to the reduced HES of WT. At the same time, the higher concentration
of Pdrl results in increasing the level of WT LES—which is similar to that of pdr3A in its

distribution.

In addition, the importance of the C1FFL in the regulation of PDRS5 becomes less clear,
based on our results. Pdr3 activates the expression of PDRS in the absence of Pdrl to about
80% of WT basal levels. Hence, regulation of this gene by Pdrl and Pdr3 is not additive,
and the PDR1— PDRS3 edge of the network is not essential for Pdr3-mediated activation
of PDR5. The two network variants generated with a C1FFL-FBL architecture, which
featured either Pdrl or Pdr3 in both activation positions, support this notion. Figure 3.13
shows that, at least on a qualitative level, both of these C1FFL networks—2x PDRS3 and
2x PDR1—behave similarly to their direct-activation counterparts—pdr3A/pl-PDRS3 and
pdr3 A, respectively. In fact, the only difference between the five strains featuring a direct-

activation edge—including WT itself—with pdri A is their initially gradual increase in
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levels of Pdr5-yEGFP, as opposed to the latter’s sharp jump. Therefore, it seems that the
direct activation edge—X — PDR5—acts to initially absorb the shock of drug treatment
and enhance survival by gradually increasing the level of PDRS. This mechanism may be
beneficial in maximizing survival in short-lived encounters with xenobiotics without the

need for the full activation of the network.
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Chapter 5

Conclusion

We have provided evidence indicating that the expression of PDRS forms a basis for a
bet hedging strategy in the drug resistance response of S. cerevisiae. To explain this phe-
nomenon, we propose a model describing the role of PDR5 regulation in giving rise to this
strategy. The positive FBL of Pdr3 leads to a bimodal expression profile of PDRS, which
results in generation of two subpopulations—one with high levels of Pdrb and one with
low levels. The higher levels of Pdrb allow for the survival of cells exposed to toxic xeno-
biotics, especially cycloheximide, while decreasing their fitness during growth in optimal
conditions. In contrast, cells with lower levels of Pdr5 grow maximally in rich media, but
suffer when xenobiotics are present. The proportion of the HES is kept at a much lower
level than LES, presumably due to reduced fitness in optimal growth conditions. Popula-
tions in which this balance has been perturbed re-establish this proportion after some time
indicating that it may constitute a dynamically maintained steady state, in which cells
stochastically transition back and forth between low and high expression. Pdrl appears
to be a weaker TF, while being expressed at a higher level, than Pdr3 and attenuates
its activity when present. We postulate that this disparity in the activation strength of
Pdrl and Pdr3 keeps the proportion of HES in check. This function may have evolved

during the evolutionary history of S. cerevisiae to fine tune the proportion of HES to LES
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according to the approximate frequency of toxin exposure. However, it must be kept in
mind that Pdrl and Pdr3 regulate the expression of a large number of genes, either in
concert or individually. Therefore, their relative activity will have been selected for by the
phenotypic consequences of their regulation of these targets, too. Nonetheless, our anal-
ysis would remain largely valid for their other targets since most of them are involved in
response to drugs and other stress conditions, and their expression cost and benefit would
broadly resemble that of PDRS5. Furthermore, the presence of a route for direct activation
of PDR5 appears to enable S. cerevisiae cells to respond rapidly to xenobiotic exposure.
However, we could not find a direct link between the specific C1FFL architecture and the
bet hedging strategy in this instance. Lastly, given our results and those reported in the
literature, we expect that regulation of PDRS5 follows a complex pattern based on a bet
hedging strategy, but enhanced through increase of TF activity by direct binding to the
drug. Such an integrated regulation scheme is most appropriate when responding to novel

xenobiotic challenges, as well as those previously encountered.

Many questions remain to be answered, and some inconsistencies ought to be addressed.
We have speculated, based on genetic perturbation data, that Pdr3 is a stronger activator
than Pdrl. However, this approach does not account for changes in upstream or down-
stream effectors of either factor upon deletion of the other. Therefore, their individual and
combined DNA binding affinities, along with their homodimeric and heterodimeric activi-
ties should be explored in physiochemical detail to confirm these results. Furthermore, this
apparent difference in activities may be due to their differential affinities to PDRE variants
on the PDR5 promoter. A systematic investigation of these binding elements would be
valuable in understanding the significance of PDRE variants and their specific positioning
in establishing the PDR5 expression profile. Additionally, the ambiguity in regulation of
PDR1 and the Pdrl-independent control of PDRS3 expression, confound our results. For
example, the complex positive FBL created by PDR1/PDR3 and RPN/, compromises the

notion of ‘direct activation’ from the pPDR1 promoter. We have, in fact, observed surpris-
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ing appearance of an HES in the profile of pdr3A/pl-PDRS3 cells. This is inconsistent with
the expected loss of Pdr3-mediated feedback, and should be further examined. If RPN/
proves to form this positive FBL, under optimal conditions, it would lend more support to
the notion of a weaker Pdrl since no HES was observed in pdr3A cells. However, it would
require us to adjust our model to include the additional regulatory input. Apart from
the intrigue of RPN/, a number of other exploratory avenues could be pursued. Many of
the recently identified modulators of PDRS activity—found using synthetic genetic array
technology—directly point to general transcriptional regulators—such as SAGA and the
Mediator complex, among others—which interact variably with Pdrl and Pdr3. These
interactions could form a basis for the apparent difference in the strength of their activity,
and fine tuning of subpopulation proportions. This knowledge could be exploited to under-
stand the molecular mechanism used for defining these proportions. Finally, PDR5 is not
the only target of Pdrl/Pdr3; thus, an investigation of expression profiles of some of their
other targets would shed light on the extent of their involvement in the S. cerevisiae bet
hedging strategy. We hope that this first demonstration of a eukaryotic bet hedging strat-
egy against toxin exposure, especially involving an important class of proteins mediating

MDR, would pave the way for its identification in other systems.
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