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ABSTRACT
Nucleosome-depleted regions (NDRs) are highly abundant in eukaryotic promoters. While
it has long been established that NDRs may form from unfavorable histone-DNA interactions, this
mechanism alone fails to accurately predict in vivo positioning, suggesting that other non-histone
factors must play a key role in NDR formation. Some transcription factors (TFs) in yeast, termed
nucleosomes-depleting factors (NDFs), including Reb1, Abf1, and Cbf1, have been proposed to
effectively evict nucleosomes by either directly competing with other histones, or through
recruitment of chromatin remodelers. Since nucleosomes present a significant barrier for the
binding of most TFs, NDFs are likely to play a key role in chromatin reorganization activity. To
determine how differences in NDF invasiveness, binding motif location, and copy number
influence the nucleosomal landscape along regulatory regions in yeast, as well as the functional
role of nucleosomes in transcription regulation, our research group developed a high-throughput
assay to study the role of NDFs on nucleosomal coverage along the HO promoter (HOpr), whose
nucleosome configuration changes throughout the cell cycle. Using this assay, we found that a
single Reb1, Abf1, and Cbf1 binding motif activates HOpr in bimodal fashion, and that upstream
nucleosome play a more significant role in HOpr activation than downstream ones.
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Chapter 1
Introduction
1.1 Chromatin structure
Proper gene regulation is extremely important in all biological processes. Consistent with
this, new insights into the control of cellular gene expression have confirmed that gene
misregulation, including errors in RNA editing, can give rise to several human diseases, including
cancer, autoimmunity, neural disorders, and obesity (1-3). These advances have recently
emboldened scientists to study the genetic mechanisms underlying human pathologies, with one
area focusing specifically on the nucleosome- the fundamental building block of eukaryotic
chromatin. In this work, we aim to study the relationship between nucleosome positioning and
gene expression, and ultimately how disruptions in these networks can engender human disease
(1).
While the human genome is approximately 2m in length, it is stored in a ~20 µm diameter
nucleus (4). This presents a significant packaging barrier to the cell, whose DNA must remain
accessible for proper functioning of essential cellular processes, including replication and
transcription. To fit within the confines of the nuclear envelope, naked DNA first associates with
histones to form nucleosomes, then associates with various scaffolding proteins to further
condense into a 30nm fiber. This combination, known as heterochromatin, maximizes the amount
of condensation afforded by nucleosome interactions alone (5), and leads to the ultimate formation
of the chromosome (Figure 1.1).
The nucleosome consists of a section of DNA wrapped around a histone core (6). Each
histone core is composed of two copies of the four histone proteins: H2A, H2B, H3, and H4. In
vitro under sufficiently high salt concentrations, these proteins persist as an octamer composed of
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two H2A-H2B dimers and a single H3-H4 tetramer (7). In the histone octamer, each H2A-H2B
dimer has exactly two contact points with the H3-H4 tetramer. In addition, a four-helix bundle
arrangement connects H2B and H4, while a second interaction interface forms between the H2A
docking domain and the other arm of the H3-H4 tetramer. Each histone octamer wraps
approximately 1.65 turns, or about 147 base pairs, of DNA (8), establishing 14 unique histoneDNA interaction sites. In combination, these interactions provide incredible stability to the proteinDNA complex; because of this, it is well-suited for packaging DNA (9).
Although the nucleosome is a stable unit, it is not static. Rather, it is a highly dynamic
complex whose remodeling can result in altered DNA accessibility. Once assembled onto the
DNA, histones can be marked by a large number of post-translational modifications that affect
histone-DNA and histone-histone interactions (10). Histone variants can also take the place of
histone proteins; for example, H2A can be replaced by the histone variant H2A.Z, forming unique
nucleosome structures with specific regulatory functions (11). Furthermore, accessibility of a
particular factor binding site is dependent on nucleosomal occupancy: sites in nucleosome-free
regions are easier to access than those in nucleosome-dense regions. By exploring these
mechanisms governing chromatin structure, we have identified its profound impact on almost all
DNA-regulated metabolic processes, including transcription, replication, and DNA repair (12). As
a result, extensive amounts of research have been dedicated towards understanding which factors
influence the nucleosome landscape, and ultimately cellular functioning.
1.2 Effects of nucleosome-positioning on gene expression
Recent sequencing developments have made is possible to map nucleosome positions in a
variety of organisms (12), including yeast, flies, and humans (13-15). Across this body of cell
types, the most striking feature is the difference in nucleosome density between regulatory and
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transcribed regions of the genome. In budding yeast, for example, >90% of promoters contain
stretches of DNA with very low nucleosome occupancy, termed the nucleosome-depleted region
(NDR) (16, 17). These NDRs - on average 150 bp in length- are located immediately upstream of
the transcription start-site (TSS), while sequences downstream of the TSS are typically occupied
by well-positioned nucleosomes (18).
The functional significance of NDRs has been studied extensively on the PHO5 promoter
(PHO5pr). At high phosphate concentrations, PHO5pr contains a well-positioned nucleosome
array interrupted by a ~80 bp NDR. This NDR is constitutive, and contains a single Pho4 binding
site. Under activing conditions, the -1 to -4 nucleosomes are evicted, exposing an additional Pho4
binding site, and allowing transcriptional machinery to bind the TATA box (12). Another
promoter that behaves similarly is the Gal1-10 promoter (Gal1-10pr), whose upstream
nucleosomes are rapidly disassembled prior to activation (12). Apart from PHO5pr and Gal1-10pr,
several studies have examined NDR function in cell-cycle regulated promoters, including the
CLN2 promoter (CLN2pr) (Figure 1.2). One study in particular found that varying nucleosomal
coverage along the binding sites of CLN2pr activator, Swi4/Swi 6 cell-cycle box (SCB)-binding
factor (SBF), induced a significant change in the level and cell-to-cell variability of gene
expression (Figure 1.3) (19). However, activation could still occur even with nucleosomeembedded SCBs. These results demonstrate that nucleosome depletion along TF biding sites is not
a requirement for promoter activation, but that localization of these sites in NDRs can reduce
transcriptional variability.
1.3 Role of nucleosome-depleting factors on NDR formation
Since NDRs play a significant role in gene expression, it is very important to understand
how they are established and maintained. One popular theory suggests that correct nucleosome
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positioning is largely controlled by DNA sequence (20). For example, G-C-rich sequences are
believed to facilitate nucleosome formation by increasing DNA flexibility (21), whereas rigid
poly-AT sequences tend to disfavor nucleosome assembly (22). While it has long been established
that nucleosome formation is more thermodynamically favorable for some sequences relative to
others, genome-wide comparisons between in vivo and in vitro nucleosome maps consistently
show that this mechanism alone fails to accurately predict in vivo positioning; specifically, NDRs
are less pronounced at promoters in vitro, and nucleosomes downstream of the TSS are not wellphased (23). These results demonstrate that both intrinsic stability and several sequence-specific
factors contribute to correct in vivo positioning.
There is strong evidence suggesting that a small subset of TFs, termed nucleosomedepleting factors (NDFs), have “chromatin reorganizing” activity, specifically by competing with
histones for DNA binding (24). Since nucleosomes generally inhibit the binding of TFs to their
motifs, only a small subset of TFs has been shown to efficiently invade nucleosome-wrapped DNA
in vivo. In yeast, for example, a class of NDFs that includes Abf1, Reb1, and Cbf1, antagonizes
nucleosome formation in the vicinity of their binding sites. Consistent with this, the binding sites
of these TFs have the largest discrepancy between their in vivo and in vitro nucleosome occupancy
(25).
It was previously found that NDR establishment on CLN2pr is not due to intrinsic histoneDNA affinity, but rather the concerted action of several sequence-specific factors, including Reb1,
Mcm1, and Rsc3 (26). In addition, the loss of this NDR leads to unreliable bimodal expression in
individual cell cycles (26). In another study, the reverse case was found to be true: artificial
insertions of essential Myb family proteins Reb1 and Abf1 leads to reliable NDR formation (27).
By subsequently depleting these factors, they observed that the NDRs shrink in size, but are not
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fully eliminated. In addition, NDF depletion caused flanking nucleosomes to move towards the
center of the NDR, suggesting that these factors can influence the nucleosome landscape outside
of the immediate nucleosome-free region (27).
1.4 Nucleosomal Effects on HO regulation
Like CLN2pr, the HO promoter (HOpr) is a cell-cycle regulated promoter whose activation
depends on the binding of SBF (28); however, the steps leading to activation are not the same. In
addition, NDR localization is not observed under activating conditions; rather, a cascade of
nucleosome depletion precedes HOpr activation (29). Unlike CLN2pr, whose SBF binding sites
are located within a constitutive NDR (30), SBF binding sites along HOpr are embedded within a
well-positioned nucleosome array. This configuration requires additional transcription factors to
facilitate SBF binding, and ultimately induce gene expression.
The yeast HOpr can be divided into two regulatory regions: URS1 containing two Swi5
binding sites exposed in NDRs, and URS2 containing ~10 SBF binding sites embedded in a
nucleosome array (31). HOpr activation only occurs during the late G1 phase of the cell cycle, and
only in mother cells due to the accumulation of Ash1 inhibitor in daughter cells (32). At the start
of the cell-cycle, Swi5 enters the nucleus and binds to URS1. Swi5 then recruits SWI/SNF, SAGA,
and Mediator complex to its binding site, triggering a “wave” of nucleosome depletion, first at
URS1, and then moving downstream to URS2. Finally, SBF binds URS2, and subsequently
recruits SWI/SNF, SAGA, and Mediator complex to initiate HOpr activation (33) (Figure 1.4).
The mechanism described above suggests that nucleosomes along HOpr act as gates that
must be open in a defined order to ensure reliable activation. Importantly, a recent study found that
nucleosomes must be present along URS2 to inhibit SBF binding, and that such inhibition is
needed to establish Swi5 dependence (34). Therefore, nucleosomes depletion in the upstream
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promoter region eliminates the requirement for both SBF and Swi5 to activate HOpr, disrupting
timing and regulation of gene expression (34). Therefore, this study concluded that nucleosomes
along URS2 ensure proper timing of gene expression at HO, and are essential for the normal
asymmetric expression of HO between mother and daughter cell cycles. While these data provide
a reliable model for studying nucleosome occupancy during the cell cycle, we believe that
measuring changes in HO expression at the single-cell level will allow us to better characterize
this particular gene network, and without compromising wild-type cellular activity.
1.5 Scope and Significance
NDFs play a key role in NDR establishment, and ultimately controlling cellular gene
expression. In this work, we are interested in systematically manipulating nucleosome occupancy,
and measuring the corresponding changes in cellular gene expression in single cells. Studies
relevant to this topic have been conducted using northern blot, rtPCR, or RNAseq, but typically
only at the population level. In contrast, our lab relies on time-lapse fluorescence microscopy to
measure the intensity and probability of gene expression in single cells.
There are two primary advantages of studying cells at the single-cell level rather than at
the population level. The first is that there are limitations to constructing hybrid promoters, which
is a commonly used method for manipulating nucleosome positioning. For example, in Stillman
et al., they generated NDRs on HOpr by inserting the CLN2pr NDR into an otherwise nucleosomal
array. Although one can easily transform an NDR region into a desired genetic template with this
method, on top of the NDFs transferred, one can also transfer other regulatory elements that may
disrupt the surrounding nucleosome landscape. Therefore, in this study, we generated local NDRs
by inserting NDF binding sites at different positions along HOpr, which conserves the overall
HOpr sequence, and allows us to have much more control over the nucleosome landscape.
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Secondly, we can measure cell-to-cell variability in gene expression, as quantified by promoter
firing frequency and amplitude.
Using single-cell measurements, we have shown that HOpr fires in an “on or off” fashion,
commonly referred to as bimodal, and that chromatin-remodeling cofactors, including Swi5 and
SAGA complex, affect the frequency, but not firing amplitude, of HOpr activation (35). Based on
these results, we hypothesized that NDF-generated NDRs could similarly induce bimodal gene
expression. To test this idea, we constructed several HOpr variants containing the wild type (wt)
HOpr sequence. The end-goal of constructing these variants is to study (1) different NDFs, and
(2) the same NDF but with different binding configurations. In addition, we are interested in
determining whether the engineered NDFs lead to uniform or bimodal gene expression across
multiple cell-cycles, as well as how nucleosome depletion at different locations along HOpr affects
promoter activity. Ultimately, we anticipate that these data can be used to construct a quantitative
model for determining the dynamics of nucleosome occupancy, as well as how these dynamics
influence gene expression at different stages of the cell cycle.
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Figure 1.1 Schematic of DNA packaging in eukaryotic cells

Figure 1.1: Schematic of DNA packaging in eukaryotic cells. Taken from (36). Chromatin
condensation is initiated by the assembly of histone octamers onto the DNA double helix to form
nucleosomes. This event occurs in a sequential manner: a single H3-H4 tetramer binds the DNA,
followed by deposition of two H2A-H2B dimers at the peripheral regions of the DNA. Association
with various scaffolding proteins maximizes the amount of condensation afforded by nucleosome
interactions alone, leading to the ultimate formation of the chromosome for storage in the nucleus.
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Figure 1.2 NDRs ensure reliable promoter activation in S. cerevisiae
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B

C

Figure 1.2: NDRs ensure reliable promoter activation in S. cerevisiae. Nucleosome
configurations for repressed (top panels) and active (bottom panels) promoters in S. cerevisiae. In
all panels, purple ovals represent nucleosomes; red rectangles represent activator binding sites;
yellow and green arrows represent activators; blue squares represent TATA boxes; black arrows
represent the TSS. (A) PHO5pr contains a well-positioned nucleosome array interrupted by a ~80
bp NDR. Under activating conditions, Pho4 binds the NDR, causing the -1 to -4 nucleosomes to
become evicted, and allowing transcriptional machinery to bind. (B) Like PHO5pr, GAL1-10pr
nucleosomes are rapidly removed under activating conditions. (C) CLN2pr is a cell-cycle regulated
promoter containing three well-positioned nucleosomes and a ~300 bp NDR. This NDR is
constitutive during the cell cycle, while the -1 and -2 nucleosomes are evicted during CLN2pr
activation.

10
Figure 1.3 NDR localization of SCBs leads to reliable CNL2 expression

Figure 1.3: NDR localization of SCBs leads to reliable CLN2 expression. Taken from (25).
(A) 3merNuc and 3merNDR are promoter sequences that contains synthetic SCBs in the -2
nucleosome and CLN2 NDR. Synthetic SCBs were generated by mutagenesis with minimal
perturbations to the original sequence, and endogenous SCBs were deleted in both strains. (B)
3merNuc promoter (top panel) drives GFP expression, but only in 75% of cell cycles, while
3merNDR promoter leads to reliable GFP expression in every cell cycle.
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Figure 1.4 Nucleosome configurations of HOpr during the cell cycle
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Figure 1.4: Nucleosome configurations of HOpr during the cell cycle. (A) The HO promoter
(HOpr) consists of two regulatory regions: URS1 and URS2. At the start of the cell cycle, HOpr
contains a well-established nucleosome array. (B) As mother cells pass the late G1 phase, Swi5
(green) enters the nucleus and binds the upstream promoter region (URS1). This event triggers a
cascade of nucleosome depletion, first in the upstream promoter region, then moving downward.
(C) Nucleosome depletion on URS2 allows SBF to efficiently bind and initiate HOpr activation.
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Chapter 2
Materials and Methods
2.1 Materials
Standard materials were used for all experiments. YPD media contained 10 g/L yeast
extract, 20g/L bacto-peptone, and 20% glucose. SCD-met media contained 10g/L succinic acid,
6 g/L sodium hydroxide, 5 g/L ammonium sulfate, and 20% glucose.
2.2 Construction of pJO56 plasmids (Single Reb1 site)
All plasmids used in this study contained a mutated HOpr sequence driving a destabilized
GFP reporter. All pJO56 plasmids were genetically identical except in location of Reb1 binding
site: pJO56-3Reb1, pJO56-4Reb1, and pJO56-5Reb1 contained a single Reb1 binding site (5’CCGGGTA-3’) at the -43bp position relative to the dyad of the -3, -4, and -5 nucleosomes,
respectively.
2.2.1 Custom oligonucleotide primers
Primers were designed using the PrimerQuest Tool from Integrated DNA Technologies
(IDT) Primers were diluted to a concentration of 100 µM and stored at 4°C.
2.2.2 Site-directed PCR Mutagenesis
Site-directed PCR mutagenesis was used to induce desired mutations in background DNA
sequences. The method used in this experiment was adapted from the QuikChange II Site-Directed
Mutagenesis Kit (37). Sample PCR reactions were prepared using the following mixture: 13.8µL
of water, 4µL of 5x HF reaction buffer, 0.4 µL of template DNA (20 ng/µL), 1.2 µL of 5 mM
forward and reverse primer, and 0.2µL of phusion polymerase for a total volume of 20µL. A
control reaction containing neither primer was also prepared. The mixture was then placed in a
thermocycler with the following program: 1.5 minutes of denaturation at 98°C, 30 seconds per 1
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kb of template plasmid of annealing at 55°C, 4 minutes of elongation at 72°C, and 3.5 minutes of
final elongation at 72 °C. 1uL of DpnI restriction enzyme was added to each amplification reaction,
then incubated at 37°C for 1 hour. Each sample reaction was transformed into 30uL of competent
E. coli cells incubated at 37°C for 1 hour. Transformation reactions were plated on LB-ampicillin
plates, containing 10 g/L trypotone, 5 g/L yeast extract, 5 g/L sodium chloride, and 15 g/L agar,
incubated at 37°C overnight.
2.2.3 DNA purification
DNA purification was adapted from E.Z.N.A. Plasmid DNA Mini Kit Quick Guide (38).
Selected bacterial colonies from the DpnI digested amplification plate were re-streaked on fresh
LB-ampicillin plates, and incubated at 37°C overnight. Single colonies were selected from each
plate, inoculated in 3mL of LB containing 3µL of 1000x ampicillin, and incubated at 37°C
overnight. Each culture tube was centrifuged at 10,000 x g for 1 minute; the supernatant was
discarded. Pelleted bacterial cells were re-suspended in 250µL of Solution I containing RNase A,
vortexed, and transferred to clean 1.5 mL microcentrifuge tubes. 250µL of Solution II was added
to each vessel to obtain a clear lysate, followed by 350µL of Solution III. Vessels were centrifuged
at maximum speed for 10 minutes. Each suspension was added to spin columns and centrifuged
for 1 min; the flow-through was discarded. 500µL of HBC buffer diluted with 100% isopropanol
was added to each vessel, followed by 700µL of DNA Wash Buffer diluted with 100% ethanol.
Each vessel was centrifuged for 1 min; the flow-through was discarded, and the vessels were
centrifuged for 1 min. Each spin column was placed in a new 1.5mL microfuge tube; 30µL of
Buffer EB was added, and the vessels were centrifuged for 1 min.
2.3 Construction of pJO20 plasmids (Two Reb1 sites)
2.3.1 Digestion of pJO56 plasmids
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Preparation of insert and vector DNA fragments was achieved by cutting the desired
fragments from pJO56 parent vectors, running the fragments on a 1% agarose pad, and separating
the fragments via centrifugation. The parent plasmids were first digested using two restriction
enzymes in a buffer containing 100 ng/µL of parent plasmid DNA, 5µL of 10x buffer, 0.5µL of
each of the two restriction enzymes, and water for a final reaction volume of 50µL. Each digestion
reaction was incubated at 37°C overnight. Following the digestion period, each sample was mixed
with 10µL of 6 x dye, and run in TAE buffer using a 1% high gelling temperature (HGT) agarose
gel prepared with 1000x ethidium bromide (EtBr) at 100V for 30 minutes.
2.3.2 DNA purification by gel centrifugation
DNA purification was adapted from E.Z.N.A. Gel Extraction Kit Quick Guide (39). After
the digestion mixture was run on agarose pads, the gels were viewed under a UV light, and the
desired bands were excised and transferred to 1.5 mL tubes. Binding buffer was added to each tube
in a 1:1 volume ratio; gel mixtures were incubated at 60°C, and vortexed every 2 minutes until
bands were completely dissolved. Gel solutions (up to 800µL) were added to spin columns and
centrifuged for 1 min; the flow-through was discarded. 300µL of Binding buffer was added to each
column; the columns were then centrifuged for 1 min, and the flow-through was discarded. 700µL
of SPW Wash Buffer was added to the center of each column; the columns were then centrifuged
for 1 min and the flow-through was discarded. Columns were centrifuged at 1 min to remove any
residual wash buffer. Each spin column was transferred to a new 1.5mL microfuge tube; 30µL of
Buffer EB was added to each column, then the tubes were centrifuged for 1 min.
2.3.3 Ligation
Ligation of the sticky-end insert vector and insert DNA fragments was used to construct
plasmids for transformation into competent E. coli cells. Ligation mixtures were prepared using
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2µL 5x T4 DNA ligases buffer, 0.5µL T4 DNA ligase, and purified vector and insert fragments
(10 ng/µL) for a final reaction volume of 10µL. A control mixture was also prepared containing
no insert DNA.
2.3.4 Transformation into high competency E. coli cells
Recombinant DNA plasmids were transformed into competent E. coli cells to initiate
plasmid replication. 15uL aliquots of competent E. coli cells stored at -80°C were thawed on ice
and transferred into 1.5mL tubes; 1.5µL of plasmid was added to each tube. The mixture was
incubated on ice for 30 minutes; subsequently heat shocked at 42°C for 30 seconds; then incubated
on ice for another 5 minutes. 500µL of SOC media was added to each tube, and incubated at 37°C
for 1 hour. Each sample mixture was plated on LB ampicillin plates, and incubated at 37°C
overnight.
2.4 Quantification of plasmid DNA and sequencing
All plasmid DNA concentrations were measured using a spectrophotometer at 260 nm.
The DNA samples were sequenced using Genewiz Sequencing tools.
2.5 Yeast transformation
Recombinant plasmids were transformed into yLB73 background strain containing an
mCherry labeled MYO1 gene. 100 mL of yeast culture was grown to stationary phase at 30°C.
Each culture tube was centrifuged at 6000 rpm for 10 minutes, and the supernatant was discarded.
Pellets were combined and resuspended in 5mL of 1X LiOAc/TE; each tube was centrifuged for
2 minutes at 2000 rpm, and the supernatant was discarded. Pellets were resuspended in 1 mL of
1X LiOAc/TE. Transformation reactions were prepared using the following mixture: 30uL of
carrier DNA (Herring Sperm DNA), 2uL of pJO28 plasmid, and 100uL of prepared yeast. Each
transformation reaction was vortexed; combined with 1mL of 1X LiOAc/TE/40% PEG; and
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revortexed. Well-mixed solutions were incubated 30°C for 30 minutes, then placed directly into a
42°C water bath for 20 minutes. 2mL of water was added to each transformation reaction; the tubes
were centrifuged for 1 minute, and the supernatant was poured off. 100uL of each reaction was
plated on SOC-met plates containing 10 g/L succinic acid, 6 g/L sodium hydroxide, 5 g/L
ammonium sulfate, and 20 g/L agar, and stored at 30°C for 2-4 days.
2.6 Verification by colony PCR
Colony PCR was used to screen for the presence of insert DNA in plasmid constructs, and
to check for double integration. Consistent with this, a positive clone will amplify a product, while
a negative clone will result in no product. PCR reactions were prepared using the following
mixture: 5uL of 10x Taq reaction buffer, 1uL of 10mM dNTPs, 10uL of forward and reverse
primer, template DNA, 0.25uL of Taq DNA polymerase, and water for a final reaction volume of
50uL. The mixture was then placed in a thermocycler with the following program: 2.5 minutes of
denaturation at 95°C, 30 seconds per 1 kb of template plasmid of annealing at 52°C, 2 minutes of
elongation at 68°C, and 5 minutes of final elongation at 68°C. The PCR products were combined
with 10µL of 6 x dye, and run in 1xTAE buffer using a 1% high gelling temperature (HGT) agarose
gel. All bands were visualized under a UV light.
2.7 Nucleosome mapping by ChIP assay
ChIP assay was adapted from a previously described protocol (25). 100 mL of TAP-tagged
yeast strains were cultured in YPD overnight at 30°C to a final OD of ~0.4. Cultures were crosslinked with formaldehyde to a final concentration of 1% for 15 minutes at room temperature.
Cross-linking was quenched by the addition glycine for a final concentration of 125 mM. Cells
were disrupted using vortexing with glass beads, and chromatin fragments were obtained using a
Qsonica Sonicator. Immunoprecipitated DNA was washed off the beads and extracted for
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quantification by qPCR. Following qPCR, nucleosomes were mapped using MNase assay adapted
from Bai et. al. (2010). PCR products were designed to be ~100 bp in length. In Figure 3.1 (panel
B), the x axis represents the midpoint of the PCR product. In addition, all MNase data was
normalized to the -4 nucleosome to scale the occupancy from 0 to 1.
2.8 Single-cell fluorescence microscopy
Time-lapse microscopy data was obtained and analyzed using MATLAB software adapted
from Charvin et al (40). Yeast strains were placed under an agar pad made with SOC-met media,
and fluorescent images were recorded every 4 minutes over an 8-hour period at 30°C. The GFP
signal was quantified as the variance of intensity within the cell boundary. Peak heights were
calculated for each cell cycle to measure the intensity of HOpr activation, and all cell cycle data
was normalized to the average background strain signal.
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Chapter 3
Results
In this work, we developed a systematic approach for manipulating nucleosome positioning
along HOpr, and measuring the resulting changes in gene expression. In our lab, we previously
developed a synthetic method for altering nucleosome occupancy using NDFs. By applying this
method to our current study, we were able to engineer NDF binding sites into a nucleosomal
sequence, which leads to the formation of local NDRs. We selected the HOpr as our background
sequence because (1) it contains a well-positioned nucleosome array (from -7 to -1), with
embedded SBF binding sites distributed throughout it, and (2) it is cell cycle regulated, which
allows us to obtain an easy read-out of how nucleosome occupancy affects gene expression.
To ensure that measured changes in GFP expression are characteristic of the NDF, and that
the nucleosome array is constitutive across each cell cycle, we used a modified HOpr sequence
containing mutated Swi5 binding sites driving a GFP reporter (swi5mut_ HOpr). By mutating these
sites, Swi5 can no longer bind URS1, and initiate downstream nucleosome depletion. As a result,
SBF can no longer bind, which is why we observed essentially no transcriptional activity in this
strain. Since the accessibility of SBF binding sites is compromised in this strain, we synthetically
engineered NDF binding sites at different nucleosome positions to initiate HOpr activation. The
factors we selected for this study are Reb1, Abf1, and Cbf1, which we have previously shown have
nucleosome-depleting activities. By using these NDFs to generate NDRs along HOpr, we aim to
develop our understanding of nucleosome depletion and transcription activation.
3.1 Synthetic Reb1 binding-site leads to bimodal gene expression
To measure the effects of Reb1 on HOpr activation, we engineered Reb1 binding sites into
an otherwise nucleosomal array, and measured the resulting changes in GFP expression using
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single-cell fluorescence microscopy. We first inserted a Reb1 binding motif into the -4 nucleosome
at -33bp position relative to the dyad to drive GFP expression. We then integrated this plasmid
into the background yeast genome, and used single-cell fluorescence microscopy to measure GFP
intensity during the cell cycle. Afterwards, we used an analytical approach to track each cell cycle,
and quantify how often GFP is expressed per cell cycle. Using a previously developed nucleosome
occupancy assay (25), we found that the region became highly sensitive to MNase digestion
(Figure 3.1), indicating that the -4 nucleosome was depleted. Furthermore, we observed an overall
increase in GFP expression, suggesting that Reb1 facilitates transcription activation by increasing
SBF binding site accessibility. Moreover, since we were able to measure gene expression at the
single-cell level, we were also able to quantify the distribution of GFP expression in individual
cell cycles. When we plotted a histogram of GFP expression per cell cycle, we noticed that there
were two distinct cell populations: one fraction that showed no GFP expression, and another
fraction that showed high GFP expression. Therefore, we observed that this HOpr variant fires
stochastically (Figure 3.2), with an activation fraction of 0.53.
3.2 Extending this approach to other nucleosomes along HOpr
To understand how position influences Reb1’s nucleosome-depleting activities, we
extended this approach to other nucleosomes along HOpr. Using a new template plasmid (pCY28)
containing the background promoter sequence, we engineered Reb1 binding motifs into the -3 and
-5 nucleosomes at the -43bp position relative to the dyad. We also re-constructed the -4 HOpr
variant in order to directly compare binding site positioning to Reb1’s effect on transcription
activation.
Like the previously described -4 strain, the HOpr variants containing a single Reb1 binding
site at the -3 and -5 nucleosomes fired in a bimodal fashion (Figure 3.3). To determine if these
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results are consistent with my group’s previous data, we compared the activation fractions of each
data set, and found that they were in close agreement with one another, 0.53 versus 0.59 (Figure
3.4). The firing probability of these two strains suggest that Reb1 has the same effect on HOpr
activation at the -43bp position as at the -33bp position on the -4 nucleosome. In addition, the
fluorescence data per cell cycle reveals that a single Reb1 binding motif at the -5 nucleosome has
a similar activating effect (0.52) to the -4 nucleosome, while a single Reb1 binding motif at the -3
nucleosome leads to a less pronounced one (0.29). These results are summarized in Figure 3.4,
panel C.
3.3 Effect on HO expression by generating longer NDRs
One objective of this study was to increase the size of NDRs generated on HOpr, and look
at the corresponding changes in gene expression. To do so, we began by digesting, and
subsequently ligating, the single Reb1 plasmids in order to generate new constructs containing
Reb1 binding sites at the -3 & -4 and -4 & -5. Consistent with our previous results, we found that
both strains induced HO expression in an “on or off” fashion. We suspected that bimodal
expression is the result of a very locally generated NDR, exposing only a fraction of SBF binding
sites along HOpr. As a result, a fraction of cells is not able to overcome the nucleosomal barrier to
transcription activation, and therefore remain inactive. Therefore, we hypothesized that multiple
NDRs would lead to a higher fraction of cells of being activated during the cycle cell. As predicted,
the firing probability of both strains was higher than in the single NDF strains. In addition, we
found that Reb1 leads to a higher activation fraction at the -4 and -3 nucleosomes (0.8) than at the
-5 and -4 nucleosomes (0.66) (Figure 3.5), suggesting that SBF can more easily access its binding
sites when multiple NDRs are generated at the initial positions.
3.4 Abf1 and CBf1 binding sites at the -4 nucleosome induce bimodal HO expression
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In previous studies, we found that different NDFs can deplete nucleosomes to different
levels. For example, Abf1 is stronger at achieving nucleosome depletion than Cbf1. Based on these
observations, we were interested in extending this analysis to HOpr. Using the same template
plasmid, we inserted synthetic Abf1 or Cbf1 binding sites on the -4 nucleosomes at the -43 bp
position relative to the dyad. Like Reb1, the HOpr variant containing a single Abf1 or Cbf1 binding
site at the -4 nucleosome leads to bimodal gene expression. Single-cell fluorescence microscopy
data also revealed that a higher fraction of cells containing the Abf1 site were activated compared
to the Reb1 site, with an activation fraction of 0.73 compared to 0.59, respectively (Figure 3.6).
In comparison to Reb1 and Abf1, however, Cbf1 does not activate a significant fraction of cells at
the -4 nucleosome (0.15), which is consistent with our group’s previous data. These results
highlight that NDRs can be generated using a variety of NDFs, but that the degree of nucleosome
depletion, and subsequently transcription activation, varies with the identity of the NDF.

22
Figure 3.1 Nucleosome array is constitutive on background sequence

A

Nucleosome
occupancy

B

Position on Chromosome IV

Figure 3.1: Nucleosome array is constitutive on background sequence. Adapted from 41. (A)
Our background sequence, swi5mut_ HOpr, contains the wt HOpr sequence with mutated Swi5
binding sites (green bars). (B) swi5mut_ HOpr contains a well-positioned nucleosome array that
remains constitutive across the cell cycle (top panel). Verification by in vivo nucleosome mapping
on chromosome 4 (bottom panel) was determined from micrococcal nucleosome digestion
followed by qPCR. The nucleosome occupancy was normalized to the -1 nucleosome on HOpr
(41).
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Figure 3.2 Single Reb1 site at the -4 nucleosome causes local nucleosome depletion

A

B

C

Figure 3.2: Single Reb1 site at the -4 nucleosome causes local nucleosome depletion. Adapted
from 41. Inferred nucleosome positioning on HOpr with (bottom panel) and without (top panel)
engineered Reb1 binding site. (B) Nucleosome occupancy on background HOpr (gray line), with
Reb1 site at the -4 nucleosome (red line), and with a 2bp site mutation at Reb1 (blue line) (41).
(C) GFP intensity versus cell cycle time of background strain (grey line) and +Reb1 strain (red
line) (41).
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Figure 3.3 Single Reb1 site on the -3 and -5 nucleosomes leads to bimodal HO expression
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98

0.85

0.29
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0.67
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yJO56-5Reb1
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Figure 3.3: Single Reb1 site on the -3 and -5 nucleosomes leads to bimodal HO expression.
Inferred nucleosome occupancy (top panels) and histogram of peak-to-trough difference in GFP
signal per cell cycle (bottom panels) for HOpr variants containing Reb1 site at the -3 (A), -4 (B),
and -5 (C) nucleosome. All peaks were normalized to the average GFP signal of yLB73
background strain. (D) Summary of activation fractions and average “on” GFP intensity of each
+Reb1 strain. GFP signals > 0.3 are considered ‘on’ cycles, while those <0.3 are considered ‘off’
cycles.
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Figure 3.4 Reb1’s nucleosome-depleting activity does not vary between -43 and -33bp position
A

B
Strain

N

Average

Activation

‘on’ intensity

fraction

78

0.71

0.53

113

0.67

0.59

yCY20-Reb1 (-33bp
relative to dyad)
yJO56-4Reb1 (-43bp
relative to dyad)

Figure 3.4: Reb1’s nucleosome-depleting activity does not vary between -43 and -33bp
position. (A) Histogram of GFP signal per cycle for strains containing a single Reb1 binding site
at the -33bp position (left panel) (41) and at the -43 position (right panel) on the -4 nucleosome.
Both strains displayed bimodal gene expression. (B) Summary of activation fraction of the two
strains, which highlights the role of binding site configuration on NDF activity.
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Figure 3.5 Multiple Reb1 sites induce more significant effect on HOpr activation
B
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0.86
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Figure 3.5: Multiple Reb1 sites induce more significant effect HOpr activation. Inferred
nucleosome occupancy (top panels) and histogram of peak-to-trough difference in GFP signal per
cell cycle (bottom panels) for HOpr variants containing two Reb1 sites at the -3 & -4 (A) and -4
& -5 (B) nucleosomes. All peaks were normalized to the average fluorescence signal of
background strain mother cycle. (C) Summary of activation fraction of each double Reb1 strain.
As predicted, nucleosome depletion along HOpr is positively correlated with GFP firing
probability.
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Figure 3.6 Abf1 and Reb1 lead to higher activation fraction than Cbf1

B

A

C

Strain

N

Average

Activation

‘on’ intensity

fraction

yCY20-Cbf1
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Figure 3.6: Abf1 and Reb1 lead to higher activation fraction than Cbf1. Inferred nucleosome
positioning of HOpr variant containing a single Abf1 (A), or Cbf1 (B), binding motif at the -4
nucleosome. Histograms of peak-to-trough GFP signal per cell cycle reveal that Abf1, and Reb1,
can more efficiently enable SBF binding and activation than Cbf1. (C) Summary of activation
fractions and average “on” GFP intensity of each +NDF strain. GFP signals > 0.3 are considered
‘on’ cycles, while those <0.3 are considered ‘off’ cycles.
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Chapter 4
Discussion
4.1 Upstream nucleosomes may play a more significant role in HOpr activation
Genome-wide studies in yeast cells have revealed that nucleosome positioning and identity
play a key role regulating gene expression. On the HO promoter (HOpr), for example,
nucleosomes act as barriers to gene activation by inhibiting TF binding. Here, we developed a
synthetic approach for generating NDRs along HOpr, and measured the corresponding changes in
gene expression using single-cell fluorescence microscopy. We showed that nucleosome depletion
by Reb1 at the -4 and -5 nucleosome leads to a higher fraction of cells being activated than at the
-3 nucleosome; we did not observe this trend when we measured the average firing amplitude of
each strain. One explanation for the first observation is that regions upstream of HOpr may have
a higher affinity for SBF binding, and thus have a higher associated activation probability. Another
possibility is that SBF binding is less sterically hindered at the -4 and -5 nucleosomes than at the
-3 nucleosome, allowing it to more efficiently bind and activate HOpr. However, it is very difficult
to pinpoint the cause of this trend without modeling the binding rates at each position that we
tested. With the help of this data in the future, we hope to develop a quantitative model that can
facilitate our predictions of nucleosome occupancy during the cell-cycle, as well as its effect on
gene expression.
4.2 Reb1 and Abf1 are more efficient at enabling HOpr activation than Cbf1
Essential Myb proteins, including Reb1 and Abf1, are highly enriched in yeast NDRs.
Consistent with this, the findings in this study demonstrate that both NDFs can aggressively invade
the -4 nucleosome on HOpr, generating NDRs that induce bimodal gene expression. In contrast,
Cbf1 does not lead to a significant fraction of cells being activated, as compared to Reb1 and Abf1.
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This result suggests that Cbf1 does not open as long of an NDR an Reb1 and Abf1 do, and therefore
does not as efficiently enable binding and transcriptional activation by SBF. While it is not entirely
clear how differences in NDF activity arise from the identity of the NDF, we are interested in
extending our more comprehensive analysis of Reb1 to other NDFs by studying their behavior at
other nucleosome positions along HOpr.
4.3 Multiple NDRs have a more significant effect on HO expression than single ones
Since nucleosome depletion exposes SBF binding sites along HOpr, we hypothesized that
increasing the number of Reb1 binding motifs along the promoter would lead to a higher fraction
of the cells being activated. Indeed, by generating multiple NDRs along HOpr, we observed a
significantly higher GFP firing probability in the HOpr variants compared to the background
strain. Consistent with this, our group found that NDFs with lower activity, including Tbf1 and
Rsc3, than Reb1 were only able to deplete nucleosomes when multiple binding sites were present
(41). It is likely that this positive correlation exists due to the increased accessibility of activator
binding sites along HOpr in the presence of multiple NDRs. In conclusion, these results
demonstrate that copy number plays a significant role on the nucleosome-depleting activity of
Reb1 along HOpr.
4.4 Summary and Outlook
Previous studies have shown that nucleosome positioning, specifically NDR establishment
and maintenance, plays a significant role in regulating gene expression. While it is clear that DNA
accessibility is key factor in facilitating essential cellular processes, the mechanisms underlying
NDR establishment are not, particularly the role of NDFs in causing local nucleosome depletion.
In this study, we demonstrated that engineered Reb1 binding sites can lead to bimodal HO gene
expression at the -3, -4, and -5 nucleosomes. In addition, other NDFs, including Abf1 and Cbf1,
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can similarly generate NDRs along HOpr as Reb1, although the extent of nucleosome depletion,
and subsequently transcriptional activation, depends on the identity of the NDF. Next, we
investigated the role of position and copy number on the nucleosome-depleting activities of Reb1,
and found that both properties were positively correlated with the fraction of cell activated during
the cell cycle. Ultimately, the results of this study demonstrate that depletion of nucleosome further
upstream of HOpr lead to more efficient SBF binding. In addition, generation of multiple NDRs
induces a more significant effect on bimodal HO expression.
Our study into the role of nucleosome positioning on transcription regulation is critical to
understanding the regulatory logic of gene expression, and ultimately how disruptions in these
networks can lead to human disease. One specific application of studying transcription factors, and
their role in cellular gene expression, is the development of induced pluripotent (iPS) stem cells
(42). Since transcription factors dictate the fate of stem cell differentiation, we believe that by
studying them, we can implement a higher degree of control over cellular reprogramming systems,
and ultimately help implement this technology into widespread future medical applications.
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