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Abstract

Chromatin is packed into basic repeating units called nucleosomes, but how exactly
nucleosomes influence gene regulation is not clear. S.cerevisiae has well-positioned
nucleosomes throughout its genome, giving us an opportunity to study what positions
them and how this regulates gene expression. Previously, the exact relationship
between genomic sequence and nucleosome positioning has been hard to interpret
given the complex nature by which nucleosomes are regulated by sequence features
and chromatin remodelers. Sequence-to-function deep learning models have recently
been used to identify complex non-linear patterns, making this a promising approach for
learning sequence rules that position nucleosomes. This project leverages one such
sequence-to-function deep learning model, BPReveal, to learn the sequence rules
underlying genome-wide MNase-seq data. We show that BPReveal correctly learned
important nucleosome-positioning sequences without prior knowledge. Since BPReveal
has the ability to accurately predict genome-wide MNase-seq data, this study also
shows that BPReveal can be used as a tool to design synthetic sequences such that
alter nucleosome positioning at a specific locus in a desired fashion. We validated some
of these designs experimentally and started to characterise the effect they have on
gene expression by employing MS2-MCP based live imaging to detect single mRNAs
across many cells. Overall this work is a proof-of-principle study that deep learning
models can be used to better understand how DNA sequences position nucleosomes
and thereby influence gene regulation.
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Chapter 1
Introduction

1.1 Nucleosome positioning and occupancy in S.cerevisiae

In eukaryotes, the evolution of the nucleus generated a need for developing packaging
strategies in order to accommodate the enormous amount of linear DNA into tiny
volumes of a nucleus. This is not just a simple packaging problem as certain parts of the
DNA need to be accessible for maintaining cellular processes like replication, gene
regulation and transcription. In order to engineer this, cells coil negatively charged DNA
around basic histone proteins to form a DNA-protein complex called the nucleosome
(Kornberg., 1974, Jansen et al., 2011; Oudet et al,, 1975). A nucleosome is formed
when 147 bp of DNA is wrapped around a histone octamer consisting of two copies
each of H2A, H2B, H3 and H4 histones (Luger et al., 1997). The DNA between two
nucleosomes is called the linker region and the length of this linker is variable across
cell types. This “beads on a string model” is present throughout the genome and
seemed like a non specific coating in the beginning but further research indicated that
nucleosomes positioning is not uniform across the genome, we see some patterns in
nucleosome positioning which play a key role in regulating gene expression (Thoma et
al., 1979).

The structure of a nucleosome gives rise to differential accessibility of DNA as the DNA
between nucleosomes, i.e the linker region, is more accessible as compared to DNA in
contact with the histones (Anderson et al., 2000). Apart from this, it is often seen that
the functionally important regions like promoters or enhancers are depleted of
nucleosomes, making the regions more accessible towards the binding of transcription
factors and the transcriptional machinery. These regions are called Nucleosome
Depleted Regions or NDR, and are usually surrounded by two very well positioned
nucleosomes, the +1 and the -1 nucleosomes.(Kornberg and Stryer, 1988). The
downstream border of this NDR is formed by the +1 nucleosome which is usually placed
at a canonical distance downstream of the transcriptional start site and the upstream
border is formed by the -1 nucleosome. In S. Cerevisiae, there is an array of
nucleosomes placed at a defined interval of around 165bp (dyad to dyad) downstream
of the +1 nucleosome and into the gene body. The strength of positioning decreases as
we move downstream of the +1 nucleosome as shown in Figure 1.1 (Mavrich et al.,
2008). This overall arrangement of nucleosomes across the gene body is highly
dynamic and is crucial in the context of gene regulation. (Cui et al., 2012; Jiang, 2009)
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Figure 1.1] Figure 1.1 shows the nucleosome coverage and nucleosome positioning which is typically
seen at gene loci. The red arrows indicate the position of the Nucleosome dyads. This Figure has been
adapted from Lai and Pugh et al., 2017.
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1.2 Factors affecting genome-wide nucleosome positioning in S.
cerevisiae

The precise arrangement of nucleosomes across compact genomes (like in the case of
S. cerevisiae) led to multiple studies aimed at trying to decode the mechanisms which
result in creating this intricate pattern of nucleosome positioning in a genome-wide
fashion. There are three major factors known to drive nucleosome positioning: 1)
Intrinsic sequence 2) ATP-dependent chromatin remodelers and 3) General Regulatory
Factors (GRFs) (Struhl and Segal, 2013). The roles of these factors are summarised in
Figure 1.2.1 and will be elaborated in the following sections.

(A)
-2 -1 +4
AAAAAAA
TTTTTTTT
«<— NDR — ———————Gene body ——8 —
(B)
«— NDR — ——Gene body ——— —

: .m‘”.. ‘

————————— Gene body ——m8

(€)

-2 -1

«— NDR — —— ——Gene body ——M8MMM

Figure 1.2.1| Figure 1.2 is a schematic diagram representing different cis and trans factors determining
nucleosome positioning. Figure 1.2 A represents the role of polyA sequences in NDR formation. Figure
1.2 B and 1.2 C show the role of chromatin remodelers (in red) in establishing the NDR and positioning
the NDR flanking nucleosomes. It also shows the interaction between remodelers (in purple) and Pol |l (in
orange)which affects the positioning of the downstream nucleosomes. Figure 1.2 C represents the role of
GRFs or Transcription factors in establishing NDR. These TFs often interact with remodelers as shown in
the figure. This schematic has been adapted from Struhl and Segal, 2013, the remodeler design has been
inspired from Prajapati et al., 2020.
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1.2.1 Intrinsic sequence plays a role in positioning nucleosomes

The stability of a nucleosome depends on the interaction of wrapped DNA with the
histone core. Since DNA is bent around the core formed by histones, the flexibility of the
DNA itself is important as more bendable sequences would favour nucleosomes
whereas stiffer sequences would negatively impact the formation of a nucleosome. It
was observed that AT-rich dinucleotides were more prevalent in the regions where the
minor groove was facing the nucleosome core and this has been mainly attributed to the
narrower minor grooves of AT-rich sequences (Drew et al., 1985). This was further
validated by precise mapping of nucleosomes by a technique called chemical mapping,
which revealed that the nucleosomes of all the classes (+1, -1 and the downstream
nucleosomes) show a strong 10 bp dinucleotide periodicity of AT-rich sequences like
AT/TT/AT/TA, which may play a role in determining nucleosome positioning in the
protein coding regions (Brogaard et al., 2012). Along with the role of AT-rich sequence
periodicity, it has also been observed that polyA sequences are stiff and can hence act
as a barrier in nucleosome formation as shown in Figure 1.2 A. This intrinsic nature of
polyA sequences has been shown to be crucial in maintaining the degree of
nucleosome depletion at promoters of many eukaryotes, and is best demonstrated in S.
cerevisiae (Anderson, 2001; Raveh-Sadka et al., 2012).

While sequences like AT-rich dinucleotides and polyA sequences are important in
genome-wide nucleosome organization, a study showed that around 50% of the
nucleosome organization observed in vivo can be explained by considering different
kinds of sequence preferences of the nucleosomes (Segal et al., 2006). This is mainly
because a lot of in vitro studies have failed in reconstituting the strong positioning of +1
nucleosomes, which often serve as anchor points in establishing the downstream
nucleosomal arrays. However, when ATP and crude whole cell extracts containing a mix
of proteins were added to purified histones and DNA sequences, the positioning of the
+1 nucleosome could be recapitulated to some extent.(Zhang et al., 2011; Krietenstein
et al., 2016). This indicates that there are some other factors which can override
intrinsic sequence preference in order to establish the in vivo nucleosomal pattern.
ATP-dependent chromatin remodelers and GRFs are two such trans factors known to
influence genome-wide nucleosome positioning.
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1.2.2 Chromatin remodelers play a role in positioning nucleosomes

Chromatin remodelers are multi-subunit proteins which contain an ATPase domain that
hydrolyses ATP to catalyse chromatin remodeling. Based on the structure of their
ATPase, chromatin remodelers are often classified into four major families: SWI/SNF,
ISWI, CHD and INO80 as shown in Figure 1.2.2. These remodelers regulate different
aspects of genome-wide nucleosome positioning (Kingston et al., 1999). Remodelers
from the CHD and ISWI families are often referred to as nucleosome sliders as they
slide nucleosomes in place, establishing an array of well-spaced nucleosomes.
Remodelers from the INO80 family are involved in nucleosome positioning and histone
variant exchange. Swr1 is known to be involved in the exchange of H2A and H2AZ
histones in the nucleosomes of intergenic and coding regions, which leads to a change
in transcription dynamics (Mizuguchi et al., 2004). SWI/SNF family remodelers have
been known to be involved in NDR formation and positioning of the +1 and -1
nucleosomes. When RSC, an essential chromatin remodeler, is depleted, the NDR of
some genes shrinks, accompanied with a shift of the nucleosome array towards the
NDR (Hartley and Madhani, 2009; Ganguly and Chereji et al., 2014).

For these remodelers to function, they need to be recruited to a genomic locus and this
recruitment can happen in a couple of ways. GRFs like Reb1 and Abf1 are often
hypothesized to recruit RSC, as shown in Figure 1.2.1 C (Kubik et al., 2015). The Pol Il
transcriptional machinery is also known to recruit remodelers like Isw1 and Chd1 for
positioning nucleosomes within the coding regions as shown in Figure 1.2.1 B. In
addition to these mechanisms, some ChlIP studies have shown that two RSC subunits:
Rsc3 and Rsc30 can bind CG-rich sequences and can thus target RSC to specific
genes (Zhu et al., 2009). It has also been shown that even though polyA sequences are
stiff and hence destabilise nucleosome formation, the extent of nucleosome depletion in
vivo is higher than the depletion observed in vitro. Some gene coding regions also have
polyA tracts but nucleosome depletion is not seen in those regions. These observations
led to the hypothesis that there are active mechanisms like the involvement of
remodelers, which could explain the higher extent of nucleosome depletion seen in
vivo. There have been a few in vitro studies which have shown that polyA sequences
stimulate the activity of RSC and Chd1 remodelers but the exact mechanism is not very
well understood (Lorch et al., 2014; Winger et al., 2017).
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SWI/SNF complex: RSC complex: CHD1
11 subunits: most are non-essential 17 subunits: most are essential single subunit?

Snf2 ATPase Chd1 ATPase
Function : Nucleosome eviction, NDR formation Function : Nucleosome spacing
ISWI- family INO80- family

ISW1a complex: ISW1b complex: ISW2 complex: INO80 complex: SWR1 complex:
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Figure 1.2.2| This figure shows different families of ATP-dependent Chromatin remodelers. The general
function associated with each remodeler family has also been summarised. This schematic has been
adapted from Prajapati et al., 2020.

1.2.3 Transcription factors play a role in positioning nucleosomes

The degree of nucleosome depletion seen at promoters in vivo is not entirely
recapitulated by intrinsic factors and the activity of remodelers. This is because there is
a special family of transcription factors called the GRFs (General Regulatory Factors)
which establish the NDRs and position nucleosomes at a subset of S. cerevisiae genes.
Transcription factors like Abf1, Rep1 and Rap1 belong to this family of GRFs, and their
conditional knockdown leads to inadequate depletion of the NDR, demonstrating their
importance (Ganapathi et al., 2011)
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1.3 PHOS locus as a model locus to understand the relationship
between well positioned nucleosomes and transcriptional plasticity

The PHOS gene in S. cerevisiae is a part of the PHO regulon, which consists of a group
of around 20 genes regulated by the availability of phosphate in their environment
(Kaneko et al., 1982). Pho4 is a basic helix-turn-helix protein which is instrumental in
regulating the expression of these PHO genes by binding to its motif (CACGTG) located
in the upstream regions of the Pho4-regulated genes (Vogel et al., 1989). When the
cells are grown in rich media, Pho4 is phosphorylated and is mostly present in the
cytoplasm and is not bound to its motif as shown in Figure 1.3 A. When cells are grown
in phosphate-free or low-phosphate media, Pho4 is unphosphorylated and transported
to the nucleus, where it binds its motifs near its target genes and induces PHO genes,
which code for phosphatases among other proteins (Komeili et al., 1999; O’Neill et al.,
1996). These phosphatases scavenge phosphate from extracellular substrates,
enabling the cells to survive under phosphate starved conditions. PHO5 is one such
gene which codes for acid phosphatase. Its regulation has been very well studied due to
the exemplary nature by which the gene is activated and undergoes a chromatin
transition.

The PHOS regulatory region has 4 well-positioned nucleosomes along with two Pho4
motifs (also referred to as Upstream Activating Sequence phosphate or the UASp): a
high-affinity motif (CACGTG) and a low-affinity motif (CACGTT). The precise
arrangement of all of these components is crucial in determining PHOS5 expression
(Rudolph and Hinen, 1987) and is shown in figure 1.3 B. As indicated, the low affinity
Pho4 motif is exposed, whereas the high affinity Pho4 motif is covered by the -2
nucleosome (Venter et al., 1994). Upon phosphate starvation, Pho4 first binds its
exposed low-affinity site, which leads to chromatin remodelling and eviction of the -2
nucleosome, exposing the previously covered high-affinity Pho4 site. This leads to the
binding of Pho4 to this high affinity site, causing further chromatin remodelling, which
ultimately makes the entire region accessible and leads to PHOS expression as
demonstrated in Figure 1.3 B. (Almer et al., 1986, Bergman et al., 1983).
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Figure 1.3| The schematic in Figure 1.3 A represents the phosphorylation and localisation of Pho4 in
phosphate rich and phosphate free conditions. This has been adapted from Korber et al., 2014. The
schematic in Figure 1.3 B represents the changes in the chromatin state which take place when PHOS is

induced under phosphate starved conditions. This schematic design has been inspired from Rajkumar et
al., 2013.
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1.4 Sequence-to-function deep learning models can be used to study
rules underlying genome-wide nucleosome positioning

The mechanism of PHOS regulation clearly demonstrates the critical role of
well-positioned nucleosomes in influencing gene expression. The PHOS locus has been
studied since the 1980s, yet the mechanism establishing the positioning of
nucleosomes -1 to -4 is not known. One of the main reasons for this is the lack of
understanding of the intrinsic role of DNA sequence, apart from polyA sequences or the
10bp periodicity of AT-rich dinucleotides. Intrinsic sequences could be playing a
context-dependent role in determining regional nucleosome positioning, but this is hard
to characterize, especially in the case of MNase-seq data, as the readout is a
continuous signal across the genome. With such data, one cannot compare a region
which is completely free of nucleosomes to another one which has nucleosomes to
identify potential sequence rules.

Convolutional neural networks have been recently used to predict different kinds of
genomics data sets as these networks can detect non-linear patterns, and capture the
sequence context without making any biological assumptions (Avsec et al., 2021). This
project leverages the use of deep learning models in order to understand the
contribution of both the global and the local features in establishing genome-wide
nucleosome positioning.

BPReveal is a sequence-to-function deep learning model which can be trained on
different data sets like ChiP-seq, ATAC-seq and MNase-seq amongst others. When this
model is trained on these genomic data sets, it learns the underlying sequence rules
giving rise to the experimental readouts and it can thus accurately predict the
experimental genome-wide readout. These models are usually trained on a part of the
genome and the accuracy of these models is then assessed by analysing its predictions
across the regions that it has seen during the training and the regions that were
withheld. Accurate predictions across both types of regions indicate that the learned
rules are general, and not just memorized based on what it has seen. When BPReveal
was trained on S.cerevisiae MNase-seq data, it predicted the experimental data with
high accuracy in both the trained and withheld regions, and it also outcompeted existing
models predicting nucleosome profiles.

It has been extensively shown in the past that the enzyme MNase (Micrococcal
Nuclease) used in MNase-seq experiments has a strong AT bias. It has been shown
that MNase cleaves DNA upstream of an AT-rich sequence almost 30 times faster than
DNA upstream of a GC-rich sequence (Dingwell et al., 1981). This results in enrichment
of nucleosome bound fragments from the regions which are more accessible to the
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enzyme and underrepresentation of nucleosomes from the less accessible regions
(Mieczkowski et al, 2016; Chereji et al., 2016). BPReveal can correct this enzymatic
bias and generate bias-free data, which simplifies the interpretation of the sequence
rules learned by the model (Pampari et al., 2025). In figure 1.4 B, the experimental and
the predicted tracks appear spiky due to the enzymatic bias involved. Post BPReveal’s
bias correction, these tracks are smoothened, enabling us to correctly visualize the
nucleosome dyads.

Convolutional Neural Networks (CNNs) are often considered as black boxes as the
rules learned by these models are difficult to interpret. There are however post-hoc
interpretation tools which can be used to extract the learned sequence rules. BPReveal
uses deepLIFT (Shrikumar et al., 2017) to quantify the effect of a base pair in
determining the experimental readout by assigning contribution scores as shown in
figure 1.4 B. These contribution scores are then consolidated into motifs, which in this
context would be sequences important for establishing a particular nucleosomal profile.
BPReveal de novo discovers TF motifs like Abf1, Reb1 and Rap1 as shown in figure 1.4
C, which are known to be important in NDR formation. BPReveal also discovered
sequences like CGCG (CG-rich sequence) and polyA sequences which are also
important in the context of nucleosome positioning.
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Figure 1.4| Figure 1.4 A represents different features of BPReveal, a sequence to function deep learning
model developed by Charles McAnany. This schematic has been adapted from Brennan et al., 2023. In
Figure 1.4 B, the schematic shows the generation of contribution scores. This figure has been adapted
from Avsec et al., 2021. iN Figure 1.4 C Nucleosome coverage has been shown on the y-axis and the
genomic coordinates have been shown on the x-axis. The plot shows experimental (in blue) and model
predicted (in maroon) MNase-seq profile at the ADE1 locus. It also shows the model generated bias
corrected profile (in pink). Figure 1.4 D represents the top 6 motif which were returned by BPReveal. The
data shown in Figure 1.4 B and C has been generated by Charles McAnany.
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1.5 Objectives of this project

The first objective is to understand the biological relevance of the polyA sequences
returned by the model by looking at the potential trans factors which could be involved
in recognising these sequences. Previous studies have shown that polyA sequences
are stiff and hence do not favour nucleosome formation. A study has also shown that
7bp long polyA sequences can influence the activity of the essential chromatin
remodeling enzyme RSC in determining NDR length in vivo (Kubik et al., 2018; Kubik et
al., 2015). Studying the relationship between polyA sequences and remodelers has
been difficult because the genome often has a lot of AT-rich regions with polyAs of
different lengths. Most studies focus on polyA sequences of a certain length as looking
at all possible lengths is difficult due to their high prevalence. The dynamic nature of the
remodelers also makes it hard to carry out studies like ChlP-seq to understand their
binding. Given the complexity of this problem, convolutional neural networks might be
more useful in this case as the model can identify sequences important for nucleosome
positioning based on contribution scores and is hence not limited to looking at polyA
sequences of a certain length. It can go through all possible permutations of polyAs
throughout the genome and return the ones which are important. When BPReveal was
trained on wild-type yeast MNase-seq data, it returned close to 12500 polyA sequences
that could be important in determining nucleosome positioning. The first objective of this
project is to look at the potential chromatin remodelers whose activity could be
influenced by these tracks by performing MNase seq experiments on different chromatin
remodeler mutant strains and analysing this data across model-returned polyA
sequences to understand the biological context of the model-mapped sequences.

The second objective is to leverage BPReveal to understand the complex relationship
between nucleosome positioning in gene regulatory regions and its effect on the gene’s
transcriptional plasticity. This is because the cis (intrinsic sequence) and trans
(chromatin remodelers and GRFs) factors discussed before explain some general
features of global nucleosome positioning, but these factors often fail to explain the
differential nucleosome positioning seen across the regulatory regions of different
genes. The extent of nucleosome depletion and the length of the NDR is quite variable
across different gene loci in S. cerevisiae. Some studies have shown that this
differential nucleosome positioning is not just important in the context of variability in
expression seen across genes, but also in the capability of a particular gene to alter its
own expression based on rapidly changing environmental conditions (Tirosh et al.,
2008). Since these principles are not only true in the case of S. cerevisiae, but are often
seen in higher eukaryotes as well, especially in the context of cell fate specification, the
second aim of this project is to employ some newer approaches in order to try and
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understand this complicated relationship between precise nucleosome positioning and
transcriptional plasticity in S.cerevisiae.

In order to do this, we focus on the PHOS locus since the relationship between
nucleosome positioning and gene expression is known to some extent, making it a good
starting point to test out different approaches that can be used to tackle this question.
As described before, the regulatory region of the PHO5 locus has 4 well-positioned
nucleosomes and two Pho4 binding motifs, one with high affinity and one with low
affinity. The high-affinity motif is covered by the -2 nucleosome, whereas the low-affinity
motif is exposed. Studies where these motifs were swapped by mutating the sequence
or completely mutated have shown that this precise arrangement is important but there
are no studies where the nucleosome itself is shifted such that both the sites are either
exposed or covered (Rajkumar et al., 2013; Lam et al, 2008). This is because
perturbing the position of a particular nucleosome in a directed manner is not a trivial
problem and would require a system where the role of every single base towards
establishing the nucleosome pattern is known. Since deep learning models learn the
underlying rules of nucleosome positioning when they are trained, these models can be
used to design sequences with desired nucleosomal conformations. A system where
the nucleosome positioning itself is mutated (and not the sequence) can be instrumental
in understanding the precise role of a particular nucleosome in regulating different gene
expression. This part of the project will focus on establishing two scenarios:

1) the -2 nucleosome is shifted such that both Pho4 binding motifs are exposed

2) the -2 nucleosome is shifted such that both Pho4 binding motifs are now covered.
The goal is then to characterise the effects of these perturbations on gene expression
by employing MS2-MCP based single mRNA detection system.
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Chapter 2
Materials and Methods

2.1 Materials

All the yeast media YPD, Modified Complete (-Leu +10 mM Pi), Modified Complete
(-Leu - Pi), YPD plates, G418 YPD plates, SD Leu dropout plates, 5M NacCl, Tris pH 7.5,
10% SDS, 0.5 M EDTA, 10xTE, 50xTAE, 30%Glycerol were purchased from the
Stowers Institute Media prep. Micrococcal Nuclease (Cat. No: M0247S), Monarch®
Spin PCR & DNA Cleanup Kit (5 pg) (Cat. No: T1130S), Monarch® Spin DNA Gel
Extraction Kit (5 pg) (Cat No. T1120S) were purchased from NEB. Zymolase ® 100 T
(Arthrobacter luteus) (Cat No. 120493-1) was purchased from AMS Bio. D-Sorbitol (Lot
No. 21E1056857) was purchased from VWR. 0.5 M EGTA (Cat No. 40520008-1), 0.1 M
Spremidine Solution (Cat No. 05292-1ML-F), 1M aq. Calcium Chloride Solution (Cat No.
J63122.AE), UltraPure Agarose (Cat No. 16500500), RNase A (10mg/mL) (Cat No.
ENO0531), Proteinase K Solution (20 mg/ml) (Cat No. 25530049), Ultrapure Salmon
Sperm DNA Solution (Cat No. 15632011) were purchased from Thermo Fisher
Scientific. 2 Mercaptoethanol (Cat No. M6250), Nuclease Free Water (Cat No. W4502),
Formaldehyde solution (47608) were purchased from Millipore Sigma. MasterPure
Yeast dna Purification Kit (Cat No. MPY80200) was purchased from LGC Biosearch
Technologies. CloneAmp™ HiFi PCR Premix (Cat No. 639298), GoTaq® Green Master
Mix (Cat No. M7122) were purchased from Promega. pET264-pUC 24xMS2V6 Loxp
KANTr Loxp (Cat No. 104393), pET296-YcpLac111 CYC1p-MCP-NLS-2xyeGFP(Cat No.
104394) were purchased from Addgene.



2.2 Yeast strains and Growth conditions

CYC1p MCP-NLS-2xyeGFP>

Strain Background | Description Media

Wt BY4741 BY4741 MATa;his3A1;leu2A0;met15A | YPD
0; ura3A0 background

isw1A BY4741 BY4741 background YPD
ISW1::HYGr

chd1A BY4741 BY4741 background YPD
CHD1::HYGr

swr1A BY4741 BY4741 background YPD
SWR1::HYGr

Suppress 1 BY4741 BY4741 background, 3 point | YPD
mutations in the PHO5
regulatory locus

Coverall 1 BY4741 BY4741 background, 10 point | YPD
mutations in the PHOS5
regulatory locus

Coverall 2 BY4741 BY4741 background, 5 point | YPD
mutations in the PHOS5
regulatory locus

Wt BY4741 PHO5 | BY4741 BY4741 background, | YPD

24xMS2V6 PHO5::PHO5-24XMS2V6U-vari
ant KANr-

Suppress 1 PHO5 | BY4741 Suppress 1 background YPD

24xMS2V6 PHO5::PHO5-24XMS2V6U-vari
ant KANr-

Wt BY4741 PHO5 | BY4741 BY4741 background, [ SC Leu DO

24xMS2V6 PHO5::PHO5-24XMS2V6U-vari

MCPNLS ant KANr-; <Ycp Lacii1
CYC1p MCP-NLS-2xyeGFP>

Suppress 1 PHO5 | BY4741 Suppress 1 background, | SC Leu DO

24xMS2V6 PHO5::PHO5-24XMS2V6U-vari

MCPNLS ant KANr-; <Ycp Laci!
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Table 1: This table shows the strains used in the project and the media in which the strains were cultured.
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2.3 Methods
2.3.1 MNase seq

MNase-seq experiments were performed by following the protocol mentioned in
Mcknight et al., 2016 study. Yeast cultures were grown at 30°C in YPD to ODg, ~ 0.8-1
and crosslinking was performed with 1% formaldehyde for 15 minutes at room
temperature. 125mM glycine was added to quench the reaction. Cell pellets were
resuspended in spheroplasting buffer (1M Sorbitol, 5 mM B-mercaptoethanol, 50mM
Tris pH 7.5, 2 mg/ml zymolyase (1 mL of buffer per 20 mL of cell culture) and incubated
for 15 minutes at room temperature to break the cell wall. Spheroplasts derived from the
cultures were digested using 100U MNase for 30-40 min at 37°C. A mix of EDTA pH 8.0
(50 mM final conc.) and EGTA pH 8.0 (50 mM final conc.) were added to stop the
reaction. Samples were then incubated with RNase A (final conc. 0.2 mg/ml) at 42°C for
30 min to digest RNA. SDS and proteinase K (1mg/ml final concentration) were added
and the samples were incubated at 65°C for 45 min to reverse the crosslinking. DNA
extraction was done using the Monarch PCR & DNA cleanup kit. Samples were
resolved on 1% agarose gel to evaluate the digestion. Mononucleosome-sized bands
were extracted and libraries were prepared from 10ng purified DNA using the
Watchmaker DNA Library Prep kit from Watchmaker Genomics. Two experimental
replicates were generated. Paired-end sequencing was performed on AVITI (2x 75bp
cycles).

MNase-seq data processing analysis:

MNase-seq paired-end sequencing reads were aligned using bowtie2 to sacCer3
genome. MNase-seq coverage was RPM normalized in RStudio. Nucleosome dyads
were determined by resizing each fragment to its midpoint. MNase seq data analysis
and plotting was done in RStudio.

2.3.2 Synthetic sequence design

To design novel sequences with a desired profile, a genetic algorithm (GA) was
implemented.This GA designs small sets of mutations that can be applied to an initial
sequence in order to maximize a user-defined property of the prediction.To design the
mutations where both the Pho4 sites get covered, we used the GA to maximize the
nucleosome density over two windows: 431195-431211 and 431305-431321 (all with
respect to sacCer3 chrll). To design the mutant where both the Pho4 sites are exposed,
we used the GA to minimize nucleosome density in a window from 431150-431250,
which corresponds to the nucleosome around the high-affinity Pho4 motif. We
disallowed mutations inside the Pho5 gene body, on the Fkh2 motif, or on either of the
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Pho4 motifs. Of the 51 runs (one for each PAM site), we manually selected a design
that was predicted to alter the nucleosomes of interest while leaving the other
nucleosomes undisturbed. The source code for the genetic algorithm is available at
https://github.com/mmtrebuchet/bpreveal

2.3.3 Mutant Nucleosome profile prediction

A BPNet-style model on MNase-seq data from Begley et al., 2019, specifically the wild-type
experiments SRR12073988 and SRR12073989 from GSE153035. Paired-end reads were
aligned against the sacCer3 genome using bowtie2. Aligned fragments that spanned more than
1 kb were eliminated, but no other size selection was performed. The BPnet-style model used 9
dilational layers, 96 filters, a 1,000 bp output window, and a counts loss fraction of 0.1. Chrll,
which contains the Pho5 locus, was not included in the training data for the model. The source
code for model training is available at https://github.com/mmtrebuchet/bpreveal.

We used this model to generate the tracks shown in figures 3.3.1, 3.3.2, 3.3.3, and we also
used it with the GA to design our mutations at the Pho5 locus.

2.3.4 Tagging PHOS gene with the MS2 cassette

PCR Amplification of the MS2 cassette

Endogenous tagging of the PHOS gene with MS2 cassette was done as according to
the protocol described in Tutucci et al, 2018. The MS2 cassette containing
24xMS2V6-loxP-KANr-loxP was amplified from the pET264 vector using CloneAmp ™
HiFi PCR premix and primers containing sequences homologous to the PHOS5 locus. A
touchdown PCR was done for the amplification. The PCR program used is as follows :

Cycle Denaturation Annealing Polymerization Hold

Number

1 2 mins at 98°C -— - -

2-17 10 secs at 98°C 10 secs, 68-60°C |2 minsat72°C -
gradient (-0.5 °C

18-38 10 secs at 98°C 10 secs at 60°C 2 mins at 72°C -

39 2 mins at 72°C 4°C

Table 2| This table shows the PCR conditions used for amplification

The PCR product was run on a 1% gel to visualise the size of the product. The product
was then purified using Monarch® Spin PCR & DNA Cleanup Kit. The next step was to
transform wild type and CRISPR mutants with the PCR product.
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Transformation with the MS2 cassette

Yeast strains were grown overnight in YPD at 26°C. A 6 mL secondary culture was
grown until the ODgy, of 0.6-0.8 was achieved. The culture was centrifuged and washed
with Li-TE buffer and the cells were resuspended in 100 uL of Li-TE buffer. Cells were
then added to a mix containing Li-TE-PEG, 5 uL of 10 mg/ml sterile and denatured
salmon sperm DNA and 3 ug of purified PCR product and incubated for 30 minutes at
room temperature. This was followed by incubation at 42°C for 20 minutes. Cells were
then centrifuged and resuspended in DDW. Cells were centrifuged again and
resuspended in 1 mL YPD. The tube containing the resuspended cells was locked ,
parafiimed and incubated overnight for homologous recombination to take place. The
cells were centrifuged, resuspended in 100 uL YPD and plated on selective G418-YPD
plates followed by incubation at 26°C for 3 days.

Genotyping for positive clone selection

6 transformants which grew on G418 plate were then restreaked for genotyping.
Genomic DNA was isolated from these transformants using the MasterPure Yeast DNA
Purification Kit. 3 different types of strategies were used to identify the positive clones.

Genotyping strategy 1:

-
24xMS2V6  [ioxp loxP| 3UTR |

p .
24xMS2V6  [ioxP loxP| 3UTR |

24xMS2V6  [ioxP loxP| 3UTR |

Figure 2.1| This represents the three genotyping strategies which were designed for selecting positive
clones

As shown in figure 2.1, in the first genotyping strategy, oligos complimentary to the
PHOS5 coding region and 3'UTR were design. In this PCR reaction both positive and
negative transformants are expected to form am amplicon but the sizes of the amplicon
would be different. In the second Genotyping strategy, oligos were designed such that
they are complimentary to the PHO5 coding region and KANr coding region. Here only
the positive transformants would have an amplicon. In the third Genotyping strategy,
oligos were designed such that they are complementary to the KANr coding region and
the 3'UTR. PCR reactions were performed with the extracted genomic DNA as template
and different combination of oligos described above using the GoTag® Green Master
Mix. PCR products were then run on a 0.8% gel to visualise the product. Products of the
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transformant with expected amplicon lengths in all three PCRs were sent for sanger
sequencing. Positive transformants were identified post sequencing.

2.3.5 Transformation with MCP-NLS-2xyeGFP plasmid

Yeast strains where MS2 was tagged to PHOS were grown overnight in YPD at 26°C. A
6 mL secondary culture was grown until the ODg, of 0.6-0.8 was achieved. The culture
was centrifuged and washed with Li-TE buffer and the cells were resuspended in 100
uL of Li-TE buffer. Cells were then added to a mix containing Li-TE-PEG, 5 uL of 10
mg/ml sterile and denatured salmon sperm DNA and 1 ug of purified pET296 vector
with MCP-NLS-2xyeGFP construct. This mix was incubated for 30 minutes at room
temperature. This was followed by incubation at 42°C for 20 minutes. Cells were then
centrifuged and resuspended in DDW. The transformation was then plated on selective
LEU dropout plates and incubated at 26°C for 3 days.

2.3.6 Live imaging of MS2 tagged strains to visualise the PHO5 mRNA

CellASIC ONIX system was used to culture the cells during the live imaging. Yeast cells
were incubated overnight at 30°C in custom made synthetic phosphate rich leucine
dropout media. The culture was diluted to ODgy, of 1 and 50 uL of this culture was
loaded to the cell inlet well of the CellASIC ONIX gradient plate. Custom made
phosphate rich and phosphate free media were added to the solution inlet wells. Cells
were loaded to the growth chamber and allowed to grow for 3-4 hours in phosphate rich
media. 5 hour time lapse was then recorded where cells were grown in hosphate rich
media for 60 minutes followed by growth in phosphate free media. Images were taken
every 15 minutes. To cover the entire cell volume, 21 Z-stacks were acquired. The
MS2-MCP-NLS-2xyeGFP labelled mMRNAs were visualised with a 488 nm laser.

2.3.7 Quantification of MS2-MCP punctae in wild type and suppress 1
mutant strains

The first step of the analysis was to obtain max projection for all the time points of the
time lapse. The next step was to identify individual cells in each frame. This was doen
using the Cellpose package in python. The next step was to quantify the number of
punctae in each cell. This was done by establishing a baseline intensity of the diffused
GFP signal and setting up a threshold intensity to ensure that punctae are not detected
in cells with extremely bright GFP signal. This intensity based thresholding enabled us
to detect the number of punctae in each cell.
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Chapter 3
Results

3.1 Nucleosome profile in wild-type vs chromatin remodeler mutants
across BPReveal-mapped polyA sequences

When BPReveal was trained on MNase-seq data from wild-type (wt) BY4741 strain, the
model de novo discovered GRF motifs like Abf1 and Reb1 which are known to be
important in NDR formation. The model also mapped close to 12,500 polyA sequences
with different polyA sequences containing different lengths of consecutive As. In order to
understand the role of model mapped polyA sequences in determining nucleosome
positioning, we performed MNase-seq experiments in wt BY4741 and chromatin
remodeler mutant strains Isw1A, Chd1A and Swr1A, which belong to different families
of chromatin remodelers. The RSC remodeler mutant strain was not available in the lab
so published MNase-seq data from GSE73337 were analysed in the same way as the
lab generated MNase-seq data. Since Rsc is an essential remodeler, it cannot be
deleted so the published study used a conditional mutant where the ATPase unit of
RSC, Sth1, would be depleted by FRB protein regulated by rapamycin-based induction.

In Figure 3.1. MNase-seq data from wild-type and different remodeler mutants has been
shown in two forms, a metapeak and a heatmap, centered at model-mapped 12,534
polyAs loci. A metapeak is a line graph representing the average MNase-seq signal
calculated across different polyA loci, whereas a heatmap represents the MNase-seq
signal at the individual locus. Figure 3.1 A shows that in RSC depleted mutants, the
overall nucleosome positioning pattern in the 1.1kb region is shifted towards the NDR
present near the model-mapped polyA sequences, causing the NDR to shrink. This
result is consistent with the Kubik et al., 2015 study, where they show that the NDR near
some polyA sequences with seven As shrinks in RSC-depleted strains. The Kubik et al.,
2018 study also used ChEC-seq data to suggest that this NDR shrinkage is due to the
binding of RSC to the polyA sequences. The studies done previously were limited to
polyA sequences of 7bp length or some other fixed length, whereas the model mapped
polyAs consist of different lengths of A. This shows that polyA-mediated RSC activity
might not be limited to polyA sequences of a certain length, demonstrating the model’s
capability of capturing important sequences throughout the genome in an unconstrained
manner.

In figure 3.1 C,D the nucleosome coverage in a 1.1 kb window centered at
model-mapped polyA sequences in wild-type vs Isw1A mutant strains has been shown.
The change in nucleosome positioning in this mutant is different from the change seen
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in the RSCdepleted mutant. In the Isw1A mutants, the signal at the nucleosomes not
flanking the NDR is much lower as compared to the flanking nucleosomes as shown in
figure 3.1 C,D demonstrating that isw1 deletion leads to weaker nucleosomal phasing of
the non flanking nucleosomes. This is consistent with the previous literature showing
that isw1 is involved in nucleosome sliding and its deletion leads to weaker nucleosomal
phasing.

In figure 3.1 E,F the nucleosome coverage in a 1.1 kb window centered at model
mapped polyA sequences in wild type vs Chd1A mutant is shown. The change in
nucleosome positioning in this mutant is similar to the change seen in the Isw1A mutant.
This is consistent with the nucleosome sliding role of the Isw1 and Chd1 remodelers
reported in the past (Gkikopoulos et al., 2011, Ocampo et al., 2016; Ocampo and
Chereji et al., 2019).

In figure 3.1 G,H the nucleosome coverage in a 1.1 kb window centered at
model-mapped polyA sequences in wild-type vs Swr1A mutant is shown. The
nucleosome positioning in this mutant is quite similar to the wild type. The occupancy of
the nucleosomes flanking the NDR seems higher in the Swr1A mutant as compared to
wild-type from figure 3.1 G. The positioning and occupancy of the non-flanking
nucleosomes in the Swr1A mutant is similar to that of wild-type. The cause for this
increase in the occupancy of the flanking nucleosomes is unclear as Swr1 is known for
its role in histone variant exchange. Overall the deletion Swr1 does not seem to be
majorly disrupting the nucleosome positioning in the 1.1 kb region surrounding the
model-mapped polyA regions.

(A) (B)
Wildtype vs Rsc depletion mutant MNase seq data at all mapped polyAs Wildtype vs Rsc depletion mutant MNase seq data at all mapped polyAs
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Figure 3.1| In figure 3.1 A,C,E,G the y-axis in all plot represents RPM normalised MNase-seq signal and
the x-axis represents the distance from model mapped polyA sequences. These plots show the average
MNase-seq profile which has been calculated in a 1.1 kb window surrounding 12534 model mapped
polyA sequences from wild type and different remodeler mutants. In Figure 3.1 B,D,F,H; each row of the
heatmap is an individual polyA locus and the x-axis shows the distance from the poly A loci. In these
plots, MNase seq signal in 1.1 kb window centered at model mapped polyA loci, from wild type and
different remodeler mutants has been plot in the form of a heatmap.
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3.2 BPReveal can accurately predict differential NDR formation
potentially mediated by RSC chromatin remodeler

Based on figure 3.1 and previously reported literature, the RSC chromatin remodeler
seems to be involved in NDR formation near the model-mapped polyA sequences. The
shrinkage of the NDR in the RSCdepleted mutants is clear in the metapeak shown in
figure 3.1 A, but it is not very clear in the heatmap. This is because the overall pattern of
a heatmap often depends on the way it is ordered. All the heatmaps in figure 3.1 have
been ordered based on the genomic positions of the model-mapped polyA sequences.
In order to further explore RSC-mediated NDR formation, we decided to employ some
of the model interpretation tools. DeepLIFT assigns a contribution score to every base
pair, which represents the importance of sequences in predicting the nucleosomal
profile in its vicinity. In order to test whether the model-derived contribution scores are
indeed accurate in predicting the effect of a sequence or motif, we decided to order the
heatmap based on contribution scores. In figure 3.2 A, the heatmap is ordered such that
the contribution score of the model-mapped polyA sequences increases as we move
from bottom to top. In the RSCdepleted mutant, we can now clearly see the shrinkage
of the NDR caused by all the nucleosomes moving closer to the NDR.

In order to take a closer look at this, we binned mapped polyA sequences to 4 quartiles,
each with 3000 model-mapped polyAs. This binning was done using the
model-generated contribution scores. From figure 3.2 B, we can see that the first bin
has polyAs with high contribution scores, and the contribution score decreases across
the subsequent bins. This kind of binning enabled us to visualize the extent of
nucleosome positioning changes across loci with varying contribution scores. The
sequence logos at the top of the plot represent the average composition of the
sequences (PWMs) belonging to each bin. Based on the logos, it is clear that the polyA
sequences in each bin are not very different in their composition, such as the number of
As or some other factor.

The next step was to look at MNase-seq data in wild type vs RSCdepleted mutant. In
figure 3.2 C,D,E,F, the MNas-seq data have been plotted across polyA sequences
belonging to different bins. In figure 3.2 C, MNase-seq data have been plotted across
polyA sequences belonging to bin 1.The average width of the NDR near the mapped
model-mapped polyA sequences is close to 150 bp in the wild-type strain as shown in
figure 3.2 C. In the mutant, the occupancy of all the nucleosomes in the 1.1 kb window
has gone down and the nucleosomes have shifted towards the NDR, causing the NDR
to shrink to around ~ 100 bp. In figure 3.2 D,E,F we see a similar trend but the extent of
change in nucleosome positioning in wild-type vs RSCdepleted mutant is decreasing as
we move from figure 3.2 C to figure 3.2 F. The change in NDR width across different
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polyA bins is also quite striking. We see a steady decrease in the width of NDR in the
wild-type strain as we move across the 4 polyA bins. The width ranges from close to
150 bp for the first polyA bin to around 75 bp in the last polyA bin (shown in Figure 3.2
F). The extent of change in nucleosome positioning has been quantified in figure 3.2 G.
This change was quantified by first calculating the difference between the MNase-seq
signal in wild-type vs RSC-depleted mutant for every base in the 1.1 kb window
centered at the model-mapped polyA sequences. The difference for every single base
was added for 1 locus and every point in the boxplot represents this sum for 3000 polyA
loci in each bin. Figure 3.2 G clearly shows that the contribution scores correlate very
well with the extent of disruption in nucleosome positioning caused by RSC depletion as
the change between wild-type and RSC-depleted mutant decreases consistently across
the polyA bins made based on the contribution scores. The strong correlation suggests
that the model has correctly learned which polyA sequences have a strong effect on
nucleosome positioning.

In order to look for potential causes that led to the change in the NDR width across
different polyA bins, we decided to look at the 400 bp window surrounding
model-mapped polyA sequences. We found that polyAs in the first bin are surrounded
by a higher number of other model mapped polyA sequences as compared to bin 4.
This trend is clear from figure 3.2 H, where we see that the average number of
model-mapped polyA sequences in a 400 bp window (centered at polyA from different
bins) decreases as we move across the bins. This might indicate that polyA sequences
act in a cooperative manner, but further investigation is needed to prove this.
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Figure 3.2] In figure 3.2 A, the y-axis shows individual model mapped polyA loci and the x-axis shows the
distance from the mapped polyA loci. The plot represents MNase-seq data from wild type and Rsc
depleted mutant in the 1.1 kb window centered at model mapped polyA sequences in the form of a
heatmap. In this figure the polyA loci are arranged in the order of increasing contribution scores. In figure
3.2 B, the model determined contribution scores have been shown on the y-axis and the polyA bins have
been shown on the x-axis. In this plot, the range of contribution scores associated with each polyA bin
has been shown as a box plot. For the sake of clarity, outliers have been removed. The logos in the plot
are PWM representations of the polyA sequences in each bin. In figure 3.2 C,D,E,F normalised
nucleosome coverage has been shown on the y-axis and the distance from mapped polyA loci in the 1.1
kb window has been shown on the x-axis. These plots show the average MNase-seq profile for wild
type(in yellow) and Rsc depleted mutant (maroon) which has been calculated in a 1.1 kb window centered
at 3000 model mapped polyA sequences belonging to different bins described in figure 3.2 B. In Figure
3.2 G, the y-axis represents the sum of difference between wild type and Rsc depleted MNase-seq signal
at each loci in a 1.1 kb window surrounding polyAs in a particular bin. The x-axis shows different polyA
bins. Each point in the box plot represents this sum of difference for individual polyA loci in a particular
bin. Some loci were removed from this analysis as their values were very high likely due to some
sequencing artifacts. A t-test was performed to calculate statistical significance. In figure 3.2 H, the
average number of polyA sequences found in 400bp window centered at polyA sequences in particular
bins has been shown on the y-axis.The x-axis shows different polyA bins.
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3.3 BPReveal can be used as a tool to design mutations to perturb
nucleosome positioning in a desired manner

The results in section 3.1 and 3.2 show that BPReveal has learnt complex sequence
rules directing genome-wide nucleosome positioning. In this part of the thesis, we
focussed on leveraging the model to design synthetic sequences such that
nucleosomes can be perturbed in a controlled manner. We decided to focus on the
PHOS5 locus because the well-positioned nucleosomes in its regulatory region play a
crucial role in its gene regulation, making it an excellent model locus to study the
relationship between precise nucleosome positioning and gene regulation. The PHOS
regulatory region has 4 well positioned nucleosomes, and 2 Pho4 binding motifs, a
low-affinity one (CACGTT) and a high-affinity one (CACGTG). The nucleosomes are
positioned such that the low-affinity site is exposed, whereas the high-affinity site is
covered by the -2 nucleosome as shown in figure 3.3.1 A. When cells are grown in
phosphate-free media, Pho4 (a transcription factor) first binds its exposed low-affinity
site, which leads to chromatin remodelling and eviction of the -2 nucleosome, exposing
the previously covered high-affinity Pho4 site. This leads to the binding of Pho4 to this
high-affinity site, triggering further chromatin remodelling that ultimately makes the
entire region accessible and leads to the expression of the PHOS5 gene.

Based on previous studies, we know the consequences of mutating the Pho4 motifs, but
the effect of perturbing a nucleosome while keeping the motifs intact is not known. This
is because perturbing the positioning of one nucleosome in a controlled manner is not a
trivial problem. Since our model can accurately predict MNase-seq data, we decided to
leverage it to design sequences such that the nucleosome positioning can be altered in
a desired manner. We aimed at generating two configurations, one where both the Pho4
sites are exposed and the other where both the Pho4 sites are covered. We tested one
design where both the Pho4 motifs are expected to be exposed and two designs where
both the Pho4 motifs are expected to be covered
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3.3.1 BPReveal designed sequences can form a new NDR

We leveraged the genetic algorithm of the model to design a synthetic sequence such
that both the Pho4 motifs are covered by nucleosomes. We tested two synthetic
designs generated by the model, which were expected to change the nucleosome
profile such that both Pho4 sites are covered (“coverall’) as shown in Figure 3.3.1 A. In
this section, | will focus on the coverall 1 mutant, where 10 point mutations were made
such that an Abf1 motif is created around 200 bp away from the Pho4-exposed binding
site along with a CG-rich sequence. Abfl is a GRF known to create NDRs. The
mutations made in this strain have been shown in Figure 3.3.1 B. The y axis represents
the model-determined contribution scores in wild-type and the mutant strain. We can
see that the 10 point mutations suggested by the model leads to an increase in the
contribution score of the new Abf1 motif along with the CG rich sequence.

Figure 3.3.3 C shows the predicted nucleosomal profile in wild-type and the coverall 1
mutant strain. The predicted profile suggests that a new NDR will be created due to the
introduction of an Abf1 motif resulting in a shift in the -3 nucleosome such that both the
sites are being covered to some extent. Both the Pho4 sites cannot be fully covered as
the two Pho4 binding sites are around ~110 bp away so it's physically not possible to
cover both the sites with high occupancy as one nucleosome is associated with at least
150 bp of DNA. In the predicted mutant profile we can see that the previously exposed
site is now covered but the nucleosomal occupancy of the previously covered site is
actually decreasing as it seems to be closer to the nucleosome linker.

In order to validate this prediction, we performed MNase-seq experiments with the
wild-type and the coverall 1 mutant strains. The results are shown in figure 3.3.1 D. In
the mutant profile, we can see that a new 200 bp long NDR has been created near the
Abf1 motif (shown using the red box in the graph) as predicted. The nucleosomes next
to the NDR seem fuzzier than predicted as the start and end of nucleosomes is not
clear in the mutant. This fuzziness could be due to differential occupancy of the
nucleosomes across the population so the well-positioned nature of the nucleosomes
has been disrupted. The mutant MNase-seq profile also shows that the occupancy of
the nucleosomes at the previously exposed Pho4 site has gone up but the fuzziness of
the profile makes it difficult to conclude whether both the sites are indeed covered.
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Figure 3.3.1] Figure 3.3.1 A is an illustration representing the wild type and desired nucleosomal
conformations in the PHO5 regulatory region adapted from Rajkumar et al., 2013. In figure 3.3.1 B the
model-determined contribution scores have been shown on the y-axis and genomic co-ordinates have
been shown on the x-axis.The plot shows the point mutations proposed by the model and the contribution
score associated with these mutations. The colored hourglass in the plot represent insertions, color coded
according to the base being added. The wedges represents a base substitution, color coded according to
the base formed post substitution. In figure 3.3.1 C, the predicted nucleosome coverage has been shown
on the y-axis and the genomic coordinates have been shown in the x-axis. The plot shows the model
predicted MNase-seq profile from wild type and the coverall 1 mutant strains, in a 900bp window near the
PHOS locus. The CRISPR importance score and model prediction data has been generated by Charles
McAnany. In figure 3.3.1 D, the MNase-seq nucleosome coverage has been shown on the y-axis and the
genomic coordinates have been shown on the x-axis. The plot shows the MNase-seq profile from wild
type and coverall 1 mutant strains, in a 900bp window near the PHOS locus.
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3.3.2 BPReveal designed sequences can perturb nucleosome positioning
such that both Pho4 motifs are covered

In this section, | will focus on the second mutant design for achieving the nucleosomal
profile such that both Pho4 sites are covered. The coverall 2 mutant design involved
making 5 point mutations such that an Abf1 motif is formed around 200 bp away from
the exposed binding. The mutations in this mutant are slightly different from the ones
described in figure 3.3.1 B. The 5 point mutations, as shown in figure 3.3.2 B, result in
the creation of a new Abf1 motif, which can be seen by the resulting increase in
contribution scores.

Figure 3.3.2 C shows the predicted nucleosomal profile in wild-type and the mutant
strain. The predicted profile suggests that a new NDR will be created due to the
introduction of an Abf1 motif. In the predicted profile, the occupancy of the -3
nucleosome goes down and the dyad has been shifted closer to the previously exposed
motif.

In order to validate this prediction, we performed MNase-seq experiments with wild-type
and the coverall 2 mutant strain. The results are shown in figure 3.3.2 D. In the mutant
profile, we can see that a new 200 bp long NDR is being created near the Abf1 motif
(shown using the red box in the graph), and the -3 nucleosome shifts such that the
previously exposed Pho4 binding site is now being covered. The nucleosome
positioning in this mutant is a lot better in this mutant as compared to the one described
in the previous section as we can clearly see nucleosome peaks. In the mutant profile
we see an overall shift in the positioning of the nucleosomes towards the left and the
extent of this shift is a little higher as compared to the predictions (figure 3.3.2 C). Here,
we achieved the desired nucleosomal profile where both the Pho4 sites are covered to
some extent but the other nucleosomes in the window are also perturbed.
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Figure 3.3.2|] Figure 3.3.2 A is an illustration showing the wild type and desired nucleosomal
conformations in the PHO5 regulatory region adapted from Rajkumar et al., 2013. In figure 3.3.2 B the
y-axis shows the model-determined contribution scores and the x-axis shows genomic coordinates. The
plot shows the point mutations proposed by the model and the contribution score associated with these
mutations. The colored hourglass in the plot represent insertion, color coded according to the base being
added. The wedges represents a base substitution, color coded according to the base formed post
substitution. The black hourglass represents a deletion. In figure 3.3.2 C, the y-axis shows the predicted
nucleosome coverage and the x-axis shows the genomic coordinates. The plot represents the model
predicted MNase-seq profile from wild type and the coverall 2 mutant strains, in a 900 bp window near the
PHOS5 locus. The CRISPR importance score and model prediction data has been generated by Charles
McAnany. In figure 3.3.2 D, the y-axis shows the nucleosome coverage and the x-axis shows the
genomic coordinates. The plot shows the MNase-seq profile from wild type and coverall 2 mutant strains,
in a 900 bp window near the PHOS5 locus.
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3.3.3 BPReveal designed sequences perturb nucleosome positioning such
that both Pho4 motifs are exposed

We also asked the model to generate a synthetic sequence such that both the Pho4
motifs will be exposed as shown in Figure 3.3.3 A. The model came up with a solution
involving three point mutations such that a new Abf1 motif is created around 30 bp away
from the nucleosomal Pho4 binding site. The plot in figure 3.3.3 B shows the mutations
made in this strain. We call this strain as “suppress 1” since the goal was to suppress
the formation of nucleosomes over the nucleosomal Pho4 site. In the wild-type strain,
the contribution scores of all the bases in the window are quite low, but when we make
two point mutations, the contribution score increases as the mutation results in the
formation of a new Abf1 motif. The third mutation also leads to a slight increase in the
contribution score.

Figure 3.3.1 C shows the model-predicted nucleosome profile in the wild-type and the
suppress 1 mutant strain. The predicted profile from figure 3.3.1 C suggests that the
mutations will result in the downstream shift of the -2 nucleosome along with a decrease
in occupancy, exposing the previously covered Pho4 binding site. In order to test this
prediction, we performed MNase-seq experiment with wild-type and the suppress 1
mutant strain Figure 3.3.1 D shows the results, which show that the -2 nucleosome
has indeed shifted to the right. The occupancy of the nucleosome is not going down as
predicted, but we achieved our desired conformation where both the Pho4 sites are
exposed without perturbing any other neighbouring nucleosomes.
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Wild type vs Mutant predicted nucleosomal profile across the PHOS5 regulatory region
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Figure 3.3.3| Figure 3.3.3 A is an illustration demonstrating the wild type and desired nucleosomal
conformations in the PHO5 regulatory region adapted from Rajkumar et al., 2013. In figure 3.3.3 B the
y-axis shows the model-determined contribution scores whereas the x-axis shows the genomic
coordinates. The plot shows the point mutations proposed by the model and the contribution score
associated with these mutations.The wedges represents a base substitution, color coded according to the
base formed post substitution. The black hourglass represents a deletion. In figure 3.3.3 C, the y-axis
shows the nucleosome coverage and the x-axis shows the genomic coordinates. The plot shows the
model predicted MNase-seq profile from wild type and mutant strains, in a 900 bp window near the PHO5
locus. The CRISPR importance score and model prediction data has been generated by Charles
McAnany. In figure 3.3.3 D, the y-axis shows the nucleosome coverage and the x-axis shows the genomic
coordinates. Plot shows the MNase-seq profile from wild type and mutant strains, in a 900 bp window
near the PHOS locus.
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3.4 MS2-MCP based tagging can be used to visualise and quantify
PHOS5 expression

As shown in section 3.3, BPReveal can be used to design synthetic sequences in order
to perturb nucleosomes in a desired manner. These mutants give us an opportunity to
look at the specific role of nucleosomes in regulating different aspects of gene
expression since the Pho4 binding motifs are intact in all the mutants discussed above.
In order to look at the impact of nucleosome perturbation on the expression of the
PHOS5 gene, we decided to employ MS2-MCP based endogenous tagging. In this
system, the gene of interest is tagged with MS2 bacteriophage derived RNA loops.
When the gene is transcribed, the mRNA forms these stem loops leading to the
recruitment of the MS2 bacteriophage Coat Protein or MCP, which is co-expressed in
the cells. This coat protein is usually fused with fluorescent proteins so the recruitment
of MCP to the MS2 stem loops enables us to visualise single mRNA molecules in real
time.

MS2 stem loops can be inserted in 5" or the 3'UTR of the gene of interest. Here, we
inserted these stem loops near the 3° UTR in order to ensure that the nucleosome
positioning in the promoter region is not affected by the stem loops structure. The MS2
loops were introduced through homologous recombination. As shown in figure 3.4 B, a
cassette containing 24 MS2 loops and a kanamycin resistance gene was introduced in
the wild-type and nucleosome-perturbed mutant strains discussed in the previous
sections. This resulted in tagging of the PHO5 gene with the MS2 loops. The wild type
and mutant strains tagged with MS2 loops were then transformed with the MCP-GFP
plasmid in order to visualise PHO5 mRNA. With this system in place, MCP-GFP was
expected to bind the MS2 stem loops when PHOS is expressed as shown in figure 3.4
B. This binding would lead to the formation of puncta, which can be quantified to
investigate changes in gene expression in the wild-type and nucleosome-perturbed
mutant strains.

As described in the introduction, PHOS is a stress response gene which is expressed
when cells are grown under phosphate-starved conditions. In order to check whether
the MS2-MCP system is working as expected, we cultured wild-type MS2-tagged strains
in phosphate-rich and phosphate-free media. The images in figure 3.4 C show that
when cells are grown in phosphate-rich media, the GFP signal is diffused and we see
around 1-2 puncta. When the cells are cultured in phosphate-free media, we start
seeing multiple puncta representing PHO5 mRNA molecules, as shown in Figure 3.4 D.
This indicates that the MS2-based tagging approach is working since PHOS is
supposed to be induced on phosphate starvation, resulting in more PHOS transcripts
and hence more GFP puncta.
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In order to look at this in more detail, a time lapse experiment was performed where the
cells were grown in selective phosphate-rich media for 60 minutes, followed by growth
in phosphate-free media for 4 hours. Images were acquired every 15 minutes. Based on
the time lapse data, we first start seeing the appearance of the puncta around 1.5 hours
post starvation, as shown in figure 3.4 E. The figure also shows that the expression of
PHOS5 is variable as different cells are undergoing the transcription burst at different
time points. In figure 3.4 F, the number of MS2-MCP puncta detected per cell across
different time points is shown, revealing a gradual increase of puncta detected over
time. Figure 3.4 G shows the mean number of puncta detected for every time point,
once again revealing a gradual increase in puncta. This is in agreement with the general
expression pattern of PHOS5, where we see a gradual increase in PHOS expression with
time upon phosphate starvation due to an increase in the concentration of nuclear Pho4
and the resultant chromatin remodeling.

Overall, figure 3.4 shows that the quantification of PHO5 expression using the
MS2-MCP system is capturing the expected trend of PHO5 expression. Since the
system is working, we can use it to characterise changes in PHOS5 expression upon
perturbing nucleosomes.
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Variation of mean number of punctae per cell with time
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Figure 3.4| Figure 3.4 A is an illustration showing the insertion of the MS2 cassette at the PHOS locus.
This schematic has been adapted from Tutucci et al., 2018. Figure 3.4 B is a schematic which shows the
interaction between MS2 loops and MCP-GFP protein when PHOS5 is transcribed. This schematic has
been adapted from Hoppe et al.,, 2021. The panel in figure 3.4 C,D shows the images of the wild type
strains cultured in phosphate rich and phosphate free media respectively. Z-stacks were acquired in each
case and the panel is a max projection derived from the Z-stacks. The green signal is from the expression
of MCP-GFP protein and the punctas in figure 3.4 D represent the transcribed PHO5 mRNAs. The panel
in figure 3.4 E represents some time points from a 5 hour time lapse. Individual time points have been
mentioned on each image. The green signal is from MCP-GFP whereas the punctas represent
transcribed PHO5 mRNAs.The data shown in figure 3.4 C and D was generated with Tom Kleist. The dot
plot in figure 3.4 F shows the live imaging data from the time lapse. Each dot in the plot represents a cell.
The x-axis shows the time in hours and the y-axis shows the number of punctae detected per cell. The
cells which did not show any puncta have not been shown in the plot. The line plot in figure 3.4 G,
represents the mean number of punctae detected per cell for a particular time point. The x-axis shows the
time in hours and the y-axis shows the mean number of punctae detected per cell. The code which has
been used for quantifying the punctae has been developed by Cathy McKinney.
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3.5 Nucleosome perturbation in the suppress 1 mutant leads to
changes in PHOS expression levels

As shown in section 3.4, MS2-based tagging of the PHO5 gene can be used to visualise
and quantify the expression of PHOS in real time. Since this system worked well in the
wild-type strain, we decided to use this system to characterize the changes in PHOS
expression in the mutants where the nucleosomes are perturbed. We first decided to
look at the suppress 1 mutant described in section 3.3.3. The strain was grown in
phosphate-rich media for 1 hour, followed by growth in phosphate-free media for 5
hours, while time lapse imaging was performed by acquiring images every 15 minutes.

As shown in Figure 3.5 A, we detected some MS2-MCP puncta in the mutant strain
even when the cells were grown in phosphate-rich media. This suggests that the
exposure of both the binding sites might cause an increase in leaky expression of
PHOS5. Figure 3.5 B also shows that in the case of the mutant, we are starting from a
different baseline as we can detect MS2-MCP puncta even in the absence of phosphate
starvation. The figures also show that when the cells are grown under
phosphate-starved conditions, there is a further increase in the levels of PHOS
expression. This can be attributed to the increase in the nuclear localisation of Pho4 on
phosphate starvation.

Figure 3.5 C, also confirm an increase in the mean number of MS2-MCP puncta per cell
when cells are grown in phosphate starved conditions.The line plot in figure 3.5 C is a
bit noisy as the number of imaged cells from the mutant strain were lower than those
from wild-type. Imaging data from more replicate experiments is likely to reduce the
noise, revealing the trend in PHO5 expression more clearly. When we compare the
expression of PHOS in wild-type and suppress 1 mutant as shown in figure 3.5 D, we
can see that there is a gradual increase in the levels of PHOS over time in the wild-type,
whereas the increase in the expression levels seems more sudden in the mutant. This
could be because the exposure of both Pho4 binding sites might make it easier for Pho4
to bind its site upon nuclear localisation, leading to an increase in the expression of
PHOS.
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Figure 3.5|The panel in figure 3.5 A shows the images of the suppress 1 mutant strain cultured in
phosphate rich and phosphate free media respectively. Z-stacks were acquired in each case and the
panel is a max projection derived from the Z-stacks. The green signal is from the expression of MCP-GFP
protein and the punctae represent the transcribed PHO5 mRNAs. The panel in figure 3.5 B represents
some time points from a 6 hour time lapse. Individual time points have been mentioned on each image.
The green signal is from MCP-GFP whereas the punctae represent transcribed PHO5 mRNAs.The data
shown in figure 3.5 A and B was generated with Tom Kleist. The dot plot in figure 3.5 C shows the live
imaging data from the time lapse. Each dot in the plot represents a cell. The x-axis shows the time in
hours and the y-axis shows the number of punctae detected per cell. The cells which did not show any
punctae have not been shown in the plot. The line plot in figure 3.4 D, represents the mean number of
punctae detected per cell for a particular time point. The x-axis shows the time in hours and the y-axis
shows the mean number of punctae detected per cell. The line plot in figure 3.5 E, shows the mean
number of punctae per cell for a particular time point in the wild type and the suppress 1 mutant strain.
The yellow line represents the data from wild type and the blue line represents the data from the suppress
1 mutant strain. The code which has been used for quantifying the punctae has been developed by
Cathy McKinney.
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Chapter 4
Discussion

In this study we showed that BPReveal, a convolutional neural network, can be used to
learn the sequences important for determining nucleosome positioning in S. cerevisiae.
Studies in the past have shown that polyA sequences are important in creating NDRs
but these studies were usually limited to polyA sequences of a certain length
(consecutive number of Adenine bases). The high prevalence of polyA sequences in the
genome, combined with multiple permutations and combinations with respect to the
number of consecutive Adenine bases, makes it difficult to consider all possible
sequences.The deep learning approach used in this study helped solve this problem as
we were not restricted to polyA sequences of a certain length. This enabled us to
identify and map polyAs that play a crucial role in determining nucleosome positioning
genome- wide and in an unconstrained and unbiased manner.

PolyA sequences are known to affect nucleosome positioning due to their biophysical
properties and interaction with chromatin remodelers. Here we looked at 4 chromatin
remodelers Isw1, Chd1, Swr1 and Rsc. As shown in figure 1.1 B and 1.2 A, the NDR
length decreases in 1.1 kb window across mapped polyA motifs in the RSC mutant. We
also saw that contribution scores of the polyA motifs generated by BPReveal correlate
with the extent of perturbation in nucleosome positioning as summarised in figure 1.2 G.
This shows that the model indeed learns the rules guiding nucleosome positioning and
can hence be used to study nucleosome positioning in S.cerevisiae and possibly other
model systems where these rules are not well understood. We also saw that the regions
with wider NDRs and higher extent of nucleosome perturbation in the RSC mutant often
seem to have more number of model mapped polyA sequences in the 400 bp window
as shown in figure 1.2 H. This suggests that there could be some cooperativity between
multiple polyA sequences which leads to different NDR widths and differential RSC
activity.

Figure 1.2 D, F showed that there is weaker phasing in the Isw1A and Chd1A mutants
in the 1.1 kb window across mapped polyA motifs. Weaker nucleosome positioning is a
global phenomenon which has been reported for Isw1A and Chd1A mutants in the past.
Since the nucleosomes flanking the NDR or the NDR itself are not affected, it is difficult
to comment on whether the activity of these remodelers is associated with polyA
sequences or not. The -correlation between contribution scores and extent of
nucleosome perturbation, which was seen in the case of RSC mutant, was not seen in
the case of Isw1A and Chd1A, further suggesting that their activity is probably not
dependent on polyA sequences. However, BPReveal models can be trained on Isw1A
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and Chd1A mutant MNase-seq data to discover other sequences which could be
mediating the roles of these remodelers.

Previous studies have shown that nucleosome positioning plays an important role in
regulating different aspects of gene expression. In the case of some special loci,
nucleosome positioning is seen to influence the capability of a gene to alter its
expression based on changing environmental conditions. The role of nucleosome
positioning in regulating gene expression has been best demonstrated at the PHO5
locus where 4 well positioned nucleosomes have been shown to be instrumental, but
there are very few such loci where this has been characterised. This is because
perturbing the position of 1 or 2 nucleosomes at a locus in a controlled manner is
complicated. A nucleosome is a complex associated with 147 bp of wrapped DNA and
variable length of linker DNA, so it is difficult to predict the effect of mutating DNA
sequences on the positioning of that nucleosome and other nucleosomes in the vicinity.
Since BPreveal can accurately predict MNase-seq profiles in a genome wide fashion,
we decided to use it as a tool to design synthetic sequences in order to perturb
nucleosome positioning in a directed manner.

In order to test whether BPReveal can be used to design sequences which lead to a
desired nucleosome perturbation, we decided to use PHOS5 as the model locus to
achieve two configurations, 1) both Pho4 binding motifs are exposed and 2) both Pho4
binding motifs are covered. As shown in sections 3.3.1 and 3.3.2, one out of the two
sequences which were tested achieved the desired nucleosomal conformation where
both Pho4 motifs are covered. However, the perturbation in the positioning of the
nucleosomes in the entire 1kb window near the PHO5 gene body was higher than
expected. As shown in section 3.3.3, the sequence tested to achieve the nucleosomal
conformation where both Pho4 motifs are exposed worked very well. The resultant
MNase-seq profile showed that there was a shift in the -2 nucleosome such that both
the Pho4 motifs were exposed. The positioning of all the surrounding nucleosomes was
almost unperturbed and this was achieved by just making 3 point mutations. The results
of the three tested sequences hint that the model-designed sequences work better
when the site of mutation is closer to the nucleosome we want to perturb. They also
suggest that lowering the number of allowed point mutations can help in making sure
that the positioning of the other nucleosomes is not affected.

In order to look at the effect of nucleosome perturbations on the expression of the
PHO5 gene, we decided to employ the MS2-MCP based mRNA detection system. This
system can allow us to look at different aspects of gene expression like induction
kinetics, transcription burst, steady state expression levels and so on. When we imaged
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the wt BY4741 PHO5 24xMS2V6 MCPNLS strain in phosphate-rich and phosphate-free
conditions, we saw an increase in the number of puncta appearing over time,as shown
in figure 3.4 E. We could also visualise transcriptional bursts where a lot of puncta
would appear at certain time points. The quantification of the signal showed that the
PHO5 mRNAs quantified using this approach follows similar trends as other reporter
assays, indicating that this system can be used to further characterize PHOS expression
in mutants where nucleosomes are perturbed.

While the overall trend in expression was as expected, there are a few unexpected
observations which need to be addressed. Ideally, there should not be any puncta when
the cells are grown in phosphate-rich media, but during our imaging, we saw that cells
tend to have around 2-3 puncta even when grown in phosphate-rich conditions. Based
on the RNA-seq data from untagged wild-type strain cultured in YPD, it looks like there
is indeed a basal level of expression in the absence of phosphate starvation. Such
basal levels of expression are consistent with the puncta that we saw in cells grown in
phosphate-rich media.

Since the trend of PHOS expression in wild-type was as expected, the next step was to
characterise the effect of perturbing the nucleosomes on PHOS expression. We decided
to start with the suppress 1 mutant, where both Pho4 motifs are exposed. When we
imaged the cells growing in phosphate rich conditions, we saw that these cells had
more puncta as compared to the wild-type. This suggests that exposure of both Pho4
sites might be causing an increase in the leakiness of PHOS5 expression in
phosphate-rich conditions. The time lapse data in figure 3.5 C,D show that there is a
sudden increase in the levels of PHO5 expression on phosphate starvation in the
suppress 1 mutants. Figure 3.5 E also shows that the levels of PHO5 increase gradually
in the wildtype strain, whereas in the suppress 1 mutant strain, the increase is more
sudden. The pattern of PHOS expression in the mutant suggests that on phosphate
starvation, the exposure of both sites is making it easier for Pho4 to bind its sites,
resulting in increased PHO5 expression.

Another possible factor which could be contributing towards the increase in PHO5
expression in the suppress 1 mutant is the introduction of the Abf1 motif. However, Abf1
is not a classical transcriptional activator, but is involved in regulating chromatin
architecture by creating a NDR and positioning nucleosomes. Previous studies have
associated Abf1 with both repression and activation in a context dependent manner
(Miyake et al., 2004). This suggests that the introduction of an Abf1 motif in the coverall
and the suppress mutants is not activating per se but that its effect may depend on
whether it covers or exposes a Pho4 site. Analyzing these mutants in more detail could
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therefore provide an opportunity to corroborate such nucleosome-mediated
mechanisms of gene regulation.

Previous studies and our results in section 3.1, 3.2 show that polyAs are also involved
in creating NDRs and positioning nucleosomes. This similarity in function with Abf1
suggests that polyA sequences could also play a similar role in gene regulation, which
has been missed due to their complex nature. We can leverage BPReveal to design
mutations such that a polyA is replaced by an Abf1 motif and vice versa to further
explore their role in gene regulation.

The coveralll mutant described in section 3.3.1 also gives us a chance to understand
how PHOS expression gets affected when the strength of nucleosome positioning
decreases. This is particularly important from a mammalian perspective, as mammals
exhibit tight gene regulation despite the absence of well positioned nucleosomes. This
clear gap in understanding presents an opportunity to characterise previously unknown
mechanisms by which fuzzy nucleosomes could be involved in gene regulation.
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