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.  ABSTRACT

Chromatin is the defining feature of the eukaryotic genome and is essential for survival. The basic
units of chromatin are abundantly present and are referred to as nucleosomes. These nucleosomes
FNBE 2F0Sy RSaAaONAROGSR | YR @ huedsr fuditebBadslod a i@ I R &
nucleosomes are not randomly scattered across the chromatin, but are generally well positioned in a
stereotypical pattern. This pattern is characterized by a nucleosome free region (NFR), followed by a
regular patterng or array¢ of nucleosomes which are typically phased relative to a defined genomic
location. The organization of nucleosomes allows for controlled gene expression and is therefore
regarded as a key regulatory element. A major influence on the position déosmmes are ATP
dependent chromatin remodelers. These remodelers may work synergistically or antagonistically and
often take redundant roles in positioning nucleosomes throughout the chromatin landscape.
Mutations or deletions of these remodelers can ldadyenome instability, loss of array regularity or
diminished phasing, thus increasing heterogeneity in the chromatin landscape. Besides remodelers,
other minor factors such as the inherent DNA sequence and general regulatory factors (GRFSs)
influence thechromatin landscape. Moreover, the chromatin landscape adrafependent(healthy)

cells and genomic locations may be altered or vary significantly as a result of the cell cycler stage o
genome replication. Due to the plethora of different factors thamh &g of influence, it is difficult to
dissect how the chromatin landscape is shaped.

In this thesis, we investigate generation and heterogeneity of the chromatin landsc8peérevisiae

To this end, weénitially developeda novelsequencingapproach hat allows us to probe the location

of nucleosomes on a single chromatin fiber. We show that this approach provides several unique
insights allowing us to determine cédl-cell heterogeneity and which factors attribute to array
regularity. Moreover, we fmvide a detailed description of experiment procedures and analyses that
result in optimal reproducibility, accuracy and throughput.

We applied our novel approach to initially investigate the rDNA ifogiivoand utilized our high
throughput and accuracyotscrutinize previous observations on these loci. Our results find a similar
dichotomy in the chromatin landscape, but do not agree with the transcriptionally independent
character proposed previously. As our approach could uniquely detect the heterogehaitividual
chromatin fibers, we investigated the underlying regularity of arrays that watkkerwise be
classified as irregular using traditional techniques. We find that despite a lack of phasing, nearly all
arrays display a high regularity in wilgbe cells. Similarly, previous findings suggested that lack of
ISWI and CHD remodelers would result in unphased arrays, but could not definitively provide evidence
for a lack of regularity. Here, we show direct evidence that deletion of these remodekulis in
unphased and irregular nucleosomal array¢e further investigatein vitro findings suggesting a
WOt I YLIAYAQ Y2RSt Ay HKAOK NBY2RStESNJ FOGAGAGE
Comparison of computational modeling with anrvivofindingsdo not support this model. In support

of previous findings by our lab, we identify that INO80 is a bona fide spacing remodeler. We further
provide preliminary evidence that this novel approach can be used to detect strain variants in order
to sensitvely detect global changes in nucleosome occupancy.

In the final chapter of this thesis, we investigate the spacing mechaofigme ISWI remodeler utilizing
our sequencingpproachin combination with arin vitro chromatin arrayPrevious findings in our lab
have demonstrated the ability to investigate the kinetiok the remodeler usingthis array in



combination with a restriction based assdyowever,these results daot provide details on the
remodeling process and how nucleoses are moved on a single fiber. To this end, we first designed

a novel DNA template containing multiple Widom 601 sequences and linkers optimized for our
sequencing approacthlhese optimizations would allow for accurate determination of nucleosome
positions before and during remodelin@ur findings suggest that these arrays dam efficiently
chromatinized by salt gradient dialysis (SGD) and that remodeling can be performed as previously
described. In our preliminary findings we validate that the optiniiaes to the DNA template have a
potential to improve accuracy in determining the nucleosome position.

Taken together|n this thesisl documentthe technological advancemenend novel, previously
unobtainable, insightshat characterize theS. cerevisiachromatin landscapeFurthermore these
findings laythe foundation for future studies to apply an analogous approach on more complex,
multicellular organismand identify how chromatin regulates life



. ZUSAMMENFASSUNG

Eukaryotische Zellen verpacken durschitzen ihre Erbinformationen mit Hilfe von Chromatin.
Chromatin ist fur diese Zellen Uberlebenswichtig. Nukleosome sind die Grundbausteine des
Chromatins. Sie sind entlang der DNA wie Perlen auf einer Schnur positioniert. Die Nukleosome sind
jedoch nitit etwa zuféllig entlang des Genoms verstreut. In der Néhe der Startstelle fir die
Transkription befindet sich im Allgemeinen eine nukleosomenfreie Region (NFR). Diese wird gefolgt
von vielen Nukleosomen, die in sehr regelmafRigen Abstanden angeordnef\snd.man dieses sog.
Nukleosomer) ! NIwlvérsehiedenen Zellen kartiert, bemerkt man, dass es sich an erstaunlich
ahnlichen Stellen befindet. Man spricht in dem Zusammenhang von einem phasietteN NDiese W
stereotype Organisation von Nukleosomen égticht die Kontrolle der Genexpression und wird
daher als ein wichtiges regulatorisches Element angesehen.

Einen groRen Einfluss auf die Position von Nukleosomen haberal?iBiRgige Chromatin

v S Y 2 R Ehzime Diese Enzyme kdnnen synergistisch odaganistisch zueinander wirken und
Ubernehmen haufig redundante Rollen bei der Positionierung von Nukleosomen im Genom.
Mutationen oder Deletionen dieser Enzyme koénnen zu Instabilitdt des Genoms, zum Verlust der
Regelmafigkeit der Nukleosom#éh! NNaket ZuWerminderter Phasierung fihren, wodurch die
Heterogenitat in der Chromatinlandschaft erhoht wird. Nebigw S Y 2 Rieéirfluddenlandere
Faktoren wie die DN&Sequenz und Allgemeine Regulatorische Faktoren (GRFs) die
Nuklesomenlandschaft. Die Nukleosamemndschaft kann zwischen verschiedenen Zellytpen oder in
Abhéangigkeit des Zellzyklus variieren. Aufgrund der Vielzahl unterschiedlicher Einflussfaktoren ist es
aber schwierig, die Biogenese der Chromatinlandschaft zu analysieren.

In dieser Arbeit untersuchen wir die Biogenese und Heterogenitat der Chromatinlandschaft in
Saccharomyces cerevisiaeZu diesem Zweck haben wir zunachst einen neuartigen
Sequenzierungsansatz entwickelt, der es uns ermdglicht, die Lage von Nukleosomeneauf e
einzelnen Chromatinfaser zu untersuchen. Wir zeigen, dass dieser Ansatz einzigartige Einblicke in die
Nukleosomenorganisation der DNA bietet. Er erméglicht es uns, die Heterogenitat von Zelle zu Zelle

zu bestimmen. Auch kénnen wir feststellen, weléhg’ T @ YT {1 12 NSy RA S NN R2RIW NI
hervorrufen. Wir beschreiben detailliert die Versuchsablaufe und Analysen, die zu einer optimalen
Reproduzierbarkeit, Genauigkeit und hohem Durchsatz fiihren.

Zuerst wendeten wir unsere neuartige Technik an, dem rDNALocus zu untersuchen. Unsere
Ergebnisse bestétigen eine zuvor beschriebene Dichotomie in der Chromatinlandschaft dieses Locus.

Sie stimmen jedoch nicht mit dem vorgeschlagenen transkriptionell unabh&ngigen Charakter einzelner
rDNAWiederholungseiheiten Uberein. Des Weiteren nutzten wir unsere Technik um die
Heterogenitat von Nukleosomeii ! NNJ 8 8W 1 dz 6Sa0AYYSyd | ASN) F21 dza a
Regionen im Genom, die mit traditionellen Techniken als unregelmafig klassifiziert wurden. Wir
stellten fest, dass trotz fehlender Phasierung fast alle diésér NINd Wildtipzellen eine hohe
RegelmaRigkeit aufweisen. Zellen, denen KWt CHERemodeler fehlen, besitzen hingegem
GFGaNOKE A OK ! dJUNdE AiGHE adffelldnBeSRisiérung zuriickgefiihrt werden kénnen.

Des Weiteren untersuchten wir, inwiefern die Reduzierung der Nukleosomendichte die Arbeit von
OwSY2 RSATAYYASW o06SSAYyFEdzaadad bl OK RSNI OYESYYSyw ¢K
die  Nukleosomenabstdnde  hit beeinflussen. Unsere  Ergebnisse, gepaart mit
Computermodellierungen, deuten aber auf einen nur schwachen Beitrag dieser molekularen



v

Yt SYYSYyW KAyod !'yaSNB 9NHSoyAraasS adaNiGl Sy KaAy3asa
ein Remodeler ist, der eén regelmaligen Abstand zwischen Nukleosomen einstellen kann. Mit Hilfe

einer Variante unserer Technik kdnnen wir zwei verschiedene Hefestimme miteinander mischen und
dadurch gleichzeitig analysieren. Vorlaufige Ergebnisse zeigen, dass wir so globadeNegen der
Nukleosomendichte héchst sensitiv detektieren konnen.

Im letzten Kapitel dieser Arbeit untersuchen wir unter Verwendung unseres Sequenzierungsansatzes,
wie ISWIRemodeler regelmalige Abstdnde zwischen Nukelsonmervitro einstellt. Frihere
EASoyA&aasS | dza dzyaSNBY [ Iw® W2 RRXKioadymiwaisemis vl = R & :
rekonstituierten Nukleosomefi ! Nl Kdmbination mit Restriktionsendonukleasen untersucht
werden kann. Diese Ergebnisse liefern jedoch keine Details zum Reerodeiiprozess und wie
Nukleosomen auf einer einzelnen Faser bewegt werden. Zu diesem Zweck entwarfen wir zunachst
eine neuartige DN/&Sequenz, die mehrere Widom 60lukleosompositionierungssequenzen enthalt,

die flr unseren Sequenzierungsansatz optimiertdrem. Diese Optimierungen sollen eine genauere
Bestimmung der Nukleosomenpositionen vor und wéhrend iiles S Y 2 R &indglicti@ Wnsere
Ergebnisse zeigen, dass didseNNJdérch Balzgradientendialyse (SGD) effizient chromatinisiert
werden kénnen und ass das ISWI diede NN.&l€ Sulsstrat verwenden kann. In unseren vorlaufigen
Ergebnissen bestéatigen wir, dass die Optimierungen der DNA Sequenz das Potenzial haben, die
Genauigkeit bei der Bestimmung der Nukleosomenpositionen zu verbessern.

Insgesamt dlumentiere ich in dieser Arbeit die technologischen Fortschritte und neuartigen
Einsichten in die Chromatinlandschaft vBn cerevisiaeDartber hinaus legen diese Ergebnisse die
Grundlage fiir zukiinftige Studien, um mit Varianten unserer Technik Chrorkamiplexerer,
mehrzelliger Organismen zu untersuchen, in der Hoffnung, besser zu verstehen, wie Chromatin das
Leben der Zelle reguliert.
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1. INTRODUCTION

First identified in the late century by W. Flemming, the DNA of eukaryotic organisms is packaged
into a macremolecular structure referred to as chromaiiilemming, 1882Here, he discovered that

a certain substance in the cell nuclemsuld stain when a dywas added, and hence referred to it as
YOKNRB Y GAYQ T NEWmadKiBeqehtBi&dverigs2odeRthe next century, identified
that histones(by A. Kossein 1911 and nucleic acidgby F. Mieschein 1871 were the main
components that made up chromatiGeven decades lateili, KS G SN Wy dzOf $S242YSQ
the basicrepeatingunit of chromatin(Oudet et al., 1975)These nucleosomes were observed as
Heads2y I aAGNAYIQ 0 & co&ihg3he iemtidefigthYoh cbrbi@atinGiBetgdlins and
Olins, 1974; Woodcock et al., 1978pgether with nuclease digestioand crosslinking data, it was
determined that these nucleosomes consisapproximately 200 bp of DNA and four distinct histone
dimers (Hewish and Burgoyne, 1973; Kornberg, 1974; KornbedyTdnomas, 1974)Two decades
later, ahighresolutioncrystal structureevealed a detailed insight into the nucleosofheiger et al.,
1997) This structure consisted of the canonical histone dimers (H2A, H2B, H3 and H4) wx#pped
146 bp of DNALn the genomethese nucleosomes are connected by linkBNA, which can be of
varying length depending on the cell, cell type or organi¥ime roleof nucleosomes DNA and
chromatin in eukaryotic organismss a well-studied but often poorly understoodield, that is
pertinent to understanding life igeneral.

1.1. FRundamental features othromatin

Chromatinis a complex, dynamic and heavily regulated part of any eukaryotic orgaDe&spite its
surrounding complexityit is defined by a few key features. Here, | will first describe these features
and theirrole.

1.1.1.The canonical nucleosome and its variants

A canonical nucleosome consists of two distinct components. The nucleosome core particle (NCP) and
a celitype and/or species variable DNA linker of8®bp.The NCP itself consistsadht, evolutionary
conserved,histones (H2A, H2B, H3 and Ha8igurel.11A). Each of the eight histondsave a similar
WKA&alG2yS Tehski@f threg indlices widk fadilitate the dimerization of H2A to H2B and

H3 to H4(Arents and Moudrianakis, 1995)he H3/H4 dimers may further form tetramers which
subsequently interact with two H2A/H2B dimers to form ttenonicalhistone octamer of the NCP
145-147bp of DNAwraps inapproximately 1.65, lefhanded, supehelical turns around the octamer
(Davey et al., 2002; Luger et al., 199Me center of the NCP is defined by a psetdafold axis and

is often referred to as the nucleosome dyad. Contacts between the DNA and the histone octamer
occur at regular intervals through direct Dig#otein interactions(Davey et al., 2002)

Starting from the nucleosomayad, the interactions between DNA and histone octamer are defined
as super helical locatiofsHL) 0 t&7 in 10 bp stepsSites wherghe major groove of DNA interacts
with the octamerare defined as SHE1 to+7 and ninor groove interactions are definems SHL +0.5

to +6.5. Notably, hteractions are not energetically identical at each $Hkll et al., 2009)Strongest
interactions are found at the dyad, whereas weaker interactions are found at the/ertirgite or at
SHL+2.5 to facilitate (asymmetric) unwrapping as binding sitefor remodeling enzyme@~arnung

et al., 2017; Kono et al., 2018; Liu et al., 2017; Zofall et al., 2006)
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Figurel.1.1  High resolution structure of the nucleosome core particle (NCP)

(A) Left: Top view of the nucleosome core particle consisting of human-agibbite DNA andecombinan
Xnopus laevisistones. Only one of each histone and half of the DNA is sHeaai component is colot
individually. Values on outside represent sulpelical loops starting from the dyad (0). Right: Side view
eight histones and full length of DNA is shown. NCP axis shows the pseufddtaris. Protruding from tt
sides @e the histone tails, of which one is indicated by arrows. Figure adaptedfemey et al., 2002

Thecharacteristic distike shape of théNCP is approximately 5in tall and 11nm wide. Protruding
FNRY (GKS YIAYy o062Reé 2F (GKS b/t ‘ehidhal ozifistonesHEH4dzNS R
and H2B and @&rminal of histone H2ASuchtails may beposttranslationallymodified to provide

targeted binding sites for other proteins, stimulate the activity of bound proteins oresut in the
(re-)structuring of higher order chromatin (reviewedReterson and Laniel, 2004)

Canonical histones cdre exchanged for histoneariants In S.cerevisiaat is often observed that the
canonical H2A is replaced by the H2A.Z variBefetion of this noressential histone results in
defective transcriptional activation and silencirig. centromeres, histon¢d3 is replaced by Cse4,
which is essential andesults incell cycle arrest when inactivatg®toler et al., 1995)Lastly, in
transcriptionally inactive chromatin, referred to as heterochromatin,often find histone H1The H1
histone binds20 bp oflinker DNA bringing the NCP entry/exit sites together, thereby stabilizing the
nucleosome and aidinig the silencing of the DN@lamiche et al., 1996Yogether with the NCP, this
structure is called the chromatoson{8impson, 1978)These histones are less conserved compared
to the canonical histones, but are abundant in the heterochromatin of higher organi®©mganisms
such asS. cerevisiabave little to no inactive or gerpoor DNA. The homolog of histone H1, Hhol, is
thereforein low abundancend deletion does not affect the cell in any meaningful {Ratterton et

al., 1998)

1.1.2.Levels of chromatin structure

The most basic and wethown structure of the chromatin landscape is the-rid fiber (Figure
1.1.2A). Thisstructure consists of several NERonnected by linker DNA and is often also referred to
4 GKS Wo6SI R& okag ahucledsbrivdh afrflins ¥r@l RIS, 1974; Woodcock et al.,
1976) How the 16nm fiber is organized into a higherder structure such as the 3@m fiber, is
debated and may bsalt concentration dependenEarlier observations based on electron microscopy
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Figurel.1.2  Levels of chromatin structure

(A) The 10 nm nucleosome fiber is the lowest levelhoomatin organization. Shown are two individual fil
consisting of nucleosomes (yellow) linked by DNA (red) under no salt condiBphke subsequent level
chromatin organization is the 30 nm fiber, found during interphase. Under low salt iomsdig1mM MgGlor
<100mM NacCl) it is suggested that the 30 nm fiber can form either (or both) of two distinct fiber organi
a solenoid or zigzag. At physiological salt conditions it is argued that an unstructured organization is {&
The fighest level of chromatin organization is the chromosome during the mitotic phase. One sister chrc
approximately 700 nm in width. Two models with varying supporting evidence have been prop
hierarchical model in which progressively shapegeiachromatin structures, and a radial loop/scaffold m
which relies on condensing as a core around which unstructured 10 nm fibers form. All figur€$ adélpte
from (Maeshima et al., 2014)

suggested a solenoid structure, where nucleosomes are neatly oeghsideby-side(Finch and Klug,
1976) Alternativelyazigzag structure was proposed in which nucleosomeslamorganizedeatly,
but further arrange as a helical ribbdWoodcocket al., 1984) Both of these observations aunder
scrutinyas more recent findings suggest that suchn®@ fibers only occur unden vitro low-salt
conditions or in highly specific cell typefere they may play a role in gene silenc{ngviewed in
Hansen, 2012Scheffer et al., 2011; Woodcock, 1994pre recent models posit model in which the
10-nm fibers are dynamically and irregularly folded into a higher order chromatin struthate
resenblesaliquid-like structure(Maeshima et al., 2010, 2014, 20(Ppurel.1.2B).

Regardlesghe (lack of)chromatinorganizationat nonmitotic cellcycle stage is overshadowed by
the welkknown organization of chromosomes during interphasgiich can be seen by tyail light
microscopy The underlying mechanism by whitiis organization occurs slsodebated.Onemodel,
NB T S NNNEB R hidiaZchidalid S fi KSI ¥ T propRskes/tht thednkePliase chromosome is
progressivelyhaped in four distinct step3hese steps start with a 30 nm fiber folding into a 100 nm
fiber and subsequently into a 200 nm fiber until a typical chromosome is fo(Bedthont and Bruce,
1994; Belmont et al., 1987; Sedat and Manuelidis, 19XIf¢rnatively, abdial loop/scaffold mode€?
posits thatirregularly foldedl0-nm fibers organize around a central condensing oigurel.1.2C)



This core serves as a scaffold along which tharhi(fiber attaches in an irregular patte(iirny et
al., 2019; Nishino et al., 2012)

1.1.3.The typical chromatin landscaperganization

Despite thedebateon the formation ofa~700-nm chromosome that is visible by light microscopy, it
is clear that this does not happemithout some form of regulation. Similarly, the organization of
nucleosomes on the 1Am fiber is not randomHow these nucleosomes are distributed and
positioned results in a highly typical chromatin landscape. First indications of an organized distributi
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Figurel.13  Nucleosome regularity, phasing and spacing on the chromatin landscape

(A) Typical result of a limited micrococcal nuclease (MNase) assay. Digestion increases in accord
increased enzyme concentration when chromatin is incubated for similar durations. DNA is isolated and
by agarose gel electrophoresis and ethidibromide staining. At lower concentrations (lang)Xrinucleosom
fragments can be observed (octamer and DNA, yellow and red, resp.). At elevated concentratic
mononucleosomabands remain (lane 5). Note the continuous decrease in mononuclebbsanthsize inhere
to MNase digestion. Based on the location of the bands, a global nucleosome repeat length (NRI
estimated. Nucleosome fiber adapted fravieeshima et al., 2014(B) Result of an MNasseq experimet
showing the typical distribution of a genic nucleosome array when data is aligned to the +1 nucl
Upstream of the +1 nucleosome we find a nucleosome free region (NFR), which typically contains the
decrease in peak amplitude implies a glolmaiability of regularity within the gene body. MNaseq composil
plot adapted fromSingh and MuellePlanitz, 2021 (C) A theoretically perfect phased array has the
nucleosome at a defined locatiqdashed line) and all subsequent nucleosomes equally spaced down:
Such perfect organization does not exist in nature, but close approximations can be found. Shown ise
data for the YOR142W gene. Nearly all nucleosomes are at defined loagiomicated by the distinct pea
In' S. cerevisiaé is relatively common to find an organization as shown here. Figure adaptedSimgh an
MuellerPlanitz, 2021(D)A less common occurrence is shdamthe YHR174W gene. MNaseq data sugges
cannot discern the locations of the nucleosomes. From this type of data, it is unknown whether the ui
chromatin architecture is unphased but regular, or irregular in general. Figure adapte&ingim and Muelle
Planitz, 2021



were observed by the digestion of chromatin using endonucleases. These endonucleases digest
preferentially linker DNA, resulting in individual nucleosoif@ark and Felsenfeld, 1971; Hewish and
Burgoyne, 1973; Noll, 1974\hen the digestion iperformed for a limited time owith a limited
endonucleaseconcentration,equally spaced DNA bands were observed after gel electrophoresis
(Figure1.13A). These sea t SR W5b! I RRSNEQ &dzZ33Said GKIFG GKSE
nucleosomesBy observing such DNA laddatsvaslater deduced that the nucleosomal repeat length

(NRL) foS. cerevisiais on averagel65 bp. These 165 bp consists o7 bp of nucleosmal DNA and

an 18 bp linker However, the NRL varies between species, cell types and even transcriptional states

within the same celChereji et al., 2018; Lantermann et al., 2010)

Over time, the digestion of chromatin using heases has been refine€urrently a micrococcal
nuclease(MNase)isolated fromStaphylococcus aureus used (reviewed ifelford and Stewart,
1989) This enzymen combination with sequencing methods used todetermine the location of
individual nucleosomesn the chromatin(MNaseseq) Utilizing the positional information &fingle
nucleosoms, each one can be aligned to the transcription start site (TSS) of individual (fémne®
1.1.3B). Combining the information of all locatioasd al genesresults in secalled composite plots.

From these composite plotgenerated by utilizing e.g. MNaseq data,it was identified that
upstream of thet1nucleosome aucleosome depleted/free region (NDR/NFR, hereafter referred to
as NFRis formed The NFR width is demarcated hy @pstream-1 nucleosome. Downstream of the
+1 nucleosome we find a regular repeating pattefmucleosomesThe distances between the peaks
defines the NRLof a gene or locus. Globally this NRLsimilar to what was obseed in gel
electrophoresis experiments. What is moreover apparent from theseposite plots is that the
underlyingregularityis phased, i.e. the array starts at a defined locatitypically close to the TSS
This observation holds true for the genomédes average, but is not necessarily true for individual
genes. When probing thiecation of nucleosomes at individual genes, we find that the profile can be
similar to the global composite plot. This suggests that this gene has a regular and phasédguray
1.1.3C).In stark contrastit isimpossibleto define the state of an array for genes thdd not display
such profiledue to the limitations of MNasseq(Figurel.1.3D). In this thesis | will provide a novel
approach(Chapter 1}o elucidate thisssue(Chapter2).

1.2. Establisitment androle of nucleosomearrays

Thenucleosomal organization in eukaryotssnot random but is cell and/or species specifidany
factorsregulate and influence the position and thus shape the chromatin landscape. Understanding
howtheyfunction is key in understanding eukaryotic life. Here, Imdlide an overviewf the factors

that shape and maintain the chromatin landscape.

1.2.1.Sequenceantrinsic determinants for nucleosome positioning

DNA, one of the fundamental features of chromatin, has beedisdin vitroandin vivoto determine
whether its intrinsic properties can influence the position of nucleosoffégurel1.2.1B, step 1)
Certain sequences wrap around a histone octamer with higher efficiency compared to.dtbers
example, it was established that poly(d&) and poly(d€iC) dinucleotides wgaaround the octamer
much easier compared to stretches of poly(g)y(dT) and poly(d&joly(dT) (Rhodes, 1979;
Simpson and Kunzler, 1979 ore specifically, Y utilizing 177 different DNA fiber,was identified



that the minor groove of the DNA that faced inwatdghe histone octamerpreferentially consisted

of AAA/ITTT or AAT/ATT nucleotidSsitchwell et al., 1986More recently, it was shown than vitro
reconstituted salt gradient dialyzed (SGD) chromatin repels nucleosomes when lengthy poly(dA)
poly(dT)stretches were usedlhe intrinsic ability to keep DNA free of nucleosomes may be especially
important in organisms such & cerevisiathat havepoly(dA}poly(dT)stretches at NFR#&nderson

and Widom, 2001; lyer and Struhl, 1995; Zhang et al., 2011)

1.2.2.Passive regulation of nucleosome position by general regulatory factors (GRFS)

NonATPase dependent factorsrfaer aide in shaping the chromatin landscape. General regulatory
factors (GRFs) such as Abfl, Rapl and Reb1 have specific DNA binding motifs, often located in the NFR
(Figurel.2.1B, step 2). Due to the lack of an ATPase domain, they physically exclude the possibility of
nucleosome assembly or transcription factor bind{i@&utin et al., 2018; Wu et al., 2018hdeed,

depletion of the (often) essential GRFs results in a shift of nucleosomes over the bind{rgbiteet

al., 2015, 2018)GRFs recruit and physical interact with nucleosomeodsters such as R$@Wu et

al., 2018) In vitroresults indicatehat Abfl in combination with remodelers such as CHD, RSC and
ISWI improve the position of the +1 nucleosome to near native s{itéstenstein et al., 2016Yhus,

GRFs play an important role in establishing the chromatin landscape.

1.2.3.Active regulation of nucleosome position by A¥fependentnucleosome remodelers

ATRdependent nucleosome remodelers can be subdivided into four families, classified by their
ATPase subunit: ISWI, CHD, INO80 and SWIM3igF. roles include nucleosome spacing, sliding,
phasing, eviction and histone variant switcpi Common across all the remodelers is a catalytic
subunit with two RecAike ATPase lobesThe mechanism by which the Relike lobes meoe
ydzOf $S2432YSa8 Aa 3IASYySNIftfte AAYAfTINIIFYR RSaONAROSR
of ATP changethe conformation of lobes. This drives the translocation of DNA-®YA for each
hydrolyzed ATRHowever, the exact details remain obscured and may be different for each remodeler
(reviewed inClapier et al.2017) TheATPase suburstare able tdunction independentlyalbeit in
slightly different methods)but typicallyfulfill their role as part of a multsubunit complexn vivo
(Dechassa et al., 2012; McKnight et al., 20DBpending on the type and number of associated
subunits, specificrole(s) for each complermay vary(Table 1)

Tablel Overview ofS. cerevisiagemodeler families, features and functiong he ATPase is the
catalyticsubunit. Dgether with any additional subunits formcamplex.
Subfamily Complex ATPase Additional subunit(s) Function

ISW1la Iswl 1 Sliding, spacing
ISWI ISW1b Iswl 2 Sliding
ISW2 Isw2 1 Sliding, spacing
CHD CHD1 Chd1l - Sliding, spacing
INOSO INO8O Ino80 15 H2A.Z removal, sliding, spacil
SWR1 Swrl 14 H2A.Z incorporation
SWI/SNE SWI/SNF Swi2/Snf2 8¢14 Sliding, eviction
RSC Sthl 15¢ 16 Sliding, eviction



The ISWI familin S. cerevisiaés represented bywo homologs: Iswl and IswZhe homologs form

three remodeling complexes: ISW1a, ISW1b and ISW2. The ISWI remodelers-knowelfor their

sliding and spacing activitin vitro, ISW1a and ISW2 sliding results in the centering of a nucleosome
on the DNA.SWD does not have suatentering activityStockdale et al., 2006] he ability to center
nucleosomes is related to the capability to equally space nucleosdntzed, nenISW1a and ISW2

are incubated within vitro SGD chromatinhey generateregular arraysupon the addition of ATP
(Krietenstein et al., 2016)n vivqg deletion of the catalytic subuniSW1results in a reduction of
regularnucleosomal arraysDeletion oflISW2has little to no effecton the global array phenotype
(Gkikopoulos et al., 2011; Ocampo et al., 20H)wever, these studies also identified that deletion

of CHD1 the sole member of the CHD family has a drastic effect on the regularity of nucleosomal
arrays. In a comixt wherelSWL, ISW2and CHDXTemodelers were deleted, array regularity was worse
compared to a deletion of onl\sW1and CHD1(Gkikopoulos et al., 2011; Ocampo et al., 2016; Singh

et al., 2021)These findingéndicate that therds likelyaredundantfunction between the@emodelers,

which may not directly be clear from the deletion of a single remodeler. Moreover, the redundancy
suggests that the state of the chromatin landscape is highly important and does not depend on a single
remodeler.Lastly,theL { 2 Lk / I 5 NBY2RSt SNE KI @S 0SSpetwaedz3aIS a0 S
nucleosomegqFigurel.21B step 4) This clamping mechanism ensures fixed NRLs, despitble
nucleosome densities on the DNlAeleg et al., 2015The ability to keep nucleosomes relatively close

G2 2yS FY20KSNE |yR LINB@Syil | NnBb@vertimvanidddr Ay |y
WONE LIG A OQ (Figuxell. 1A)OTRB prdicesrgsults in assembly of the transcription initiation
machinery to bind and initiate transctipn at a different location than the defined TSS. Indeed,
deletion ofISWland CHDIemodelers was shown to increase (anti)sense transcrifi®mnolle et al.,

2012)

The SWI/SNF family consists of the SWI/SNF and RSC renibaelemodelers each have a different
but highly homologous, catalytic subun&dditional norcatalytic subunitf each complexcan be
shared amongst the two remodelevghilst others are unique to either remodeldBased on global
yeast expression levels i8. cerevisiaethe RSC remodeler ikighly abundant andfound in
approximate 16fold excess compared to the SMNF remodele(Ghaemmaghami et al., 2003)
Moreover, the RSCatalytic subuniis essential whereas SWI/SNFot, butcertain subunits of the
latter complex argCairns et al., 1996These remodelers are most known for their capability to slide
nucleo®mes away from the promotor NFR or evict nucleosoffikasbik et al., 2019Due to its high
abundanceand broad functiondepletion of RSC results in a global shift of the +1 nucleogumthe
NFR(Ganguli et al., 2014}t is suggested that this shift results in a reduction of transcription of the
affected genegKubik et al., 2018)Additionally, It haseen suggested that the RSC remodeler and
L{2ukL{2MI FINB Ay | Widza 27F oI WRPane & SNIAOIEKE L2 AaA
lower abundant SWI/SNF complex is mostly tbahhighly expressed genes where it cooperates with
RSQFigurel.21B, step 2 and 3Here, their combined function results in widened NFRs, presumably
to aide in robust transcriptiofRawal et al., 2018)

Last of the four remodeling families is INO80, which congfdt$O80 and SWR1 complexes with Ino80
and Swrl as the catalytic subunits. INO80 remodelers have the two characteristiikedoBes, but
are separated by a long insertion in this family. Besides their sliding adtitifg, been suggested that
the INO8O0 family remodelersllfill arolein theincorporation or eviction of H2A.Z. The SWR1 complex
exchanges H2A with H2AMizuguchi et al., 2004yvhilst the INO80 complez suggested (although
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Figurel.21 Role and establishment of nucleosomal arrays

(A) Regular and phased arrays generated by nucleosome remodelers favor regular transcription from tl
transcription start site (TSS). Irregular spacing of arrays may lead to cryptic transcription in the sense or
direction at nonnative TSS$B) Positioning of nucleosomes and the generation of a regular array depe
many factors. (1) DNA sequence can impose a favored position on the position of nucleosomes. (2) Tl
position is overwritten initially by several factors. Generatd a nucleosome free region (NFR) by GRFs
and SWI/SNF shift the +1 nucleosome away and into the gene body. (3) A tug of war occurs betwee
ISW2/INO80 which determines the ultimate location of the +1 nucleosome and sets the correctSj&8ir(
remodelers such as ISW1, Chdl and INO80 generate a regular array downstream of the +1 nucleoso
adapted fromSingh and MuellePlanitz, 2021

later contested to perform the opposite exchandBrahma et al., 2017; PapamichGhlronakis et al.,
2011; Wang et al., 2016; Watanabe et al., 20RA8)ditionally, thelNO80 complex has been shown to
slide nucleosome® the center of DNAn vitroand generate longeNRLsompared to ISWI and CHD
remodelers(Azmi et al., 2017; Udugama et al., 20IR9cent findings in our lab haviedicatethat
INO80 has a clear effeon array regularity and spacing vivoand that depletion leads to shorter
NRLs(Singh et al., 2021)These findings suggest th&lO80 functions as a spacing remodeler in
addition to its previously mentioned roleBespite being othe same family, SWR1 has not been
reported to haveany significansliding activityin S. cerevisig although short shifts within theounds

of the nucleosomal DNA have been repor{@&anjan et al., 2015; Singh et al., 2019)

1.3. Visualization of the chromatin lanscape through conventional and novel sequencing
techniques

I have outlined the typical characteristics of chromatin and the nucleosome landéigpesl.3.1A).
Thesernvaluable insights have been made possible through decades of studies utilizing a wide variety
of techniques. Despite best efforts, many of these techniques provide a snapshot of the chromatin
based on the average over many observations of different defisent technological advances have
made it possible to visualize the chromatin landscape on a saajlléevel, by utilizingraalternative
approach. | wilhow discuss certain specific techniques that have allowed us to study chromatin up
until now. The, | will discuss the recent advances and how | intend to use them in this thesis.



1.3.1.Conventionalmethodsin determiningthe chromatin landscape

The previously mentioned MNaseq method is presumably the most utilized technique to study the
nucleosome landscapat the time of writing. The functional enzyme in this technique is the
micrococcal nuclease (MNase) that is isolated f@taphylococcus aure@axel, 1975; Dingwall et al.,
1981) Importantly, this enzyme exhibits both endand exonuclease activity and preferentially
digests nomucleosomal DNANitially, MNase was paired withicroarrays (MNas&hip) to provide

high resolution maps of nucleosomésee et al., 2007Not much ater, MNase was combined with
next-generation sequencing techniquésiNaseseq)to improve throughput and improve coverage
(Schones et al., 2008Ppespite the broad use of MNase to probe the chromatin landscape, it is
important to understand that djestion with thissnzymeexhibits different kinetics dependent on the
concentration. Moreover, the enzyme hagasitive biador certain regions in the genomsuch as

the poly(dA)poly(dT}ich NFRIF YR Yl & RA3ISad 5b! makingWemdo@A f SQ y
difficult to detect(Chung et al., 2010; Mieczkowski et al., 2016; Xi et al., 20Ehaginghis bias may

be possible by implementiran orthogonathemical cleavage techniqtiegat does not use the MNase
enzyme(Chereji et al., 2018)An additional highly similar technique uses a DNase | endonuclease in
combination with nextgeneration sequencing (DNaseq) Similar to MNase, DNase | has an intrinsic
bias, and degrades certain DNA sequences and/or shapes more efficiently than (bthsasovici et

al., 2013) Taken together, MNasgeq, DNasseq and chemical cleavage all provide information on
the position of individual nucleosomes open chromatinby cutting the DNA and subsequent
sequencing.

With a similar goal to the techniques described above, the assay for transpasesssite chromatin
sequencing (ATASeq)techniqueinsteadmaps the accessible (i.aon-nucleosomal) instead of the
inaccessible (i.e. nucleosomal) DNA. To this, entlyperactive Tn5 transposase is used to insert
sequencing adapters into the accessible regions of the chror(Btienrostro et al., 2015)n essence,

the transposase cuts within the accessible DNA, adds 4opoed sequencing adapteafter which

the cut DNA gets amplified by PCR and sequenced. Together this provides a map of the open
chromatinand thus by invese, the location of inaccessible regioBsle to the reliance on accessible
DNA, ATAGeq resultscan be contaminated with 2880% mitochondrial DNAeads. Improved
methods implementing additional washing or CRISPR/Cas9 can prevent thiigses et al., 2017,
Montefiori et al., 2017)

The localization of chromatihound proteins such as histone octamers, but also RNA polymerases or
GRFs can be further detected by using a chromatin immpreoipitation sequencing approach (ChlP
seq). Here, instead of relyirgn an enzyme to digest the (in)accessible DNA, samples are sonicated to
physically shear the chromatibut MNase may added to reduce nroncleosomal DNAIbert etal.,

2007) Next, the chromatin is incubated with an antibody specific to the protein of interest (e.qg.
histone H2AXand immunopurified. The DNA within the resulting eluate is isolated and sequenced
using nexigeneration sequencingSeveral alterationso the standard ChH8eq protocol currently
exist to increase resolution such as Gake and SLINChIR(Gutin et al., 2018; Rhee and Pugh, 2012)

First steps to a nowdestructive sequencing nieod were madewhen bisulfite sequencing (B&q)

was combined with the induced methylation of accessible cytosines. This approach measures the
nucleosome occupancy by methylome sequencing (NO&tfE and uses a commercially available
methyltransferase enzye (M.CviPI)This enzymaon-destructivelymethylates accessibleytosines
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Figurel.31 Concept of singlenolecule sequencing of methylated DNA using the Nanog

platform

(A) General concept of the sequencing strategy used throughout this thesis, referred to as mel
footprinting followed by singlenolecule sequencing (MEFSHd€Y)). The chromatin landscape may be orgar
in many different ways. At the center of thedmnges are often remodeling enzymes creating nucleosom
regions (NFRs), altering linker distances which affect the nucleosome repeat length (NRL), ol
nucleosomegB) Chromatin goes through three distinct steps during the MEFSiddprotocal (1) Accessib
DNA is methylated (green hexagons). (2) In a subsequent step, DNA is purified, leaving a methylated re
corresponds to e.g. a linker or NFR and an unmethylated region. This unmethylated region is referre
nucleosome footpnt. (3) The purified DNA is directly sequenced utilizing the Oxford Nanopore Tech
(ONT) platform, which (after computational analysis) can directly detect (modified) nucleotides.

in aGpCcontext(Fides et al., 2018; Xu et al., 199Bjiefly, the methyltransferase enzyme methylates
preferentially accessible DNf@e., nonrnucleosonal). In a subsequent bisulfiteonversion step,
unmethylated cytosines are deaminated converting them into uracil. Importantly, methylated
cytosines are not affected by this conversion. After a PCR amplification step, the uracil is converted
into thymine.In order to efficiently perform the PCR conversion, a fragment&mmicationstep has

to be implementedafter methyltransferase treatment which shears DNA into smaller fragments. This
approach has been used to detect nucleosome positfonspecific locand genome widgKelly et

al,, 2010, 2012)

1.3.2.Singlemoleculelong-range sequencing approaches

Inherent to the techniques outlined above is mandatory step with an unavoidable result
fragmentation of DNA. Whether this Isy the inherent nuclease activity of the enzyme or the



sequencing technique, theesulting data returnshort fragments. &leardisadvantagef short reads
is that singlecell information is mostly lost. After the fragmentation, it is near impossible terdehe
whichcombination ofshort fragments originated from a single célethods to apply DNasseq and
ATAGseq on single cells have been reported, but camxgerimentallyiaborious @ low throughput
(Cusanovich et al., 2018; Lai et al., 2018; Mulqueen et al., 20d9vercome these limitationspa
approach is required that combines the ability to retaire integrity of DNA, whilst providing a
platform that allowsthe sequencinginfragmented DNA.

Methyltransferase enzymes such as those used isdgiSand NOMEeq, have the benefit of nen
destructively methylahg accessiblechromatin In essence, this leaves a footprint of inaccessible
chromatin regionse.g.,nucleosomegFigurel.3.1B, step 1)Currently, several commercially available
methyltransferase enzymes can be utilized for such application. The previously mentioned M.CVviPI
methyltranstrasemodifiescytosines in a GpC context, whilst the M.Sssl methyltransferaskifies
cytosines in a CpG context. Alternatively, EcoGll methyltransferase methylates single adenines, but
cannotbe utilized in combination with bisulfite conversion approach. However, the advent of novel
sequencing platforms such as that of Oxford Nanopore Technologies (ONT), do not require a bisulfite
conversion.

Under development since 1995, the ONT sequencing platfornrmiaagred into a comrarciallyviable
approachmore recently. The principle of the ONT platform (referred to as nanopore sequencing
hereafter) relies onwo keybiologicalproteins Firstly,Mycrobacterium smegmatigorin A (MspA) is

an interconnected octamer resembling a tuloe gobletthat is suspended in &pid membrane
(Wendell et al., 2009\When immersed in a conducting agent and a voltage is applied, an electric
current can be measured due to the flow of ions through the piivben DNA is passes through the
pore, theflow of ions is modulated (at microsecond and pa&upere levels) due to the specific
characteristics of each nucleotidBranton et al., 2008; Stoddart et al., 200Bdr use in nanopore
sequencing, the MspA pore was modified in order to imprivaaslocation of DNADerrington et al.,
2010) Secondlythe phi29DNApolymerasethat can control the rate at which DNA passes through
the pore(Cherf et al., 2012; Manrao et al., 2012; Wendell et al., 200€¥ polymerase captures the
purified double-stranrded DNA and feeds singiééranded DNA into the por@-igurel.3.1B, step 2 and

3). Taken together, DNA of any lengtan be added to the ONT platforis there is no fgmentation,

the information that is obtained from a single read (which can span over many kilobases) is per
definition from a single cellA singlestranded DNA enters the pore, thereby altering the ion flow,
which is directlyrecorded The absolute currg andcurrentchange can be computationally deduced

to inform on the DNA sequend€larke et al., 2009)mportantly, DNA modificationsf accessible
regionsby e.g., methyltransferase enzymes alter the size and shaihe afffectednucleotidesThese
modified nucleotideglirectly impact the current through the pore, thereby allowing the detection of
modified nucleotidegLaszlo et al., 2013; Ni et al., 2019; Rand et al., 2017; Shim et al., 2013; Simpson
et al., 2017)This results in a comprehensive map of accessible regions within a single DNAlenolec
that originates from a single c€figurel.3.1A-B).

The advantages nanopore sequencing has over more conventional techniques are clearoohesit

to read length and singleell capabilities. However, laig limitation of nanopore sequesing is the
relativelylow read accuracy when compared to shoghd sequencing. Increased read accuracy can
be accomplished through computational improvements and/or pore chemistoy. example, an



orthogonal technique by Pacific Biosciend@acBio) termed singlemolecule real time (SMRT)

sequencingutilizes both strands of the DNA moleculéy circularizinghe individual strand in an

approach referred to as SMREIl. Each SMRBell is sequenced multiple times, resulting in higher
accuracy when sequeing errors are randorfWenger et al., 2019More recent releases of the ONT
platform (R9.4, used throughout this thesisde amutated Escherichia coltsgG pore, which further

improveaccurages and pore stabilityCarter and Hussain, 2017; Goyal et al., 2014)

1.3.3.Anovel perspective on the chromatin landscape

With the recent rise of techniques that can map the chromatin landscape by modifying accessible

regions comes a new way to look at nucleosome occupa@oyventional approaches are often
NETFTSNNBER (RK2Ra QB2 ARER v2S GKSANI t AYAGSR OF LI

MNaseseq, ChlBeq or chemical cleavage) or accessible regions (A&8&)CT he resulting fragments
derived from techniques such as e.g. MNasg correspond to the position olunleosomesKigure

1.3.2A). Mappingsuchfragments to the genome providastal number of nucleosomes per location

This approach results in a relative occupancy, ard imfiorms on thenumberof nucleosomes at one
position, relative to anotherA further limitation ofthese yield methodss the inability to compare

OAf AL

occupancy of individual cells over large(r) distances. Due to the fragmentation, contextual information

within a cell is lost.

A Convential methods Single-molecule methods
(e.g. MNase-seq) (e.g. MEFSIMO-seq)
Read
700 bp , 700 bp . o Occ. _

Cell 1 \@@ @ Cell 1 w—_@.3

.84

Cell 3 ;@ ; @? Cell 3 W...._s
Cell 5 ¢@~~@. Cell 5 W._(,

¢
€
¢
§
H@Hﬁﬂ{

Relative
nuc. occ
o wn
o]
-
-
v |
Absolute
nuc. occ
O

- 1
o 1---
:I

L 1

0 Position (bp) 700 Position (bp)
Figurel.32  Conventionalyield-based methods versus singkenolecule methods resulting i
different occupancy readouts
(A) Gonventional methods rely on fragmentation and digestion of-naoleosomal DNA by e.g. MNase.
process results in individual nucleosomal DNA fragments. These fragments are processed by st
sequencing methods (e.g. lllumina). This type of apgr@aforms on the relative nucleosome occupancy (ve
dashed line) for the remaining DNA fragments. No information is retained from regions lacking a nucl
Contextual information between individual nucleosomes within a single cell is lost, yHaoking any sing}
molecule information(B) Single molecule methods such as MEFS$Edo not rely on fragmentation. W
this approach, cellular context of multiple nucleosomes is retaind. As no fragmentation has occui
absolute occupancy careldetermined for each site (vertical dashed line). In addition, the read occupa
individual fibers originating from a single cell can be determined (horizontal dashed line).
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To overcome this limitation, previous studies have implemermtadvel segiencing platformsuch as
Nanopore sequencingto detect the nucleosome position without fragmentatiomnd can thus
determine the absolute occupandberbeckmann et al., 2019Ytilizing suchan approach, the
absolute nucleosome occupancy for any given position can be calculated as no fragmentation occurs
during the experimental procedurdn addition this approach allows thability to visializeread
heterogeneityand measurghe read occupancy{Figurel.3.2B). Employing methods that inform on
the absolute occupancy and cétl-cell heterogeneity cafior example be used tdirectly elucidate
differences between a lack of phasing or spackigyrel.1.3D). Indeed, recenstudies have started
to visualize heterogeneity at the singteolecule levelFor exampleCTCF binding at a single genomic
locus can be observed per cell and may influereighboring array regularitfStergachis et al., 2020)
Others have shown a clear dichotoraf accessibility within the rDNA loc¢Shipony et al., 2020)
Theseand other studies provide a novel insight into the chromatin landscape.

1.4. Aimsof this thesis

In this thesis| first outline the development and characterigat of a singlemolecule sequencing
technique that utilizes the ONT platformAlithough recent publications have provided first insights
into the chromatin landscape from a singt®lecule perspectiveexperimental conditions to modify
the accessible DNA mawidely. Itis not clear what experimental conditions result in an optimal sample
for sequencing. Moreover, wetlefined parameters by which reddngth, modification of accessible
DNA and reproducibility are measured are not providéd.chapter 2.1 | investigated several
methyltransferase enzymeand determine optimal conditions for enzymatic activity further
describe how we established conditions that result in long retdtake maximumadvantage of the
nanopore sequencing platformldstlydescibe the key parameters by whighsample can be judged
before and after sequencing to acquire high reproducibility

In Chapter 2.2 utilize the sequencing approach to gain novel insights int&stheerevisiaehromatin
landscape We utilize ultralong reads over the rDNA locus to probe transcriptional dependency
between loci of over 10.000 bp. We further investigate how heterogeneous the chromatin landscape
truly is by utilizing singlenolecule reads to visualize heterogeneity of indualnucleosomal arrays
provide direct evidencewhich suggest that nearly all nucleosomal arrays have relatively high
regularity, despite composite plots suggesting otherwidéoreover, we probe the roleand
mechanismof several nucleosome remodeletsanscriptionand other factordo identify how they
affectand regulatehe chromatin landscape



2. RESULTS

2.1. Chapter 1.Developmentand characterization of methylation footprinting followed by single
molecule sequencing (MEFSIMRQ)

2.1.1.Background
Abstract

Our current understanding of the chromatin landscape relies on methodsréugtire, or result in,

the fragmenttion ofchromatin in order to maghe location of nucleosomes and other bound factors.
Such approaches fail to provide a detailed insight iktoetell variability and contextual information

on a single chromatin fiber. Emerging technigues such as Nanopore sequencing by Oxford Nanopore
Technologies, provide the capabilities to sequence chromatin as a whdléhus eliminate the need

for fragmertation. Our approachutilizesthis technologyand appliesexogenousmethyltransferases

to probe accessible regions A 1 KAy (GKS OKNRYIFGAYy>X (GKSNBoe S| dA
Together, we refer to this method as MEFSHs&Y (methylation footprintirg followed by single
molecule sequencinghn this chapter, wénvestigate several methyltransferase enzymes and find that

the M.Sssl CpG methyltransferase is currently most suitablénfeivo and in vitro applications.
Moreover, wedescribeexperimentalconditions to ensure optimal methylation of solely accessible
DNA, and prevention of undesired nuclease fragmentation. Lastly, we provide a set of observables by
which experimental reproducibility can be determined. Taken together, we demonstrate that
MEFSIMGseq provides atable and reproducible platform that allows us to map the chromatin
landscape.

Introduction

In this chapter we establish MEFSI#€ey whichallows us to probe, and ultimately map, the position
of individual nucleosomes within the chromatin landscapigis novel approach is utilized to study the
chromatin landscape in greater depth by elucidating-tteitell heterogeneity and singi@olecule
information. Prior to the advent of singlmolecule longange sequencing techniques such as
MEFSIM&eq, sequencing techniques relied on the digestion of accessible (i.enunbeosomal)
DNA. Techniques such as micrococcal nuclease sequencing {stdpsdNasd hypersensitive
sequencing (DNasseq) and assay for transposaaecessible sequencing (AT#€L)), fragment DNA

to obtainthe location of a nucleosoméifferent approacles probe the nucleosome occupancy by
methylome sequencing (NOMEeq)and utilizesaGpC methyltransferag@.CviPl}o label accessible
DNA(Kelly et al., 2012)This approach lacks the bias introduced by nucleases, but does require a
bisulfte conversion (which includes PCR amplification), limiting the-lange capabilities drastically.
Based on NOMEeq, singlemolecule longread accessible chromatin mapping sequencing assay
(SMAGseq)was developedWhilst utilizingthe same methyltransf@ase approactas NOMEseq it
appliesNanoporesequencing to obtain muHkilobase sequence readShipony et al., 2020puring

the course of thisstudy, several analogous techniquegere publishedthat similarly rely on the
modification of accessible DNA usiegmbinations ofexogenous methyltransferases such as EcoGll|
(mPA), M.CviP[GpC) M.Sss(CpGland Hia5(mfA) (Abdulhay et al., 2020; Lee et al., 2020; Liu et al.,
2020; Oberbeckmann et al., 2019; Stergachis et al., 2020; Wang et al., 20&B)echniques are in
their fundamental principles similar to MEFSIMéEY.



Despite theabundanceof analogous techniquegublished duringhe course of this sStugyMEFSIMO
seqg addresses several caveats not directly inherent in other approadhesinvestigated several
opportunities to assess quality of the biological sample betastinuingwith the modfication of
DNA.These stepprovidehigh quality andtonsistentDNA integrityensuringmulti-kilobase reads. We
describequality controls and conditions thatesult in optimal methylation of accessible regn
thereby providing a bestase scenario fonucleosome detectionLastly, we compare and provide
parameters by which samples can be compared and any variability across samples be defined.

2.1.2.Establishing methylation usingn vitro nucleosomal arrays

The ability to probe and visualize the chromatindacape hinges on the optimal methylation of
accessible region#\n increase in nucleotides that can be modified within an accessible region, will
more accurately describe the size and location of such regfieimultaneously improves the accuracy

of identifying and locating e.g. nucleosomds;, demarcatinghe borders of an inaccessible region.
Whether a single enzyme or a cocktail of enzymesused to methylate the DNAncomplete
methylation will reducahe accuracy in determining the position of a feature such as a nucleosome.
Intuitively, utilizing multiple methyltransferase enzymes simultaneously, such as a CpG, (MrfEssl
modification) and GpC (M.CviFAImC modificatio)) will increase spatial resolutio However, optimal
buffer conditions for either enzyme may (and do) differ, resulting in potential incomplete methylation
by either enzyme(Figure 2.11A). Alternatively, enzymessuch as Eco@Hia5 modify not only
cytosines in a CpG/GpC dinucleotide conformation, imatdify adenines(meA) indiscriminately
Utilization of these enzymes results in a higher density of modified nucleotides, but may kmit th
ultimate resolution due to other technical limitatiosee Discussion related to this chaptét®re we
explore different methyltransferase enzymes and report the conditions that will ensure optimal
modification of accessible regions.

To initially rapily test the methylation of DNA we utilizednaked (i.e. norchromatinized) plasmid
from which the backbonand insertwere previously separated by restriction digésidwigsen et al.,
2018) Thisinsert consiss of 25, equally spacew/idom 601 sequenceseparated by a 50bp linker
(Lowary and Widom, 1998WWe devised of a method to test the methylation efficiencyutiizing
methylation sensitive restriction enzyragHpalland Haelll(CpG and GpC sensitive, respectivalyg
initially utilized restriction enzymeas it provides interpretable results quickBnd does not rely on
the sequencing and subsequent computational analy®¥és incubatedhe backbone and insemith
either GpC (M.CviPI) or CpG (M.Sssl) methyltransferase enzymes, utilizing their recommended buffers.
After heat quench ofthe methylation reactiorat several timepointswe supplemented the reaction
with the restiiction enzyme (for details see MethddsWe fnd that methylation provides full
protection against the activity of the restriction enzymeghin 180 minutes(Figure2.11B). The
results further indcate that we can probe the efficiency of methylationvitro by a rapid restriction
digest.

Next, wesought to find optimal conditions to methylate chromatinized genomic D8lAce the
ultimate goal was to map the chromatin landscaipevivo(see ChapteR). We realized that a heat
guench could perturb the integrity of nucleosomes, revealing previously inaccessible restriction sites
and thereby resulting in inaccurate findings. Wereforedecided to quench the methylation reaction

by the addition oS0 pAdenosyhL-homocysteindSAH. The methylation ofytosines by M.CviPI and
M.Sssl relies on the addition of factor Sadenosylmethionine (SAM)SAM is bound by the
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Figure2.1.1  Restrictionbasedassay to rapidly test methylation

(A)Cartoon outline describing theoretical optimal and suboptimal conditions with a single or cocktail of e
Optimal conditions will lead to a scenario in which nucleosome positions can be approximated mostiye
Suboptimal conditions may occur due to reduced efficiency by buffer composition. This may lead to unm
sites (arrows) within accessible regions, complicating the approximation of nucleosomes or other (&i
Methylation of a nakedh vitro array using two different methyltransferases protects against restriction er
digestion. Array and backbone remain intact after prolonged incubation (lane 8 versus 1).
methyltransferases have not fully modified all sites, digestion results iflesnfimmgments (lanes-8). Gel i
representative of three replicate@C)Addition of SAH can prevents methylation from occurring when ad:
10-fold excess over 13060>M SAM (lane 4). Samples were incubated with one unit M.Sssl methyltran:
together with indicated concentrations of SAH. Methylation was allowed to occur for 60 minutes afte
Hpall was added. Digestion is largely prohibited when no SAH was added (lane 1). Gel is representa
replicates.(D) Two samples (0.05 g yeastigiei) of chromatinized genomic DNA were treated with 200
M.Sssl methyltransferase up to 180 minutes. At indicated timepoints, samples were quenched with SAF

and heat (65C), after which Hpall was added for 60 minutes. Methylation protedtstadiestion (lanes 4 a
8). Insufficient methylation results in (partial) digestion (lan&sahd 57).
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methyltransferase which in turresults in thedonation of amethyl group to thdifth atom of cytosine
resulting in a methylcytosine (5mC). Ding the conversion to 5mC, SAHosned by the removal of

a methyl group from SAMyhich acts as a strong inhibitd@ur resultsutilizing thein vitro array and
backbonendicate that the addition SAH intan-fold concentration excess prevents any methylation



from occurring(Figure2.1.1C) Methylation was allowed to occur when no SAH was added (lane 1),
which ultimately protects against Hpall digestion. Conversely, additiorerefold excess of SAH,
rapidly prevents the methylation from occurring (lane 4), thereby preventing protection against Hpall
digestion.

The restriction enzyme digest assags next gpliedto probe methylation efficiency of the M.Sssl
methyltransferase orin vivochromatin(Figure2.1.1D). After extended incubation with the enzyme

we find that it providegrotection against Hpall digestion for two independent sampi#s do note
some residual digestion at final timepoints (lanes 4 and 8). This may be due to cut sites located within
fragile nucleosomegransiently bound factorsr an incomplete methylationDue to the lack of a nen
digested controlwithin this experimental setupwe are unableto validate how the fragment
distribution is when lacking Hpall. However, later experiment would suggest that undigested
chromatin has a distict high molecular weight band with little to no degradatidfigure2.13A).
Regardless, we conclude that methylation of accessible &iRedly prevents digestion by the Hpall
restriction enzyme However,restriction- and agarosévased assays do not inform on thelative
degree of methylation between enzymes. Moreover, these enzyaasot probe each CpG/GpC site
that can be methylatedy a methyltransferase enzymBlore quantitative analyses are required to
directlyaddress these issues

2.1.3.0Optimizing experimental methyltransferase conditions far vivo applications

Detection of 5mC is possible by anzymelinked immunosorbent assafELLSA). This platbased
assay non-discriminately andrapidly detect methylated cytosines by utilizingnaAnti-5mC
monoclonal antibody A secondary HRE€onjugated antibody provides color afterddition of a
developer andsmeasured by absorbance at 4tth (See Methods for full details). Wiest incubated
12.5>gof nakedgDNA witha single methyltransferase enzyme or a cockiil units total, regardless

of single/cocktail experimen®f both enzymes simultaneous{iFigure2.1.2B). For thesereactions,

we utilized abufferthat was deemeduitable for both enzymes based previous findings by Shipony
et al. We find thatnaked DNAsamplesreach amaximum absorbancevithin twenty minutes of the
time course (Figure2.1.2B). This suggests that full methylatiofi all potential sites s obtained early
within the time course. Although unlikely, the stable absorbalesel at later time pointscould be
due to a lack of SAM (or conversely, an abundance of SAH) or active enzyme in the reaction, preventing
full methylation. However, excess SAM (600) and erzyme (40 units) were used during these assays
to circumvent these caveatdVe next performed the same experiment ochromatinizedgDNA.
Similar to the nake®NA we observe a stable absorption level early in the time cokigar€2.1.2A).
However, due to the presence of potential fragile nucleosomes oengsoime unwrappingve cannot
exclude that only highly accessible DNA was methylated

Despite keeping DNA and enzyme concentrations similar across expesjmentbserved different
maximum absorbance levels within the experimentthBhaked and&hromatinized DNAxperiments
suggestghat a higher fraction ofCpGsites, compared t&pC sitesvere methylated Notably,the S.
cerevisiaggenomecontains ahigher occurrence of GpCs (approx. 350.000 compared to 450.000 for
CpG and GpC, respectivetuggesting that theébuffer compositionderivedfrom Shipony et al. may

not be optimal for the GpC methyltransferas@he cocktail of methyltransferases resulted
unsurprisingly in the highest degree of methylatigdur peliminary findingsthus suggest thata
cocktail can improve total amount of methylated sitdsut may be sumptimal due to buffer



composition Taken together, th€ELISA data can be ustdrapidly probe the methylation degree
When utilizing a cocktail of methyltransferase enzymes, buffeditmns may need to be altered to
allow optimal activity of all enzymes.

Based on the observations from our preliminary ELISA assaydecided to utilizehe singleCpG
methyltransferase and optimize conditions in the context of this enzywehypothesizedhat we
couldbetter optimizeconditionsfor a single enzyme. Moreovezxisting workflows in the context of
CpG modifications were already established, making it attractive to continue with this
methyltransferase(See Discussion related toishchapter).We initially performed methylation of
native genomic DNA with a CpG methyltransfenasieg a buffer used isimilar applicationgDarst et

al., 2012) After performing standardibrary preparation procedures and sequencing (see Methods)
we observed thatmethylation continuedto increasewith time (21% to55%, 30 to 180 minutes,
respectively SeeAppendixSupplementary table and Supplementary table8 NPD03, seemingly
without an end point(Figure2.1.2C) Based on pevious observationsve identifiedthat the M.Sssl
enzyme in the absence of Mfgexhibited processiveactivity. Conversely, the presence of ¥esults

in a distibutive activity of the enzyméMatsuo et al, 1994) We hypothesizedhat the processive
activity of the enzyme in the absence of #¥gither evictsnucleosomesor is not hindered by its
presencethereby continuously increases the degree of methylation

Due to the lack of atable endooint inour methylation reactionan alternative approachas required
to efficiently modify¢ and not artificially creat®r expandg native accessibleéegions One approach
is the addition of a crosslinking reagent such as formaldehyde during the preparationcie.
Nucleosomes, but in addition all other bound factors, are hereby immobilized on the TH¢A.
processive enzymwill no longer be abl& evict, or pass througmucleosomesWeobserved a stable
end point of the reactiorin our ELISA assayxperimentsand hypothesizedthat the buffer utilized
here, which included 10mM Mgg& lwould prevent the methylation of inaccessible DNA.this end
we further explored conditions utilizing a buffer with XM MgC} and measured the akorbance
over time using the ELISA assay. We find that mi@deunits)and high concentrationEl50 units)of
enzyme lead to similar absorption degrees after approximately 60 mirfbtgsre2.2.1B). Sequencing
results reveal that high enzyme concentrationflect globalmethylationlevels(~2025%)similar to
that found in previous studiegOberbeckmann et al, 2019)(Figure2.1.2D). Importantly, we do not
observe aontinuous decrease in occupancy in these samples. We notevihabserve a fraction of
reads that are undermethylated (<10% methylated), suggegtimgally incomplete methylatior(see
AppendixSupplementary table and Supplementary tabl8 NPD8). However, the observations
made for high enzyme concentratioage consistent with later datase{See Chapter 2.1.5)

Next, we performed a comparison between formaldeadesslinkedsamples and sampléisat were

left untreated during thepreparation of nucleiBriefly, the addition of crosslinking may be important

to identify transiently bound factors (Chapter 2.2.12) or elucidating temporal differences in the
chromatin landscape (Chapter 2.2.14n order to provide a platform that is badly applicable to
different samples and applications, we aimed to obtain comparable data despite upstream sample
treatment. We initially split a1 L culture of logphase growings. cerevisiag two batches, where we
processed one with formaldehyde and left the othertreated This initial experiment used a wild

type (WT) strain in which histones H3 and H4 can be selectively depletedtheceiore referred to

Fa WATSQ 6KSY ndt Heplétedy($d@ MethddS yeast strain list yFMP338iclei
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Figure2.1.2  Methyltransferase buffer conditions are critical to obtain an ergbint reaction
(A) Incubation of chromatinized genomic DNA (yBWB with a single (40 units) or cocktail
methyltransferase enzymes (M.Sssl and M.CviPI, 20 units each). Isolated DNA (100 ng) was subject¢
ELISA assay (Zymo research) and absorbance (410 nm) was measured. Points are averag
measuremets within the same technical replicate. Value at timepoint zero is a single measurement wi
time course. Differences between samples and points indicate relative methylation dé€B)eesme ELIS
assay as iffA) performed on naked genomic DN@)Composite signal from raw MEFISMEY data afte
methylation of genomic DNA with M.Sssl methyltransferase. Samples were incubated using a buffer
Darst et al.Jacking MgGl Samples were incubatéal indicated times before quenched with SAH.Heddine:
indicated global occupancy values for each timepoiraxi¥ displays global occupancy corresponding ¢
mean site accessibility. Positions of +1/+2/+3 nucleosomal peaks are indicated above traces. For :
details, see Appendix Supplemt@y table 1, NPD03, WTO_XX sampl@). Composite signal from re
MEFSIM&eq data after methylation of genomic DNA with M.Sssl methyltransferase. Samples were ir
using a buffer supplemented with 10mM Mg@&ir indicated times before quenched wiBAH. Positions
+1/+2/+3 nucleosomal peaks are indicated above traces. Dashed line corresponds to global occt
samples. Samples originate from NPDO08 experiment (WT1_150_XX). See Appendix Supplementary
additional details(E)Compositesignal from raw MEFSIM&eq data after methylation of genomic DNA v
M.Sssl methyltransferase. During preparation, samples fixed with formaldehyde (1%; +FA) or left urx
FA). During methylation, samples were incubated with identical bufferdabking 10mM MgGlwhen lef
untreated. WT samples are biological replicates sequenced on separate dateBAWdmple is a copy of ]
minute sample if{D). WTlike samples are similar to WT, but genotypically different (yFMP358, see A
strain tabke or Appendix Supplementary table 1 samples WT1_HDGAL_XX_ 90 of NPD11 experime
strains contain genic deletions for both copies of histone H3 and H4. Instead, a single copy is expres
a Galactose promotor. Wiike samples were split durinpg-phase growth and either FA fixed or
untreated. WTike samples were sequenced within same experiment.

preparation and isolation was performedin parallel using identical procedures. From earlier
observations, we determined that the addition bfgd, was unfavorable foformaldehydetreated
samples(Oberbeckmann et al., 201LQ)Vetherefore performed methylationusingidentical buffers
but in the absence or presence of X0M MgC} depending on the upstream procedurdfter
sequencing and downstreaprocessingwe calculated the averagmethylationper CpG site over the
entire genome Theresultsusing the WHlike stran indicatesimilaraverage CpG methylation degrees
(39% vs 38% for with and without FA treatment, regs. )well aggenome wide average composite
signals(Figure2.1.2E) However, mder nondepleted conditions, thi¥VT-like strainnatively exhibits
slightlyincreasedmethylation compared to previousbservations



Tofurther confirmthat the addition of FA does not alter global methylationcomposite signalve
compared two independent biologic®T replicategsee Methods yeast strain list yFMPO12hese
samples, of which one was FA crosslinked, were preparedenuenced independently on different
dates. Similar to the WHlike data, theWT data suggeshigh similaritiesin terms of average site
methylation (27% vs 23% for with and without FA treatment, resgmd composite signgFigure
2.1.2B. We do note that the biological independent WT strains diffesome extentput this degree
of variability is within experimental variabilitiFigure2.2.1F). Based on our observations, we find that
utilizing these controlled conditions will yield consistentalan theglobalchromatin landscape

2.1.4.Nuclease activity affed longrange sequencing capabilitiesnostly at highly accessible
regions

The procedure we follow to isolateuclei from yeast cellsnay lead to the residual presence of
nucleasegSee Methods)The activity of (most) nucleases requires the presence of metal ions, often
Mg?* or Zrt*. During the establishment of conditions that result in a stable-pauht reaction, we
identified that the inclusion of Mg&in our methyltransferase reaction buffer was essential. Despite
the favorable conditionsor the methyltransferasehat this addition esulted in, we noticed that on
few occasions this resulted in a sligl#gradation of genomic DNA&ince our MEFSIMS§2q approach
relies on longange sequencing data to interpret the chromatin landsgape sought to identify
conditionsthat would result in genomic DNA unaffected by nucleageklitionally, wedescribethe

tools and observables to datmine a potential nuclease digestion issue and provide an alternative
approach that prevents nuclease activity.

A rough estimate on the quality of genomic DNA can be made by comparing the fragment pattern by
standard agarose gel. After isolation of nuclee incubate samples over a period of time with the
methyltransferase reaction bufferindividual timepoints are quenched and genomic DNA is
subsequently isolated (see MethodBpr timepoints up to 90 minutes we observe fragments of >48.5
kb in lengthfor a wildtype (WT) and a deletion straimsyilk, iswXx, chdXk, referred to as TKO
hereafter) After 150 minutes of incubation, we note a shift towards shorter fragment lengths for the
TKO strairfFigure2.1.3A, lanes ). Additionally, we utilizd a strain(yFMP358/yFMP359, see strain
list)in which we can reduce global occupancyblectivenactivation of histone H3 and Hgneration
(referred to ashistone depleted or HD €8 AppendixSupplementary tabl& NPD10. Thisresultsin a
higher degree of accessible regiambich are therefore more sensitive to nucleas&¥e observed a
degradationof the high molecular weight fragments by agarose gel analysianie of theHD strains
(Figure2.1.3A lanes 24). This degadation couldoe suggestive of nuclease activity the effect was
more severe in the HD strains.

Next, we repeated the experiment with an additional biologicaplicate ofa depletedHD strain
grown in glucose (2% w/Ny yFMP358/359. SeeAppendix Suppleentary table 1
WT_HDGLU_(FA)_30/90 samples from NpI¥& compared it to an aliquot of the sample that was
formaldehyde treated during nuclei preparatiowe argued that the crosslinking together with the
absence of Mggln the buffer would abolish any degradation due to nucleabsdeed crosslinking
seemingly prevented any (nucleaseluced) degradationfFigure2.1.3B lanes 2 and 4). Degradation
of the nonformaldehyde treated samples was seveFég(re2.1.3B lanes 1 and 3Based on these
preliminary observationgand in line with previous findings by Oberbeckmann et alg concluded
that nucleases could affect genomic DNA integritynportantly, we findthat formaldehyde
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Figure2.1.3  Nuclease activity results igenomic DNA degradation and affects mostly higc
accessible regions such as active rDNA loci

(A) Chromatinized genomic DNA from wiighe (WT), triple knoeckut (TKO), histondepleted (HD) or TKBL
strains. Biological replicates are indicated by theugadfter the strain indication. Values below strain indi
methyltransferase incubation time before quenching. Samples were all treated and processed ic
downstream of methylation. Degradation of genomic DNA can be observed in certain sangplesés. 16 ar
20). Unlabeled lanes are 1kb extended DNA ladders (KEBB)omparison between samples with and witt
formaldehyde fixation during preparation of nuclei. Samples were methylated using identical condit
indicated times. Buffers ddred only by ifexclusion of 10mM Mgegl Severe degradation is observed
samples without crosslinking (lane 3Such severe degradation is observed rarely, however. See
Supplementary table-3, HDGAL_XX_ 30/90 samples from NPD11 for additionailsd¢C) Cumulative rea
length distribution of all genomic DNA reads of samplg8)inDashed line indicates median read length. A
in read length is mostly observed for longer reads in the sample with severe degradation (pink line).
originate from NPD10 experiment (WT1/2_HD_45/90), see Appendix Supplementary table 3 for median
DNA values)YD)Cumulative read length distribution of accessible (>50% methylated) RDi¢ads of sampl
in (A). Dashed line indicates median read ldngk clear shift is observed for the sample with severe degrat
(pink line).(E) Similar cumulative read length distribution of all genomic DNA reads(&j inut for samples
(B). (A Similar cumulative read length distribution of accessible REIN®&ads as iiD), but for samples i(B).

crosslinking and the absence of Mg€&iuld prevent this degradatigrat least in this scenario where
degradation was severe without. ¥We do notethat such severe degradatiomccursrarely and is
variable between samples of the same stré@rg.Figure2.1.3A lanes 916). This leavethe possibity
open thatDNAdegradation is inducedue toother (externa) factors and may not be directly due to
nuclease activity

We next sought to determine whether the perceived degradabgragarose getuly originates from
nuclease activityTo this end, we investigated features in the data that could reveal nuclease
degradation As stated earlier, nucleases favor accessible regiamgy reads of high accessibikityd
devoid of nucleosomesan be foundat the rDNA locus db.cerevisiagMerz et al., 2008; Shipony et
al., 2020)Moreover, we utilized strains in which we selectively reduced the global occuptiecgby
creating more nualease sensitive regiong/e hypothesized that under normal nucleosome density,
accessibleDNAreadlengthwould beaffectedmore severelyompared to the genome wide average.



To this endwe first calculated the cumulativeistribution of readslengths globally for HD strains.
Earlier, we already observed a slight degradation at later timepoints for these saffijgas=2.1.3A,
lane 9¢ 16). We find that the degradation observed by agarose gel, correlates waitbhift in
cumulative read length distributioglobally anddoes so as wefor accessibleDNAreads (Figure
2.1.3CGD. See Appendisupplementary tabl& NPD1(. However,the effectis limited, asonly mild
degradation vas observed between the 45 and 90 minute timepaints

We performed the same analysis on the samples in which we saw a high degrddatia30 to 90
minutes when not formaldehydéxated(Figure2.1.3B, lanel & 3. See Appendi&upplementary table
3NPD1} Globally, wdind that the read lengtldistributionis affectedwvhen degradation isbserved
(Figure2.1.3E) However, this effect may be damped due to the relatgndgh nucleosome density in
these samples-oraccessibleDNA reads, thelegradation affects the read length distributiomore
than that is observed globallfrigure2.1.3F) Samples that do not show a degradation over time, do
not exhibit an altered'DNAread length distributionBased on these findings, we conclude that
nucleases arableto affect genomic DNA integrityespecially when highly accessilded can result

in shorter read lengthsdHowever,severe degradation as observedHRigure2.1.3B is only observed
and analyzed for this single samp®uich degradation is generally not favorable and should be avoided
by preparing new samples and/or performing formaldehyde crosslinKihg.effect of nucleases on
genomic DNA and specifically rDMay require a closer look in the future if such degradation occurs
more frequentlyunder certain(mutant) conditions

We note that there appears to be a discrepancy between genomic and rDNA median read lengths.
Theoretically,these values should be ideotil as there is no know inherent bias fenhanced
sequencing of this specific locudowever,as theread length is extrapolated from the mapped data

it couldalternativelybe referred to as aligned read lengtRead length is not determined by thetual

length of DNA passing through a nanopor&/e speculate that genomic reads may be
artificially/computationally fragmentediuring mappingto provide an optimal alignment of ous.
cerevisiadVV303 data to theS. cerevisia&288C reference genome&he W303 genome is known to
contain ~9500 SNPand couldthus prevent accurate mapping of all reads (more details in chapter
2.2.13 Currently, this issue remains spediua, but could be resolved by mapping our W303 reads

to aW303 reference genomé&or all further analyses we used the S288C (SacCer3) reference genome
due to the wide availability of annotated loci and features such as NFRs, GRFs, TSSs, TTSs etc.

2.1.5.0bservalbes by which consistency and quality of data can be determined

The observation thaDNA and read length can be affected by nucleases is not favored in a technique
that relies on longange informationHowever, the absolute length of DNA may be variau®ss
samples and experimentgithout necessarilyaffectinge.g. global occupancy, localizing nucleosomes
or defining heterogeneityWe nextaimedto define a set of observabldsy which sample can be
compared in order to ensure reproducibility.

First, wedetermined e global occupancy measured owaveralWT and TK®iologicalreplicates

all ofwhich were treatechearidenticallybut on separate occasion$o this engwe calculate theotal
amount of methylated CpGs at each siteer the sum of all methylated and unmethylated sites at
that same locationAnidenticalanalysisvasperformedin a previous publication to determinglobal
occupancy map for th&. cerevisiagenome(Oberbeckmann et al., 2019During this analysis we



discard anyCpG site which cannot be unambiguously referred to as methylated or unmethylted
find a global occupancy of #4% and 72+2% for WT and TKO, respectivellyigure2.1.4A). Ths
observationis akin to previouslyeportedvaluesby Oberbeckmann et akdespite determined from a
different yeast varian{S288C by Oberbeckmann et al. versus W303 used aedejtilizinga slighty
different approach Froma limited set ofobservationswe find that occupancy iformaldehyde(FA)
crosslinkingsamplesis largely similar tahat in WT/TKO straingFigure2.1.4A FA samples)rhus,
independent of strain or nuclei preparationjofal occupancy is consistent throughout multiple
samples ad can be used to rapidly determine consistency

Secondlywe investigated the occupancy per reasl this observation can compare specific genomic
regions if requiredHere, we only consider reads that have a minimal lengt®@0 bp). Nowwe can
identify which, and how frequently reads are ovar undermethylated byisolatingreads with &otal
methylation degree above 90% or below 10%. We applied tipesametersas undermethylation
could be indicative of incomplete methylation of accessible reqibhis could belue toexperimental
conditions such as short incubation times, low enzyme concentration ofspbaroplasted nuclei.
Conversely, ovemethylation may be due to nucleosome eviction or dead céllish few exceptions

(3 out of 35 WT/TKO sampleSupplementary table2) samples have low degreed§o) of over
methylation, in agreement with our ELISA readings that suggest a steady end point. We do observe a
larger fraction of samples (13 out of 3%xhibiting undermethylation 20%), and find that
(chronologicallyearlier timepoints and/or sequencing rurtend to have higher degreesf under
methylation This is likely due to the slight increased concentratiomethyltransferaseesnzyme in
later experimentr improved spheroplastindgVithout filtering any readswe find that the variability

is quite large Applyingthe filter that removes over and undermethylated reads reduces the
variability andequalizes thaneansper sample Figure2.1.4B, Filtered versus Unfiltergd However,
variability is still quite significant, likely due to the high accessibilitgrogeneity in the general
chromatin landscape and during cell cycle stages.

Thirdly, we calculatelie methylation per read and plot the distributioas itcan reveal the degree of
reads that fall within the filter parametend whether these are an independent populatidsnder
methylated reads can clearly be identified as an independent population, whiddjustify the filter
applicationwhen such reads are strictly undesingtgure2.1.4C, Filtered versus Unfiltered)/e have
not observed an impact by the-iar exclusion of these readandthereforedo not filter in subsequent
analyses. Taken togetheyerageread methylationfraction of over and undermethylationand read
methylation distributioncan be usedo compare consistency between samples.

Fourthly, we investigated the distribution of accessible and inaccessible regions. These regions are
highly important for downstream analyses as they directly inform on the predicted location of
nucleosomes and other bound facto(€hapter2.2.5. Moreover, they a key in determining
heterogeneity on a per read bagiShapter 2.2.1)1 The distribution of inaccessible regioftsereafter
referred to as nucleosome footpringithin gene bodiess highly similar between the WT samplés.

WT strains we observmono-/di-/tri -nucleosomafootprints of 164+4bp, 32A#4bp and 485:8bp in
length, respectivelyFigure2.14D, left). The length ofnaccessible regions (hereafter referred to as
linkers includes NFR& 10@4bp (Figure2.1.4D, right). We do not detect a significant difference in
either nucleosomal footprint length or linker lengths when comparing genome wide to solely genic
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Figure2.1.4  Controlled experimental conditions result in consistency amongst biolog

replicates

(A) Overview of global occupancy values measured from unfiltered MEF&ityl@ata for the indicate
sequencing experiments labelled as NPD and with different symbols. Valuedcatated for wildtype (WT,
triple knockout (TKO) and formaldehyde (FA, either WT or TKO indicated by black and red, resp.) sai
are indicated below data points. Asterisk indicates a-depleted W1like sample in the yFMP358 backgro
and was onsidered an outlier and not included in mean calculations. Samples used are final timepoint:
respective sequencing experiments. Values for individual samples can be found in Appendix Suppleme
1. (B) Mean read methylation per sequencimgn for WT samples of independent sequencing experin
Unfiltered data represents all raw and mapped MEFSHd@reads. Filtered data excludes reads with low (<
and high (>90%) methylation. Whiskers indicate standard deviat{@®&ead length disibution of unfilterec
and filtered MEFSIM®eq reads for WT samples from of independent sequencing experiments. A
population of undermethylated reads can be observed in unfiltered reads. These reads mainly consist
(<10%) methylated ras and are absent when filtering is applie(D) Left: Size of nucleosome footprint
measured by the distance between two methylated sites, separated by minimally one unmethylatt
Independent sequencing experiments for WT samples are used aarsonpPeak densities indicate men@
and trinucleosomal fragments. Right: Size of linkers within genic regions as measured by the distance
two unmethylated sites, separated by minimally one methylated @igSame as irfD) but for indepenént
sequencing experiments of TKO straif§.Correlation between global occupancy per gene (n=1803) v
coverage ofk @and a gene length of >1000 bp. For each gene per sample, the mean methylation was ci
between the +1 nucleosome100 bp andTTS. Samples plotted are from S288C strain;higitonedepletec
(GAL; High density), histone depleted (HD or GLU; Low density) and multiple W303 WT (W) or TKO
Samples sequenced by me are labelled with NPD. Samples labeled as S288C ovigir@iberbeckmann et .
NPD10 W/T samples are-4hd 98minute timepoints (3.1 and 3.2, resp.). Hierarchical clustering (black bc
2NRSNJ 61 & LI ASR dzAaAy3a a02YLX SS¢ YSGK2R® h N
by me.(G) Fraction of active DNA loci within different biological replicates and mutants similar to thE&g
rDNA locus was identified as active when the mean accessibilitypaserof) the particular locus was >70
Fraction active was calculated by taking sum of active reads divided by total reads over the particul
Values below data points are mean and standard deviation. Mean values for individual samples can bg
Appendix Supplementary table 3.



regions Nucleosome footprint distribution is less defined in TKO strains, indicating more
heterogeneity in the location of nucleosomésigure2.1.4E, left). The distribution of nucleosomal
footprints is akin to that observed when performing a limited MNase didestgth of linkers is largely
similar between WT and TKO, presumably due to the large spread observedatréady (Figure
2.14E right). The length and distribution of nucleosome footprints and linkerthis a useful
indication of consistency between samplesdéscribes the state of key observables used for many
downstream analyses.

Next, we investigated whether thenean methylation degree of genic loci correlates well across
biological replicates. To this end, Viest calculate the mean methylation for eaahdividual genic

locus within a sampler@ nucleosome; 100 bpto TTS)Next, we correlated the genic values from one
sample to that of other sampled astly, the mean correlation value between each sample was
calculated and used as an indication of calesisy (Figure2.1.4E). The datasets includgeveral high
density strains includiné. cerevisiagariant strain S288GBY4741) WTlike strains genotypically
nearly identical to W303ndTKO straindnaddition,we also includseveral independent biologically
replicatedhistone depleted (HD) samples. We find a reldsitdigh correlation between all strains that
exhibit high nucleosome densitiglobal occupancy ©775%) with a correlation coefficient of 0.4

0.6. These samples cluster together when a typical hierarchical clustering is apgplieéhdicateghat
despite fluctuations in global occupantlie mean methylation per gene is rekagly similar (Figure
2.1.4E). Histonedepleted strains form a separate cluster and do not correlate well to regular
occupancy strains. Moreover, their rtelation amongst each other is relatively low, suggesting a
wider variety in occupancy between genes of different sampléwese observations for HD strains
suggest that: (1) the nucleosome depletion does not reduce nucleosome density equally over all
geres, some genes might be more/less affected than others, and (2) it is seemingly randomly lowered
across HD strain§Vith these finding we further validate high reproducibility amongst a wide variety
of samples based on the occupancy of each gene

Asa last validation ofeproducibility,we determined the fraction of active (i.e. highly accessible) rDNA
reads within each sample as this should be consistent within a strain. As discussed later in chapter 2,
and previously shown bgimilar methods irShpony et al., the rDNA locus exhibits two mutually
exclusive populationsAlthough this view is contested, wiglentify the population with high
accessibility as transcriptionally activas nucleosomes are evicted by the Pol | transcription
machinery leavirg the locus devoidConconi et al., 1989; Dammann et al., 1995; §arteaal., 2007)

The fraction of active rDNA loci wdsterminedby the amount of reads that (partially) cover the locus
exhibiting >70% accessibility over the total amount of reafdsid locus. We performed this analysis
both for the RDN37 and RDNB2 loci(left and right, respectively)which should exhibit idental
characteristics as their sequences are copies in the reference gendoreanalysis indicates little
variability across biological replicates of the same striaigure2.1.4G). For WT samples we find that
both left and right rDNAoci are active in 225+5% of cases. We observe slight mean increase in
fraction of active loci in the TKO strain to-34+4% but across replicates this value does not deviate
more than seen in WT. Reeated samples exhibit a lowered fraction of active reads. This reduced
accessibility could be due to the crosslinking of Pol | to DNA in active reads, reducing the aaarall m
accessibility. Regardless, across the limEédreated replicates, we do not obsenemnydifferences.
Taken togethersamples exhibit a similar degree of active rDNA loci when nuclei are prepared
similar fashion, demonstrating the reproducibiliagross samplesHowever,care should be taken



when investigating growth rates or working with nogphase growing cellsUnder these
circumstancesyalues may be differerand more variabl@as rDNA transcription is coupled to growth
rates (reviewed ibai and Zhu, 2020)

2.1.6.Discussion (related to this chapter)
2.1.6.1 Alternative DNA modifying enzymes and detection methods

MEFSIM&eq utilizes a singlenethyltransferase enzyme (M.Ss$h order to modify accessible
cytosines found in a CpG context. During the exploratory phase of development, we have investigated
the possibility to utilize a cocktadf enzymes, namely M.Sssl and M.C\{Rgure 2.1.2A). We
concluded thatoptimizing conditions surrounding aingle enzymewould be most beneficial
Curiously, out of the commercially available enzynv§ssl has thiewest theoretical esolutiondue

to the relative low abundance of CpG sites in the genome. GpC siEagtadeninesitesare much
more abundantand can be modified using commercially available enzymekey factor in the
decision touse the M.Sssl enzymeas the abitly to accurately detect the 5mC modification in a CpG
context. The Nanopolish softwameasused to detect modifieshucleotidesanddeemed most optimal
for detection of CpG sitgSimpson et al., 2017Recent developments have opened new avertyes
implementation of better training data that allows the detection of CpG am @Godified sites
simultaneouslyIfttps://github.com/jts/nanopolisl). In addition alternative software such as Tombo
and Deepsignalave been developedhich can detect modified nucleotides as w@li et al., 2019;
Stoiber et al., 2017)These alternatives malge an improvementor can be used in tandemvith
existing pipelinego increaseaccuracy.A recent study has already implemented the detection of
modified CpG, GpC aradlenine sites simultaneouslysing Tombo softwar€Shipony et al., 2020)
Alternative DNA modifications may improve the resolution or detection accuracy. The
methyltransferases mentioned earlier, generate 5mC arflh modifications. However, 4mC; 5
hydroxymethyluracil and cytidine deninationare known nucleotide modifications that have been
detected natively(Kawasaki et al., 2017; Salter et al., 2016; Timinskas et al.,.199%)uld be
interesting to investigate the capabilitiesd implementationof such modifying enzymes for even
higher accuracy in detecting (in)accessible regidhese findings repen the possibilities to further
improve MEFSIM@eq.

2.1.6.2.Steps towards ultrdong-range sequencing

The multikilobase reads produced by the Nanopore sequencing platform is several aflers
magnitude greater than conventional sequencing approaches. In our results we rofititatyedian

read lengths between 80 kilobases (SeAppendixSupplementary table8). We however also
observe a significant degree of variability between samples. This vari@blilgly introduced by the
presence of active nucleasddqure2.1.3D). Many analyses performed throughout this thesis are not
affected by this variability. However, future endeavors may require consistently long reads, or reads
of even greaterlength. For example, exploring the transcriptional activity of >2 rDNA loci
simultaneously would be possible if read lengths increase. Alternatively, one could girabaatin
organization as identified by chromatin conformation capture techniques atitiggescell level.

We explored the implementation of formaldehyde crosslinking and found that this likely reduces
nuclease activity thereby reducing variability. However, formaldehyde crosslinking has several



caveats which may limit the ultimate read léghgOne limitation is the reversal of the crosslinked
sample, which requires extended incubation af@0The elevated temperatures manyduce breaks

or nicks, which ultimately result in a limited read length. Moreover, the act of crosslinking on its own
may induce singlestranded DNA breakgGrafstrom et al., 1983)Formaldehyde crosslinking
furthermore induces DNA modifications such &-hydroxymethyldeoxyadenosine and N2
hydroxymethyldeoyguanosingKawanishi et al., 2014yVhilst these modifications may not directly
impact read length, the could affect detection of modified bases using existing softwerénprove
consistencyand medianread length simultaneouslyne would require an approach with the least
amount of perturbations by external forces.

Preparation of spheroplasts frof. cerevisiaeells may bealternatively or additionally bamproved

to reduce the presence of nucleas&ur current approach does not explicitly prevent the carryover
of cytoplasmic nucleases during the nuclei purification stage. Implementing multiple Ficoll gradients
during theisolation of nuclei may reduce cytoplasmic contaminati@iwrter incubations with higher
concentration of methyltransferasawsight improve read lengthsThis reduced incubation timean

help to reduce the effect of any nucleases that may be present. &eglthe total amount of nuclei

to a minimal required amountind incubation ina larger reaction volumeavould further dilute
nucleasesUltimately,the read lengthmay bephysically constrained by the sequencing platform and
commercially available protocal For example, current recommended library preparation protocols
(provided by Oxford Nanopore Technologiesjuire several purification steps using AMPure XP
beads. These inevitabresult in shearing of long fragments due to washing and eluimsigning a
custom library preparation protocol may improve final read lengths, but would need extensive testing
as to maintain yields. In conclusioryraesultssuggest relatively high consistency between samples
in terms of read length and are in line with ethreports However,improvements and alterations
such as the ones suggested abave required if longer reads are desired.

2.1.6.3. Alternative longrange sequencing approaches

The Oxford Nanopore Technologies sequencing platform provides excellent resultegatis to
throughput, ease of use and quality of data. However, the biological nature of the sequencing
approach, i.e. an unwinding enzyme and protein pore, imposes certain limitdtianzlo et al., 2013)
Moreover, software-based modified nucleotide detection developed for use with Nanopore
sequencinghas its own limitatins. For example, current nanopolish software is trained on either fully
methylated or fully unmethylated5mC)data. The two different methylation stategannot be
distinguished when they occgimultaneouslyithin a 6mer. This results in a singheethylation state

when two CpG sites are within 10bp of each otli&impsn et al., 2017)Our data consists of
significant amounts of grouped sites, and lack of additional training data has not decreased the
amount over the duration of this projecAdditionally, Nanopore sequencing detects only a single DNA
strand, discarihg the complementary strand. This may result in ambiguity as e.g. stedimaffect
accurate detectionCurrent theoretical raw read accuracies are approximately,95Bk&reasmore
traditional methods such ashort readlllumina sequencing having >99.9%curacy.

Improving the output and detection accuracy of (modified) basesy require an alternative
sequencing approach altogetheAs an alternative to Nanopore sequencing, Pacific BioSciences
(PacBioltilizes a different approach to sequence long readere, instead of relying on a biological
protein pore,singlestrandedDNA diffuses into a physical sequencing unit referred to as arzede®



waveguide (ZMW)Within the ZMW, a polymerase attaches fluorescently labelled nucleotides that
produce a lightpulse when incorporated. Each of the four nucleotides has a distinct label, allowing
the detection of the sequendiid et al., 2009Modified nucleotides ardetecteddue toa prolonged
incorporation time between nucleotidegRhoads and Au, 2015)he addition of circular consensus
sequencing (CCS) further improvessecallingaccuracies to similar levels as short read lllumina
sequencingTravers et al., 2010; Vollger et al., 20ZD)e PacBio approacks notwithout its own
limitations. Read length is on average shorter autdpbut (amount of sequence nucleotides) is less
compared to the Oxford Nanopore Technologies platfofimus, MEFSIM&eq in combination with

the Nanopore sequencinglatform has revealed features of the chromatin landscape that were
previously unobtainable (see Chapter 2.2). However, pushing beyond the currenglimiexploring
other (larger) genomesnay require theaddition, or shift to aifferent sequencing plgorm.



2.2. Chapter 2:Mapping thein vivolandscape by singkenolecule sequencing
2.2.1.Background
Abstract

The chromatin landscape is essential for proper gene regulation and cellular homeostisis.
landscape relies on many factors which s&apeindividualchromatinfibersover long distanceen

a celtto-cell level Yet, our understandingf the chromatinorganizationoften relies onfragmented
samples and bulk processiridere, we utilize a technique that probes accessible chromatin regions
by labeling with an exogenous CpG methyltransferasating a footprint of inaccessible regiofihis
procedure idollowed by direct sequencing using the Oxford Nanopore Technol@@E3 platform

to acquire(methylation) information orintact, multi-kilobaseDNA fibersWe refer to thisapproach

as methylation footprinting followed by singtaolecule sequencing (MESIMGseq) throughout this
thesis.We leveragehis approachto refute transcriptional independence of the rDNA loci. We also
find that the nucleosome landscape is even more regular than previously observed. Furthermore, we
are able to directly showhat chromatin remodelersffect array regularity genome wide and further
investigatein vitro hypothess regarding their mechanism3ogether, our results provide novel
insights into the chromatin landscape and the factors that shape it.

Introduction

The global architecture of the chromatin landscape in eukaryotes is well defined. Nucleosomes are
often actively, placedt regular intervals over genic regiortdere they are aligned to the transcription
start site (TSS), in a process rederto as phasing. The primary nucleosome, closest to the TSS, is
assignedasthe +1 nucleosomand downstream nucleosomes are assigned +2, +3 etc. Upstream of
the +1 nucleosomef active genesa nucleosome free region (NFR)often found,which is both
passively and actively kept devoid of nucleosoniHsis region itherefore accessible for factors such

as the transcription machinery and other general regulatory factors. Inactive genes often have an
inaccessible NFR occupied by a nucleosome, and therelemt transcription factors from binding.

The NFR is demarcated by tienucleosome, whictogether with the +1 nucleosome define the NFR
width. This width is modulated by factors such as nucleosome remodelers and wider NFRs are often
associated with higer transcription.

The role of nucleosome remodelers is key in establishing phased and regular arrays. Deletion of
remodelers from the ISWland CHD families results in a detrimental reduction of phasing and
regularity (Gkikopoulos et al., 2011; Ocampo et al., 20B&ent findings show a further reduction
when the INO80 remodeler is depleté8ingh et al., 2021 Despite the high regularity imposed by
these remodelers as observed by a genome wide average, heterogeneity is inevitable in any living
organismCertain genes tend to have a more regular nucleosomal array distribution than ofters.
position of nucleosomes is often determined by enzymatic digestion ofnoafeosomal DNA by
micrococcal nuclease (MNase)his digestion results in fragntetion of the DNA, but leaves
nucleosomal DNA of which tlogigin can be determinedfter MNaseseq.MNaseseq can efficiently

map the average position of nucleosome positions but due to fragmentation no information on the
longrange organization is retagal. Formally, the possibility remains that regular arrays are prevalent
throughout the genome, but are obscured by a lack of phasing or inherent heterogeneity. Such



observations require a technique which can assess the array architecture oaaaglbasis ideally
whilst retaining the original physical organizati&tecent developments in sequencing techniques by
ONT andPacBio, together with exogenous methylation of accessible DNA, have allowed single
molecule insights into the chromatin landscap@ddulhay et al., 2020; Lee et al., 2020; Liu et al., 2020;
Oberbeckmann et al., 2019; Shipony et al., 2020; Stergaclak, &020; Wang et al., 2019)sing
MEFSIM&eq, analogous to previously published approaches, we further dissect the chromatin
landscape and the role of nucleosome remodelers.

Nucleosome remodelers are not the sole fastimfluencing the chromatin ledscape. Recent findings

show that theRNA Pol Il transcriptiomas a profound effect on nucleosomal arrayivo(Singh et

al., 2021) Moreover, nucleosome integrity and occurrence may be affected by transcriptional activity

resulil Ay3 Ay &dzoydzOf S2 42 YS aKdagvket 8l.NJ010; Ruichaghandréncet ay/, dzOf S 2
2017) Regions such as the rDNA lochaye been suggested to beompletely devoid of any
nucleosomes when actively transcribed by RNA PGbhconi et al., 1989The accessibilityof the

promoter together withthe position+1 nucleosome may stimulate transcription. Moreover, the

factors asociated with the promotor determine how transcription of genes is reguléRassi et al.,

2021) Interplay between transcription and chromatin architecture is widely studied, but often poorly
understood. Here, we probe hotkanscription is correlated to chromatin architecture.

2.2.2.MEFSIM@&seq discerns chromatin features with high reproducibility

Methylation Footprinting followed by SingMOlecule sequencing (MEFSIMEY) is analogous to
previously published techniques such as nanoNOME, S3d4CFibeiseq, MeSMLReq, ODMseq

and SAMOS@Abdulhay et al., 2020; Lee et al., 2020; Liu et al., 2020; Oberbeckmann et al., 2019;
Shipony et al., 2020; Stergachis et al., 2020; Wang et al., Zit@arly, the MEFSIM&eq approach

relies on the preferential methylation of accessible cytosines using a-s@g€¥ic 5mC
methyltransferase (M.Sssl). Utilizing the Oxford Nanopore Technologies platform allows us to
sequence multi kilobase singteolecule chromatin fibers. Detection of nigtlated CpG sites is
handled by the previously established software tool nanopdimpson et al., 2017y aken together,
MEFSIM&eq results in a comprehensive map of the genome where accessible regions are
methylated and nucleosomes leave an unmethylated inaccessible footpiqire2.2.1A).

As previous methods have demonstrated, the &p&cific 5mC methyltransferase preferentially
methylates accessible DNA. However, the activity of the enzymes is dependent onsinagnghere

the addition of magnesium results in a distributive, rather than processive actMiysuo et al.,
1994) Without the addition of magnesium or formaldehyde for crosslinking, we identified that the
enzyme would methylate inaccessible Ggieés over time. To establish a robust gooint where
exclusively accessible sites are methylated, we performed time course experiments with different
concentrations of the methyltransferase (MTase) enzyme, M.Sssl. Genomiw&xx#fethylated for
increasing lengths of time, and aliquateretaken at &t intervals. The gDNA of individual timepoints
was isolated and the degree of methylatiomas determined using an ELISA assaylow (25U;
referred to as WT_25 XX, where XX indicates time before quenching the reaetiapine
concentration, methylation elgree continue to increase and saturation was not observéd middle

to high (50U and 150U, respectively. Referred to as WT_50 XX or WT_15@ndfmhe
concentrations, we obseneHittle to no increase imbsorbancefter 60 minutesFigure2.21B). The



results suggest thamethylation of accessible regionsas saturatedunder these conditiondy the
methyltransferasesnzyme.

We performed the methylation @ samples that were not crosslinketliring the preparation We
hypothesizedthat exclusion of crosslinking would provide a snapshot of the true nucleosome
landscape. Transient or other weakly boundtéas will not leave an inaccessible footprint. Stable
bound factors, such as nucleosomes, will leave a footprint by preventing the methyltransferase
access to the DNA. Crosslinking does have advantages, such as preventingnenewonucleases
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Figure2.21  Tightly controlled experimental conditions resuin highly reproducible MEFSIW
seq data

(A) Cartoon outline of MEFSIM&2q. DNA (green) and histone octamers (blue) together represent a chr
fiber. The individual chromatin fibers are methylated by a-pégific 5mC methyltransferase (M.Sssl)tNbg
DNA is purified, resulting in accessible methylated regions referred to as linkers. Conversely, ini
unmethylated regions represent the nucleosome footprint. Lastly, the DNA is directly sequenced using
platform and modified cytosinesre detected using Nanopolish softwa(B) Incubation of equal amounts (
>g) of chromatin with low, medium and high (25U, 50U, 150U, resp. See Appendix run NPDO08) conc
units of M.Sssl. gDNA is subjected to an ELISA assay which detects 5ntificion of 5mC methylation
measured by absorbance at 410nm. Points are average from two measureff@gidNA integrity of sampl
incubated with low, medium or high MTase concentrations over a 180 minute timecourse. Naked and a:
chromatin pike-ins were utilized throughout this experiment. A degradation product of (presumably)
OKNRYFGAY OlFy 06S 20aSNIBSR I BXDCumnylati disirfoiéhlaRgioh
read length of all gDNA to validate gDNA intggriDashedhorizontal line indicates median read length
samples $ee Appendisupplementary tabl&@ NPD08 for median values). Solid traces are samples inct
with 50U and dashed traces are incubated with 150U of methyltransfei@silucleosome footprints (i.
inaccessible regions) are near identical over the incubation period with 150U of M.Sssl indicating
methyltransferase enzyme does not gain acceghadnaccessible regions over time. peaks of modeanc
trinucleosomal peaks are noted above the respective pg@kssenome wide composite plots from th
independent biological replicates (WT/WT1, WT2 and WT3) over four different sequencing runsNIRBRO
See Appendisupplementary table and 2 for further details on global occupancy levé) Nucleosom
footprint (i.e. inaccessible region) distribution comparison of the samples descrig€d in



from digesing the DNA(see ChapteR.1.4), or when capturing transient factors is essential for the
experiment (seeChapter2.2.12. However when crosslinking is performed, tmgation should be
performed in a buffer that lacks magnesium, as the inclusion prevents complete methylation of
accessible region®©berbeckmann et al., 2019)

After performing the methylation, wealidated theDNA integrityby gel electrophoresis as this is
typically a first indication for stable DNA fragment lendtiggre2.2.1C). We observe stable high
molecular weight bandfor all three samples (25U, 50U and 150Uhcubated with different
concentrations of methyltransferase enzyroeer the timecourse (30 to 180 minuteg)non-native
chromatinized DNA spikia of 5kb in length was added at timepoint zero and shows no degradation
over time. However, after 60 minutes into the timecourse, we eddn additional nomative spike

AY 2F  Wy+1% KB RBEMP503We observe a degradation product at the final timepoints of
each sample, potentially the result from nuclease degradatioth@faked DNA spikim. However,

we have not been able to directly confirm that the degradation product seen here originates from this
spike in Other similar samples that were not supplemented with this spkdo not show this
degradation. As the samgd do not show indications of affected gDNA integrity, we continue to
sequencing.

Utilizing the acquired sequencing data, first probedthe integrity of accessible rDNA reads over the
timecourseto determine global sample integritysing the sequencingata. We find that the median
fragment length of accessible rDNA reads is near identical betweeththe latest timepoints at
middle and high enzyme concentratiosdqure2.2.1D; See Appendi@upplementary tabl@ NPD08)

In line with the ELISA assay performed earlier, we find that a low Mbementration (28J) results

in a maximum global occupancy of 89% andiadermethylationof 54% These observatiordearly
suggestthat this sample was not optimally methylateshd is therefore not included in subsequent
analyses The sample incubated thi 50 U and 150U of MTase displays an 82&td 77%global
occupancyn addition to an26%and 16% undermethylation at the final timepairithis suggesthat
the increased MTase concentration largely alleviaeyg potential undermethylation and resultsan
global occupancy akin to that of other biological replicates (For all values see Appapdiementary
table 1-2, NPDO08).These sequencing resultsin combination wh the observations by gel
electrophoresis, suggest that nucleases did not affect gibkegrity and that high (and potentially
also middle) MTase concentrations result in fully methylated DNA of accessible rdgionbhese
formerly mentioned reasons, weéecided to continue the analyses with the high MTase sanifie (
U), as these conditions match closest to any previous and subsequent biological replicates.

Thegoal of incubating chromatin with methyltransferases is to methylate accessible regiorehyher
allowing the identification of inaccessible regiombese inaccessible regions amest likelyDNAthat

is wrapped around éstable)histone octamer and is typicaltpnsideredo be 146bp in length (Luger

et al., 1997).The footprint left by the inacessible regions (also referred to as the nucleosome
footprint) is defined by measuring the distance between two methylated sites, with at least one
unmethylated site separating themWe find that, in the sample incubated witlt50 U of
methyltransferase mononucleosomal footprints are on average 158 wide (Figure2.2.1F). The
larger than expected footprint is likely due to the genowiee distribution of CpG sites resulting in a
limited resolution. A lack of CpG sites directly before and after the nucleosome anthexit site
prevents the detection of the true nucleosome footprint. We also observe peaks av3a8d 45



bp, which orrespond to di and trinucleosomal fragments. Due to the limited resolution and/or
sequencing error, not every region between nucleosomes (i.e. linkers) have a detectable CpG site. Di
and trinucleosomal fragments (31& and 475bp, respectively) provida better estimate of the
actual nucleosomal DNA length and linkers, presumably due to a diminishable resolution error at
longer lengths.

Lastly, we validated the robustness of our protocol by comparing results otéparateMEFSIMO
seqgexperiments NPD7-NPD1( spanning three biologiclgl independentreplicates WT/WT1, WT2,
WT3 of wildtype (WT)S. cerevisiaeells For all samples, we performed similar quality controls as
described beforeaand experimental conditions were neatentical to those desdred earlier Values

for the individual samples can be found in Apper&lipplementary tabl@. We find minor variations

of meanglobal occupancyAppendixSupplementary tabld) and genome wide average composite
signal between sequencing experimeate highly similarKigure2.2.1F) Moreover, we observe that
mono-, di and trinucleosomal peakare present at near identical locatiomeross the evaluated
samples Figure2.21G). Taken together, these findings suggest a high reproducibility across all
samples and can reliably be utilized for downstream analyses.

2.2.3.MEFSIMGseq faithfully captures the chromatin landscape vitro andin vivo

Having validated the technical aspects to ensure optimal experimental throughput, we explored the
capabilities ofour sequencing approach. First, we validated the capabilities of detecting individual
nucleosomes on ain vitro salt gradient dialysis (8} assembled array. This array consists of 12,
unmodifiedWidom601sequences and a subsequent 13 modified 68quenceglLowary and Widom,
1998).The modificatiorof the latter 13 601 sequencesplaces the native restriction enzyme site with

a unique one(see Appendi6.1 plasmid map for pFMP232Each of the 60%equences is equally
spaced by a 5@p. The 601 sequences provide a high affinity binding sitesiftone octamers,
resulting in stably bound nucleosomes at regular intervals. We find that our approach detects full
length arrays with clear inaccessible regions, where nucleosomes are known to be pigent (
2.2.2A). Most likely due to the slight modification of the latter WAdom 601 sequences, affinity for
histone octamers is slightly reducedhisresults in a mild decrease in the petmkugh raio,
suggestindess defined nucleosome positions. We do note that the §8duence is a high affinity
binding region, and coultherefore prevent methylation of nucleosomal DNA in ways native gDNA
cannot.

Next, weinvestigatedhe position and distributin of individual information points (i.e. CpG sité¥p
FAYR GKFIG GKS pQ NBIAZ2Y 2F (KS Ayl OO0SaairofsS NB3,
RSyaArde O2YLI NBRyuré222B[iEot®m).draddiidh Jai tReysequencing platform

and the subsequent bioinformatical pipeline can introduce ambiguity, we observe certain sites that
do not providenon-ambiguousnformation on the mehylation state (e.g. position 250, read 1$uch

sites provide no information on the state of a CpG site and are therefore not pléXedverage, we
detect approximately 18% dafitesas ambiguous when analyzing thmevitro arrays.Taken together,
thein vitrodata highlighs the long range sequencing capabilities of MEFSHd@ Conversely, it also
displays limitations, such as lack of information due to ambiguity or low CpG déisitg.than vitro
arrays we can clearly distinguish individual nuademes on singtenolecule reads when CpG
distribution and density is adequatémprovements and alterations to this array can be found in
Chapter 3.
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Figure2.2.2  In vitro andin vivo MEFSIM@Gseq data faithfully captures the chromatin landscaj
(A) Chromatinized spika from NPDO08 experiment. Spike in consists of 25s8Qliences separated by 5(
linkers. First 12 68%equences are of the original Widom sequeficevary and Widom, 1998yhereas th
latter 13 have a unique restriction enzyme site (RES) that replaces the native Alulcgitegysen et al., 201
Top: composite signal of MEFSHd€Y data. Dashed andkd lines represent two independent timepoi
Bottom: Raw MEFSIM&eq data of 250 randomly selected reads. Methylated CpG and unmethylated C
are represented as datiue and lightblue dots, respectivelyB) Top: Composite signal of first 10@kom
chromatinized spikén. Widom 601sequences are highlighted. Bottom: Raw MEFSéet{data of 20 randomr
selected reads. Methylated CaBd unmethylated CpG sites are represented as -téduk and lightblue dots
respectively.(C) Raw MEFSIM®eq daa of 1000 randomly selecteih vivo genic reads aligned to the

nucleosome. Nucleosome free region (NFR) and predicted average positions of +1 to +3 nucleo:
indicated on top.(D) Top: Composite signal (black line) of MEFSHé@data overlayedith MNaseseq dat:
(147 bp extended dyads, orange) of FMT1 and YIH1 gene. Bottom: Raw MEBE§IM@ds computationa
sorted by reads that are most similar in CpG modification using a Manhattan clustering method. Data is
from samplesWT_TC1_ 18 WT_TC5_180NT3_90WT1_150_180W1 120nin, W2_120nin. Phenotype

compiled data is representative individual samples (individual samples not shown). Transcription ste
indicated by red arrow. Areas within dashed boxes indicate regions oésibteeterogeneity within the gen
MNaseseq data generated by Dr. Ashish Singh.
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Our aim was to visualize the vivonucleosome landscape and thus we performed MEFS$kton

yeast chromatinUtilizingunfiltered MEFSIM&eq data we plot a snapshot of thglobalin vivoWT
chromatin landscapeHgure2.2.20). When aligning a randosampleof 1000reads to the predicted

+1 position ofthe respectivegenes, we find relatively wetlefined inaccessible regions at regular
intervals(Figure2.2.2C, lightblue regions) However, the position and size of each region can vary,
due to inherent heterogeneity across genes and cells stimulated by nucleosome remodelers (reviewed
in (Clapier et al., 2017; Prajapati et al., 2020; Singh and Mueli#aritz, 2021). Similarly, upstream of

the +1 nucleosome we detect the nucleosome free region (NFR). The NFR is typically highly accessible,
however, its size can vary significantly due equence, transcriptional activity or remodeler activity
(Krietenstein et al., 2016; Lai et al., 2018; Lorch et al., 2014; Mahloogi and Behe ,THegd#jindings
suggest that MEFSIMS§&q results in the visualization of singheolecule chromatin fibers whbh
correspond well to known chromatin features.



We next explored the capability of MEFSHg€) to inform onthe (ir)regularity ofindividual gens
instead of genome wideWefind that the ability of MEFSIM®eq to callthe averagenucleosome
positions corelates well with MNasaseq datawhen comparing two different geng§igure2.2.2D,
Top) (Singh et al., 2021} ocation of each peak, i.e. the most likpbsition of a nucleosome, is highly
similar between MNaseeq and MEFSIM&eqg However, we do fid that the amplitudeof peaks is
different between the two types of daté&uch differences are indicative of different underlying data
which may reveal previously unidentified features.

To this end wecan utilize the underlying singlemolecule capabilities of MEFSIM®q to better
understandfeaturesor revealheterogeneitythat would beindiscernibleotherwise (Figure2.2.2D,
Bottom). In agreement with MNasseeq data of the FMT1 gene, we obseavtully accessible region
approximately 200 bp downstream of the T88lizing the MEFSIMSeq data, we can exclude that
this region is present due to MNase bigggure2.2.2D, left shaded area)instead, this region is
presumablynucleosome free oharboring a fragile nucleosomeMEFSIM&eq data can further be
used to identifyheterogeneity aglistinct populations within a single gene. For examfleher into
the gene body of FMTindividual reads contain either atcessible or inaccessilskgion, suggesting
two distinct population of this single gen@igure2.2.2D, middle shaded areaDther genes may
exhibit smilar distinct populations, buat a different location For examplebased orthe composite
signal,YIH1 gene hastypical array without any discernalfieatures. However, singlamolecule data
revealstwo population of readsdefined by adistinct accesibility pattern flanking both sides of the
TSSFigure2.2.2D, right shaded areayuch heterogeneityithin these two exemplary genesannot
be discerred by the MNaseseq composite signalThus, utilizing the MEFSIM&®2qg data we can
recapitulate MNaseseq data and identifithe likeliest positions of nucleosomeswithin a gene
Importantly, the novelsinglemolecule information can identify furthemuancesand heterogeneity
unobtainable by yield based methods such as MNa=g

Taken together, we demonstrate the technical advances of MEFSH#gMas made to analogous
sequencing techniques. Through carefully controlled conditions, we can probe hiteenatin
landscape and detect the location of (in)accessible regions. Compared to other sequencing
techniques, the approach can reveal sirglelecule insights of cetb-cell heterogeneity. Elucidating

the factors that work in favor or against the establinent of heterogeneity will be addressed in this
study.

2.2.4.rDNA loci are not transcriptionally independent and are associated with UAF30 when
accessible

We demonstrated the capability of MEFSIME to studyin vivochromatin genome wideAs a

stepping stone we first investigated the known features of the rDNA locus and aimed to further
elucidate debated featuresThe rDNA locus i%. cerevisiadas been shown to exhibit binary
chromatin accessibility states that are dependent on their transcriptional gctiiach of the
approximately 10200 copies are ~9.1kb in length, making-2Mb region referred to as the RDN1

locus. As the exact number of copies within the RDN1 locus can vary cell to cell, the SacCer3 genome
has only two copies annotated as RDM3a&hd RND3%2, each separated by neranscribed spacers

(NTS1 and NTS2). The individual loci consist each of a 35S unit transcribed by Pol I. The resulting 35S
pre-rRNA transcript is processed into 25S, 18S and 5.8S rRNAs. These transcripts are represented
within a single RDN37 locus as RDN25, RDN18 and RDdI&&parated by no#transcribed spacers



ITSland ITS2 (reviewed Menema & Tollervey, 1999Upstream of the RDN37 locus is a 5S unit
transcribed by Pol 1l on the opposite strand, and a-transcribed replication origin autonomously
replicating sequence (ARS). Traimon of the 35S unit results ia region devoid of nucleosomes
making the DNA highly accessible. Conversely, transcriptionally silent loci tend to have a high degree
of assembled nucleosomes and are therefore deemed inaccessible. However, this dichotomy
accessibility is contested as it has been suggested that nucleosomes rermsémtpat transcribed

rDNA loc{Conconi et al., 1989; Dammann et al., 1995; Jones et al.,.2007)

Recent findings using an analogous sequencing method clearly exhibited two mutually exclusive states
of the 35S regiorfShipony et al., 2020yVith our observations usin/[EFSIM&eq we were able to
confirm these observations for a single 35S lo&igure2.2.3A). We find that readof the RND371
locusare eitherhighlymethylated(accessibledr unmethylated(inaccessibleMoreover, utilizing the
longrangesequencing capabilities of MEFSIMEY], we are also able to determitiee state of reads
spanning both RDN37 loci. We find that the RDN37 loci can have an ingeessihility compared to
their neighbor (mixed accessibilityBased on the distribution of methylation states when plotting
either left or right (RDN3Z or RDN32 locus, respectivelywe define a locus as fully methylated
when it exhibits >50% methylan (Figure2.2.3B).Our calculations suggest that typically for WT yeast,
approximately 30t4% of reads are in theccessiblestate Figure 2.23C Left Active). Similar
observations and valug83t4%)are found for the neighboring RDN27locus Figure2.2.3C Right
Active).

As MEFSIMGeq was able to capture reads spanning both the RBENZhd RDN32 locus
simultaneously, we asked whether the accessibility thedeforetranscriptional activig) ofone locus

was independent of & neighbor. Previous findings characterized the activity of rDNA loci as random,
suggesting that they are independent (Dammann et al., 1995; French et al., 2008). Utilizing our
approach, we were able tgcrutinize theseresults utilizing MEFSIM@ed®@ high throughput and
accuracyFor each sample, we generated a contingency table, determining the absolute amount of

reads that fall into the four states described in Figure 2.2\8¥t,we determinedthe transcriptional
independence of each locus by calculating grebability of both rDNA loci being active over the

marginal probability distribution of one locus being act{ealculations performed by Dr. Michael

Wolff, seeFigure2.2.3E legend for formula Theseprobability observations reveal that neighboring

rDNA loci ardbetween 2590% away from independencéepending on the sample probdBigure

2.2.3E). Thisindependence suggestisat the transcriptional state of one lasaffects the neighboring

transcription stateWe nexttJS NF 2 N¥Y SR | & ( | Gisingtheicéntingendy fakieksbidln da S E |
test the null hypothesistating that therDNA loci are transcriptionally independeftK S CA A KSNIDa S
test results in aejection (p<0.05)of the null hypothesis for all testeWT samplegFigure2.2.3F.

Theseresults indicate that, in contrast to previously published findings, the rDNA loci are not
transcriptionally indepenént (Dammann et al., 1995; French et al., 200B)us, based on the
LINPOFOAETAGE OFf OdzA A2y a adzJI? Nlu&iRcrigtiénal StéeSof CA & K ST
one rDNA locusaninfluence the activity of its neighboring locus

We nextfocusedon arecently identified anticorrelated region upstream of the 35S T&®re
2.2.3G, purple region)Shipony et al., 20207 his anticorrelated region is found upstream of the TSS
of both rDNA loci. Briefly, whethe 35S gene (RDN3L) is methylated, the anicorrelated region is
unmethylated and viceersa. Based on the previous studywas hypothesized that this region wa
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Figure2.23 rDNA loci arenot transcriptionally independent and the UAEomplex bind:
upstream at the anticorrelated region
(A) The rDNA loci (RDN3d7and RDN32) exhibit a binary methylation statejtieer largely methylated (dar
blue accessibleor unmethylated (lighblue; inaccessible Four distinct (translational) populations spant
two rDNA loci can be observed (green, orange, blue and gBpistribution of accessible (dabtue, >50¢
methylation rate) and inaccessible (lighlue, <50% methylation rate) reads for RDN3{ieft) and RDN32
(right) locus.(Q Fraction of accessible compared to inaccessible (active and inactive, resp.) reads pel
Error bars represent standard devat. Values are derived from WT strain (yFMP013) and sanvplest 20mir,
W2_120min WT3_90 WT1_150_180WT_TC1_180NT_TC5_18QNPDONPD10)(D) Amount of reads fc
each population as determined by a cutoff of 50% methylation for each rDNA locus.fgatussgle biologic
sample (WT3_90, NPD10) are inserted as a representative example for distrifig)t@aiculating the probabili
whether the transcriptional state of one locus affects the state of a neighboring locus (enhancement) Tc¢
we a@lculate the conditional probability distribution of one locus being active whilst the neighboring |
active as well. This probability is divided by the marginal probability distribution of one locus being acti
ignoring the neighboring locusTo measure this observable, we utilize the following equatibi:
E:Baozi;)g ;giigf;qqe(% To statistically test whether the two loci are transcriptionally independet
utilize the contingency tables generated® | Yy R LISNF2N) | CA&aKSNDRa SEFC
base scale to better represent the significance. The log@ khreshold of p=0.05 is indicated by the da
line. Analyses performed by Dr. Michael W@§fAn anticorrelated region upstream of either rDNA (here st
is RDN341) locus can be detected using MEFSBé@ as previously reporteBhipony et al., 2020)The
highlighted area in yellow is enlarged in the bottom panel. The predicted binding region of tioetdplEx (6
to 155 bp upstream of theDN371 TSS) is highlighted in purple and overlaps with the anticorrelated réH)
The anticorrelated region and predicted Uedmplex binding site (highlighted in purple) both overlap witt
peak of UAF30 Chbeq and ChHexo data(lida and Kobayashi, 2019; Rossi et al., 20R&p1SLIMChIP dat
does not overlap with the anticorrelated regi@@utin et al., 2018)




the binding site of transcription factor Rebl. However, this study also identified that Reb®xehIP
data did not overlap with tis region. We hypothesizedwhether the UAFEomplex could be
responsible for tis anticorrelation as itvasshown to target the upstream activating sequence (UAS)
of the rDNApromoter (60-155bp upstream of the 35S TS&eys et al., 1996)Furthermore the
complexis required for Pol | activityy vivoand targets the complex to theromoter region(Hontz et

al., 2008; Knutson et al., 2020; Smith et al., 20TBe complex consists of six subunits, Uaf30, Rrn5,
Rrn9,Rrn10 and histones H3 and H4sAnce of subunit Uaf30 prevents efficient bimgl of the
complex to the rDNAromoter (Hontz et al., 2008We took Uaf30 ChiBeq data andound thatit
overlaps with the inaccessible region found at gm@moter region upstreamof the 35S locuglida
and Kobayashi, 2019rigure2.2.3H). In concordance to the Uaf30 CHBqg data, we also find that
high-resolution Uaf30 ChiBxo data overlaps with the same inaccessible regRRwossi et al., 2021)
Similar to the previous finding, weo not observe an overlap of the inaccessible region and Rebl
binding(Gutin et al., 2018; Shipony et al., 202Based on the Ch&egandhighresolution ChiRexo
data, we concludethat the UAFcomplex binds to thgromoter region of active 35S loci resulting in
an anticorrelated accessibility

2.2.5.TheS. cerevisiaehromatin landscape is more regular than previously observed

We next turned our attention back to the genome wide chromatin landsc@ielst at a single locus

of the rDNA we observed a binary accessibility state, typical genic loeilitaad heterogeneity
associated with them. Sequencing methods such as Miaege have demonstrated this
heterogeneity by plotting composite averages of all known genes aligned to the +1 nucleosome in
wild-type cells. These findings showed a decreasermyaregularity in the direction of transcription
(Figurel.1.3B). Moreover, genome browser shotsiaflividualgenes highlight the differdrchromatin
structures that mg occur (Figure 1.1.30). Utilizing our MEFSIM&eq data we observe a decaying
regularity downstream of the +1 nucleosome, similar to the heterogeneity that can be observed
utilizing MNaseseq Figure2.2.1H). Different however, is the underlying ability of MEFSI&&Q to
capture the celto-cell heterogeneity of individual geneBigure2.2.4A). For examplewe currently

do not know ifgenes with low regularity scoréSingh et al., 2021)nay be the result of #bhased
arraysdespite the presence of nucleas@ remodelers Such genes could in theory be highly regular,
but have a dynamic alignment point (i.e. the +1 nucleosome) frequently found at different locations.
To elucidate the differences between arrays with and withotghthsed arrays, we utilizedéelsingle
molecule capabilities of MEFSIM@Q.

First, we identified whether a nucleosome was present at the predicted +1 nucleosome position. For
each read we probed the CpG site(s) withit28 bp window around the predicted position of the +1
nucleosomgCherdi et al., 2018)Figure2.24B). The mean methylation state of the site(s) within this
window was calculated and was assigned to each (partial) aeddocus (See Methods). Based on
this approach we observe two distinct states for the +1 nucleosome which we defined as N+1 present
or N+1 shiftedA third state in which we cannot define the methylation state unambiguously within
the window (e.g. two $&s within the window are of different methylation status), was filtered out in
this approach(2+0.1%) The average amount of CpG sites found within the window is+D.02,
suggesting that only a small fraction of windows contain multiple CpG sites dhdd cesult in
ambiguity.We further observed that increasing or decreasing the window size can influence output
and ambiguity. We find that #5 bpwindow will result in less ambigui{@+0%)and only a single CpG



site per window (1.80), as the chance for finding multiple CpG sites with different methylation states
is reduced. However, theverallprobability of finding a CpG site within this smaller window is also
decreased, which directly impacts the output. Conversely, utilizing @rlamindow (e.g.+50 bp)
results in more ambiguous window43t1%)and an average higher amount of sites per window
(1.13t0.02) but more throughput of reads. Despite the differences in output and ambiguity, we did
not observe genome wide differences in dastream applications and therefore continued with a
window size of+20 bp Figure 2.24C). After categorizing reads based on the state of the +1
nucleosomeyve find tha 19+4% ofll reads were defined as N+1 shifteal/éraged over sequencing
runs NPDO/NPD10Q samples: W1_12Q0 W2_12Q WT_TC1_180WT_TC5_180WT1_150_180
WT3_90.

To determine the regularity and phasing of an array on arpad basis we first requiretb identify
the dyad position of all nucleosomes. To this ertaok raw MEFSIM®eq data and computationally
fitted nucleosome dyads in the center of inaccessible regitvs required each inaccessible region
to beminimally 14#10bp in width.If aninaccessibleegioncan theoretically hold more than a single
nucleosomege.g. 300 bp widethe nucleosome dyads are distributed at equidistance fromaheer
limits andfrom each other Figure2.2.4D). We note thatdue to the density and distribution of CpG
sites in the genome, the exact location of a hucleosome dyemhotbe determined. Regions with a
higher CpGdensity, or better dstribution, will therefore naturally provide better approximations
although physical limitations apply (see ChapteNg8 however argued that this stochastic approach
is best suitedfor this type of dataand allows us to predict the nucleosome dyad pdisin. Further
potential improvements are found in the discussion.

Having defined the methylation state within the window for each raad added the ability to identify
the nucleosome dyadve next separated the reads find differences in regularity beten the two
N+1states(Figure2.24E). Fromthe singlemolecule plots we observe that regularity appears to be
higher for reads with a N+1 preseiReads defined a#l+1 shiftedklearly have methylated CpG sites
at the 0 positon. Downstream regularity however is not directly appareiiten compared taN+1
present readsUtilizing the analysis to approximate the nucleosome dyads described eéilierrd
2.24D), we can fit nucleosontein inaccessible regions-igure2.24F). Visual inspectionndeed
suggests ammprovedregularity for reads where an N+1 psesert (Figure2.24F; Top) However,
underlying array regularity may be missed due to the lack of phasing in reads with a shift@ddurd
2.2.4F; Bottom)

Following the separation of reads based on methylation saaigt a nucleosome fittingve performed

a computational phasing of individual rea@ee Methods for detailsThis allows uto disregarcthe
genomict+ldyad Iaation and instead observe arrays as if they were perfectly aligned. To thigeend
took the nucleosomedyad position we calculated befarand aligned it to thehypothetical zero
coordinate. To prevent artificial regularity that may be introduced bynfittimultiple dyads in large
inaccessible regions, we ordgmputationally phaseeads in which the inaccessible regiatnthe +1
nucleosoméfits a single dyadWe note that this stepnay exclude up to 75% of reads globalhd

thus can reduce coverage sihgle loci drastically if raw sequencing output is low or not combined
with other (biologically similar) sampleRegardless, using the current conditions with a single CpG
methyltransferaseenzyme, his phasingstill results in the precise alignment of the predicted +1
nucleosome dyad, thereby largely nullifying the native heterogeneity of the +1 nucleosome found in
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Figure2.24  The S. cerevisiaenucleosome landscapehsws high regularity when singk

molecule reads are computationally phased

(A) Unfiltered MEFSIM®eq data of wiletype S. cerevisiaeEach read represents an uninterrupted sir
molecule. A subset of 1000 randomly selected reads are shown from a soigtadal sample (WT3_
NPD10. See Appendixipplementary tablé). (B) Cartoon outline of computational strategy for separa
reads with phased and shifted +1 nudemes. Methylation state of CpG site(s) 40480 (bp) surroundin
the predicted +1 nucleosome dyad (N+1 dyzlgreji et al., 201&re monitored. Individual reads with eitt
unambiguously methylated or unmethylatesite(s) in this window are separated into different categ:
based on their methylation state (N+1 phased and N+1 shifted, unmethylated and methylated, resp
(C)Global composite plots of all reads after determination of N+1 state using Nvelbwrisize 020 bp o
+50 bp. Effect on global composite plots is negligible. A larger window size results in more read
(2+0.1% versus #3 % for 20 and 50 bp windows, respectivgly) Cartoon outline of computational strate
for fitting nucleosomes at inaccessible (i.e. unmethylated) regions. The {gajMis the distance betwe
two methylated (M) CpG sites, separated by minimally one unmethylated (U) site. The nucleosom
fitted at the center of an MUMyaps of minimally 147+10 bp. Dyaal® fitted at equidistant from MUMyag
limits and each other when multiple nucleosomes can be fitted (right side of cartBori)tered MEFSIIMW
seq data of 1000 randomly selected reads are plotted for each N+1 state (top and bdfpFijting o
nucleosome dyads as illustrated (i) using the reads plotted (D). (G Computational phasing of rea
categorized in(E). The fitted nucleosome dyad closest to the predicted +1 nucleosome dyad it
coordinate 0. Only reads for which fpdnt of the phased +1 nucleosome only can fit a single nuclec
(<180bp). For more details see Meth@Hd) genome wide average composite signal of unphasec
computationally phased MEFSIM®q data for all, N+1 present and N+1 shifted reads (gi@k-blue anc
light-blue, respectively))) MEFSIM&eq data for YUR1 gene before and after computational phasin
and right, respectively). Methylated and unmethylated CpG sites are indicated asddrightblue dots
respectively. Fitted nuclsome dyads are indicated as red dots. Manually inserted representations
nucleosome footprints are shown as lightl ovals and represent a nucleosome footprint over an area (

bp.



cells Figure2.24G; Top. Visual observations suggest that reads defined as N+1 shifted, are now
showing & improvedregular downstream arraywhen compared to the prphasing state Kigure
2.24FG; Botton).

Next, wefurther investigatedhow the position of the +1 nucleosome affects the average array
regularity by utilizing composite plots. Based on the initial observations, we hypothesized that
computational phasing woulcesult inhigh array regularitgompared to norphased readsWe first
compared reads beforaucleosome fitting ocomputational phasing anfind that, compared tcall
reads reads within the N+1 alignextate, have aslightlyhigher regularity Figure2.2.4H, dark-blue).

In line withour initialvisualobservationsreads in which the N+1 was shifted, show a drastic reduction
in regularity Figure 2.24H, light-blue). Next, we compared genome wide compositeplots of
computationallyphasedreads We find a similar slight improvement in N+1 present reads when
compared to all readg¢Figure2.24l, grey and darblue, resp.). Interestingly, N+1 shifted reads
improvedrasticallyand show a high degree of regularity after computatioplahsing(Figure2.2.4l,
light-blue). Despite the markedly increased regularity in N+1 shifestls, it remains reduced when
compared to all or N+1 present readased on these observations we find that (1) the array regularity
in WTS. cerevisiais alreadyhighly optimized and (2he actual regularity ofinphased arrays are still
highly reguladespitecomposite plots suggesting otherwis&'e conclude that sequemgtechniques
which provide a global averagésuch as MNasseq), accuratdy portray the genome wide array
pattern. In addition to previously identified array regulatitwe here showthat the underlying
regularity of the nucleosome landscape is more regular than initially observed and that nearly all genic
arrays are highly regulalhe precise position of the +1 nucleosonenot a determining factor of
proper downstream array regulitly. However, lack of a native wedbsitioned +1 nucleosomgsuch

as those in N+1 present reads) does affect the downstream regularity to an extent, as evidenced by
the reduced regularity of N+1 shifted reads after computational phasing.

Lastly, we aimed tautilize our MEFSIM®eq data to determinghe actual regularity ofndividual

genes which contaia fraction of reads with a shifted +1 nucleosarivoreover, we aimed to visualize

that the improved regularity we observe is not only apgat when plotting acomposite signal but

also for individual gene®©ne examplés the YUR1 gene located on chromosome 18.inerevisiae
MNaseseq as well as our MEFSIMEq data would suggest that this gene has a low regularity based
on the array regularity scogingh et al., 2021\We find that the +1 nucleosome dyad is often located

at a different location tharpredicted (i.e. not at coordinate Opfter computationally phasing the
readsthat span this gene, we find a regular array in the underlying (Fitpure2.2.4J)). We do note

that this particular gene has a relative low coverage, despite being compiled from data over several
biological replicates. This issue may arise for other genes as well due to the filtering step during
phasing as described earlier. Wever, this limited data does represent well how computational
phasing can reveal underlying array regularity at a single locus. Taken tqggtheme composite

plots, genome wide singlmolecule plots and those of individual genes suggiestcompositionof

arrays is highly regular in BT cerevisiae

2.2.6.Transcription destroys array regularity, but doest result in hexasomes ithe gene bog

We next wondered whether transcriptional activity could be correlated to the state of the +1
nucleosome we defineckarlier. Transcribed genes typicallend to havea wellpositioned +1
nucleosome an open NFRand regular downstream phasing aide in transcriptionactivation



Conversely, inactive genes may be regular, but have unphased +1 nucleasitiniethe NFRWang
et al., 2019)Moreover, it has been suggested thatoper positioning of the +1 nucleosommeay be
aided by the transcription machinefptruhl and Segal, 2013; Vasseur et al., 20H6)veverthese
observations are contestda other publicationsuggesting destructive effect by transcriptigiBaldi
et al., 2018; Singh et al., 2021)

Tofurther elucidate the effect of transcription on array regulariye utilized our data on theN+1

shifted ratio for each gene. We cqmared the N+1 shiftedatio to the transcriptional rate of genes.

We hypothesized that highly transcribed genes tend to have a higher ratio of shifted +1 nucleosomes.
This observation would be in line with recent findings that transcription destroys af&ysh et al.,

2021) To this endwe took4tu-seqdata acquired from Barras et and RNA Pol || Ch#eq data from
Ocampo et ak4tU-seq dateexamines RNA processing kinetics informing on the transcriptional activity
(Barrass et al., 2015Alternatively,RNA Pol Il Chieq data quantifies the presence RNA Pol Il at the
gene, which informs directly athe transcriptionakctivity (Ocampo et al., 2016)n order to compare
transcrigional activity to the N+1 shifted ratioje split genes in four quartiles based in their
transcriptional activityUtilizing these RNA Pol Il Clsiy data, we fing signifiantly higher ratio of

N+1 shifted reads for highly expressed genes (quartile 4) when compared to lowly expressed genes
(quartile J (Figure2.25A). Near identical resits were observed for the 4tideq datasefrom Barras

et al. These datasetsuggest a correlation between transcription rate and a shifted +1 nucleosome.
We took alternativepublished 4tUseq datato further validate our findingand performed the same
andysis(Xu et al., 2017 Curiously, utilizing this datase#e find no significant difference between the
lowest (1) and highest (4) transcriptional quartiles.

To invesigate the discrepancybetween datasetswe performed acorrelationanalysis. We find that
the datasets from Barras et al., and Ocampo et al. correlate relativelydespite being different
techniques(r=0.51). In contrast, the twreviously mentionedlatasets correlate significantly worse
with the Xu et al., datasesuggesting that this dataset may be fa(flty0.27 and r=0.32, resptively).
Based on the datasets that agree with each other, we concludehilgaly transcribed genes tend to
have a higher ratio of shifted +1 nucleosomeghen compared to lowly transcribed genes.
Transcription thus affects the position of the +1 nucleosome.

We nextinvestigatedwhether transcriptional activity has an effect dne regularity of arraysAs
mentioned earlier, ecent findings woulduggesthat RNA Pol Il destroys arrays addition, it was
suggested that highly transcribed genes have wider NFRs compared to lowly transcribed genes
(Weiner et al., 2010\We observe mild to no improvement in regularity the top 25% transcribed
genes when compared tthe bottom 25% transched genes when Xu et aitiU-seq data isused
(Figure2.2.5B, left). These trends remain similar when comparing-tapd bottom 5% or 109§-igure
2.2.5Bight). Utilizing the Xu et al., dataset, we do not observe a widened NFR for highly transcribed
genesfurther suggesting some sort of defect in the datadatcontrastRNA Pol Il Chifeq data and
4tU-seq from Barras et al.do suggests that highly transcribed genes tend to have worse array
regularity (Figure 2.2.5B Moreover, we find that thee datasets show a wider NFR at highly
transcribed genes. Wiherefore conclude that RNA Pol Il has a riegaimpact on array regularity as
previously suggested.

Besides the role of transcription on array regularity and NFR widtgsitfurthermore been shomw
that RNA Pol Il transcription can lead to subnucleosomal fragments e.g. hexastighstranscribed



genes are suggested to hagachhexasomesr partially unwrapped nucleosomal DNA at the +1
position or in the gene bodyKulaeva et al., 2010; Ramachandran et al., 20ih7prder to address
these observationswefirst determined he location and size of each footprint from 250 upstream

to 600 bp downstreamof the predicted +1 nucleosomeFigure 2.25C. We find that our
mononucleosomal footprints are most commdmoughout our dataand are, as previously stated,
approximately 158p. Interestingly, at the +1 position we find two distinct nucleosome footprint
populations. One population appears to be®WNB 3 dzf | N Y 2 y 2nd izCehtSreédzathé |-
zero coordinate Another population of mononucleosome fisund slightly upstream, and exhibits a
footprint of approximately 17%p. This population could be nucleosomes with an additional factor
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Figure2.25  Transcription destroys array regularity, but does not result in hexasomeh@agene
body

(A)N+1 shifted ratio per transcriptional quartile from low (1) to high (4) based on Ocampo et al. RNA P«
seq data. Boxplots visualize median and 25ttl @5th percentile. Whiskers extend from 25th and 75th perci
to lowest/highest value no further than 1.5 times the interquartile range. A pairwigsttwas performed t
identify a statistical difference between low (1) and highly (4) transcribedsggnarked by asterisk). (n=6; r
NPDOZNPD10, sample®Vi_12QW2_12QWT_TC1 18OWT_TC5 18§WT1 150 180WT3_90. (B)Genom
wide composite plots of top and bottom quartiles (left) or centiles (right). Comparison betweer
independent publications shows differences at highly transcribed genes (purple and orange (G
Nucleosome footprint locations within the i body. The footprint size is measured by the distance be
two methylated sites with minimally a single unmethylated site separating thenHgees2.2.4B). Location ¢
footprint is relative to the predicted +1 nucleosome for each gene. Counts indicate the number of footpri
at a particular position(D) Nucleosome footprint size for genes based on transcriptional activity from low
high (4) based on Ocampo et al. RNA Pol II-&#dRlata. Footprints are assigned +1/+2/+3 nucleosome
the dyad is <220bp and within a 150bp window around the predicted peak position of each nuc
(coordinates 0, 166, 232) (n=3E) Nucleosome footpnt locations within the gene body separated
transcriptional quartiles based on Ocampo et al. RNA Pol Hséql®ata. Counts for each individual quartile
shown as inserts and indicate the number of footprint dyads at a particular position.
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bound.However, ontrary to the previous observationsur data does not suggest the presenceaof
distinctpopulation of smaller (subnucleosomal) footprints at the +1 or into the gene,lman in the
quartile of genes with the highest transcription.

We hypottesized that the footprint observed at the +1 nucleosome could be a nucleosome with a
bound factor, e.g. part of the transcription machinery. To investigate this possibiliplt¢he genes

in quartiles based oRNA Pol Il Chigeqg For the genes in eadjuartile, we calculatedthe footprint

size distribution within a 200bp window around the predicted locations of the +1, +2 and +3
nucleosome. Based on our observations, we see no differenéeotprint sizedistribution when
comparing highly transcribedb lowly transcribed genes (quartiles tb 4) (Figure 2.25D). No
differences are observeith footprint distribution for each nucleosomehen utilizingOcampo et al.,
4tU-seq data either.

We argued that the distribution of the +1 nucleosomerigure 2.2.5D mdye too broad to observe

two distinct populationsTo this end we visualized the footprirdsall nucleosomes as we did in Figure
2.2.5C, butor each transcriptional quartile. Similar to Figure 2.2.258fimd anenlarged distribution

of footprints remains present around the +1 nucleosome for all transcriptional quartigsire
2.25E). Wetherefore conclude that (1) highly transcribed genes do not have a tendency to have
hexasomest the +1 or in the gene body ar{@) the +1 nucleosome footprint is nenlargedby a
component of the transgption machineryThese findings suggest that a factor other than that of the
transcription machinery is bound to certain +1 nucleosomes.

2.2.7.Induciblepromotersassociated with STM and RPG themes are overrepresented in genes with
shifted +1 nucleosomes

Thepromoters of genes transcribed by the RNA Pol Il machinery can be broadly distributed into two
categories, inducible and constitutively active. Recent findings have definedghmseters into four
distinct themes based on their architectu(Rossi et al., 2021Here, findings suggest thabughly
two-thirds (>4000) of ajpromoters havean architecture corresponding to constitutive, but low, gene
expression. These promoters are associated tolth® and UNB architectural theniriefly, he TFO
promotorscontaina sequencespecific transcription factqiss TFdr other cofactobound (hence TFO)
between the-1 and +1 nucleosomdJNB themed promotors sh@a no identified binding events
aside from gpotential pre-initiation complex(PIChence UNBor unbound. In additionRP and STM
themed promoters are associated with ribosomaloteins (hence RR)nd inducible genes. The STM
theme is SAG8ominated but alsoricludes cefactor complexes Mediator and Tupl, which wher co
occuiing at promoters are associated with highly expressed genes. The SA®&Etop complex
furthermore facilitates assembly of the pieitiation complex which further regulates gene
expression

We hypothesized that RP and STM thenpedmoters were overrepresented in genes that exhibited

a high ratio of shifted +1 nucleosomes as RNA Pol Il can destroy arrays. Conversely, constitutively
active and lowly expressgmtomoters of the TFO and UNBeaime would have mostly well positioned

+1 nucleosomes. To this end we took the N+1 shifted ratio calculated previously and assigned the
promotertheme to each associated gene. We next split the data in equal quartiles based on the N+1
shifted ratio of indiidual genes. We found that indeed TFO and UNB thepnechoters were mildly
overrepresented in genes with a well positioned +1 nucleosome, but did not significantly differ across
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Figure2.26  Inducible promoters associated with STM and RP themes are overrepresenti
genes with shifted +1 nucleosomes

A) Total count of genes from low (1) bigh (4) shifted N+1atio for each promoter theme (UNB, TFO, STN
RP) based on Rossi et al. classification. Error bars represent standard deviation over biological replici
(B)Genome wide composite plots for genes within each promoter theme separated by lowigt) (4) shifte
N+1 ratio. (C) Nucleosome footprint location for genes associated with UNB and TFO themed pr
(N=2382). A larger footprint, akin to a second population, can be seen near the predicted +1 nucleosom
(coordinate 0) indicativef a bound factor enlarging the footprint siZ&) Similar analysis as performed (@)
Nucleosome footprint location for genes associated with STM and RPG themed promoters (N=546). No
distinct population can be observed close to the +1 scime.

quartiles. RP, and especially STM therpeaimoters, were clearly overrepresesd in genes with a
high ratio of shifted +1 nucleosomeBigure2.2.6A). Taken together, the data further supports a
negative role for RNA Pol Il witegards to array regularity consistently ling the state of the +1
nucleosome to transcription. Here, we further define RP and STM thenuadoters to be associated

with a shifted +1 nucleosome. Thus, transcription affects the position of the +1 nuoleoso

Next, we wondered whether the different themgmomoters not only influenced the position of the

+1 nucleosome, but thereby also the downstream array. We earlier identified that reads with a shifted
+1 nucleosome still had regular arrays, but not be extent of the genome wide patterrigure
2.2.4G). We find that genes with the highest ratio (quartile 4) of N+1 shifted reads have a lesser phased
+1 nucleosome Figure2.2.6B). This is especially apparent for STM therpesimoters where we find

the majority of genes having a high ratio of shiftedhtitleosome. Similarly, but to a lesser extent we
find the same for UNB/TFO themptbmoters. Akin to earlier observations, an unphased (i.e. shifted)

+1 nucleosome results in reduced downstream array regularity, which is most apparent in genes with



an STMthemed promoter. Based on these observations, it appears that the overall chromatin
architecture of the genes within the sarpeomotertheme is similar, but is influenced by the position
of the +1 nucleosome. In agreement with the negative role for RNA Bolarray regularity, we do
find that the overall quality of arrays is less for genes with an STM/RP theraetbter.

Highly transcribed genes did not preferentiatigivelarger +1 nucleosome footprint§igure2.2.5E).

We hypothesized that STM/RP themaamoters (associated with inducibility and high transcription)
would not have a population of enlarged footprints. In contrast, UNB theprednoters are not
bound by any of the STM dactors but instead only had a PIC present. TFO thepnechoters also

lack any STM efactors, but are often bound by an insulator such as Reb1, Rapl or Abfl close to the
+1 nucleosome. The +1 nucleosome of genes witlN&/OFO themedgromoter were therefore
hypothesized to contain reads where the +1 nucleosome has an additional factor bound. Indeed, we
observe two distinct populations of the +1 nucleosome footprint for UNB/TFO thema@doters
(Figure2.26C). STM/RP themegdromoters lack asecond enlarged footprint at the +1 nucleosome
(Figure2.2.6D). Moreover, the distribution of footprints is broader, consistent with a reduction in
array regularity for highly transcribed genes. We conclude that constitutive and insulated genes
characteized by the UNB/TFO them@domoters can have an enlarged +1 footprint, likely due to the
binding of another factor.

2.2.8.ISWI/CHD nucleosome remodelers shape the genomic landscape downstream of the +1
nucleosome

We identified that arrays are largely reguldespite scenarios in which they shoalack of phasing
(Figure2.24H-I). Next, we wondered how regularity would be affected in a stwiich reduces array
regularity dobally. To this end, we utilized a strain lacking ISW|/@HiibdelersA a s Mk = AagHk X O
hereafter referred to as TKQhat had been previously generatgdsukiyama et al., 1999The
ISWI/CHD remodelers are w&hown for their abilityto establish nucleosome arrays amitle in
nucleosome assembl(¥ei et al., 2015; Ito et al., 199%)oreover, $iding activity of theseemodelers

was shown to result in centgrg of mononucleosomessuggesting a role in the creation of regularly
spaced arraysFurtherin vitro studies showed that this activiipdeedresultsin phased and regular
arrays(Krietenstein et al., 2016)ater, @nome widein vivoresults validatd these findings, and have
shown a reducedegularitywhen these remodelers are deleted $ cerevisiaéGkikopoulos et al.,

2011; Ocampo et al., 2016; Singh et al., 20Rditherin vivoevidence in a mammalian system shenlv

that SNF2H deletion (theT&Rase of ISWI complex), results in reduced array regularity and phasing
(Barisic et al., 20)9However, itremainsunclear whether deletion of these remodelers results in a
reduced array regularity simply due to a lack of phased arrays. Limited MNase data suggests that
regular arrays are prevalent despite a lack of remoddleideg et al., 20157 his leaves the possibility

that regulararrays aregeneratedsimplydue to the limited organizational possibilities. Indeed, it was
shown that a purely statistical positioning theory could result in regular alégsberg and Stryer,

1988; Rube and Song, 201%y identifyhow the depletion of ISWI/CHD remodelers affects individual
arraysin vivg we utilizel MEFSIM&eq data tadeterminearray regularity on @er-readbasis

We first validated thabur MEFSIM@eq data recapitulates theomposite signalsbservedn MNase
seq forwild-type (WT)and TKQells Figure2.27A). We find that the regularity is severely affected in
the TKO straimas previously reportedSingle molecule plots of the unfiltered MEFSHsEY data
further indicates a strong reduction in regulariffyigure 2.2.0; First panél Fitting of nucleosome
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Figure2.27  The ISWHand CHDremodelers are essential for genic nucleosome regularity, bu
not affect assembly levels genome wide and locus specifically

(A)Genome wide composite plot comparison of WT and TKO data. Genes are aligned to predicted +1 ni
position in WT basd on chemical mappingMore details on samples see Appen8ixpplementary tabld-2
NPDO7 and NPD1@B) Computational phased composite plots for WT and TKO strainausl&osome ¢
individual reads are phased and fixed to O coordinate. Reads are filtered that can not fit a single nuc
dyad within the footprint closest to the predicted +1 nucleosdi@eAccessibility (i.e. methylation) distribut
comparison o#ll reads in WT or TKO strain. Data is representative of all biological repliéthHEFSIM&ec
data of 1000 random unfiltered reads from S. cerevisiae XKDE Mk = A & shrairkwhich@ré Subskeqien
fitted with nucleosomes antthencomputatiorally phased(E)Nucleosome footprint size distribution compari
for WT and TKO strains. Footprints exclusively found within gene bodies (TSS to TTS) are ¢&)ypante
location for all monedi- and trinucleosomal footprintsCountsindicate the number of footprint dyads a
particular position (G) Ratio of reads with N+1 shifted or phased in TKO strain from low (1) to h
transcription rate based on Ocampo etRNA Pol Il ChisegDKO data (n=3H) The degree to which rDNA&c|
of individual samples are removed from transcriptional independence can be measured as an observe
detailed description seBigure2.2.3E (1) Log10 base converted®| f dz§a 2F CA&aKSNRa
independence of rDNA loci in TKO strain. Log10 base convertddePof 0.05 is indicated as dashed lir{é
Ratio of rDNA reads of left (RDNB)and right (RDN32) loci beingully active $60% accessible) or inact
(<50% inaccessible) in TKO strain (See NPD07 and NPD10 TKO1_120, TKO2_120, WT3_45 and WT
of NPDO7 and NPD10 in AppenBlipplementary tabl8)



dyads in the TKO data does not provide a clear visual regularity as observed(gWE 2.2.0;
Second pangl The computational phasinghich visually improved array regularity in WT, only has a
mild effect in TK@Figure2.2.7D; Third pangl Visual observatiodoessuggest a mildly improved +2
nucleosome regularitydowever the TKO strains do nappear to exhibit a regular array, even when
computationally phased.

To further test whether computational phasing could ravan underlying regularity in TKO strains we
investigated the composite signal over all siagilelecule readsThe irregular arrays observed by
unphased composite plotsFigure 2.2.A), could be due to different underlying phenotypes
indistinguishable by methods such as MNasg. Arrays may be regular, and merely unphased, as
suggested bprevious MNaseseq studies on the TKO strdibcampo et al.,@16; Singh and Mueller
Planitz, 2021)Alternatively, arrays may be both unphasedlirregular due to the lack of remodelers.
Either scenario is formally a possibility when utiliziigjd-basedmethods, such as MNaseq. We
utilized the computationdy phased datdFigure 2.2.7PRight panéland calculated the composite
signal over all read@-igure 2.2.B). We find that the computational phasing does not improve arrays
to a similar extent as observed in WT. Compared to the unphased TKO compdsitevpldo observe

a slight improvement(Figure 2.2.A-B; Red traces This slight improvement after computational
phasing might be due to the remaining remodelers in the seth as INO8O0 (further addressed in
2.2.9. However, we conclude that cells lacking ISWI/CHD remodelers not only result a lack of phasing,
but also exhibit little regularity downstream.

Next, we used our data to identify a potential change imbgl occupancy between WT and TKO
strains. These remodelers have been implicated in nucleosome assemiityo, but in vivodata
supporting assembly is slifFyodorov and Kadonaga, 2002; Lusser et al., 2005; Yadav and
Whitehouse, 201 We previously determinedhat the meanglobal occupancy levels do not differ
significantlybetween WT and TKO cefRigure2.1.4A). In addition to thisobservation, wecalculate

the distribution of read occupan@s this can reveal alternative populateof reads within the data.

For both WT and TKO straimge note ashift between sequencing rurgmilar to that seen between
WT straingFigure2.2.7CandFigure2.1.4B-C NPDO07 (x2) and NPD10, samples WT1/TKO1, WO2/TK
and WT3/TKO3, see Appendupplementary tabl® for mean read accessibility valjeslowever,

WT and TKO strains treated equally within the same sequencing rumtdexhibit a differentor
additionaldistribution. This indicates that the differences are introduced by experimematahbility

and not strain backgroundBased on these observations, we conclude that deletion of ISWI/CHD
remodelers does naletectablyaffect global occupancy. We will address this question in further detail
later (See Chapter 2.2.13).

We theninvestigated howthe phasing and regularity defeat TKO strainaffects the position and
distribution of nucleosomes. We hypothesized that the lack of phasing and regularity would impact
both the nucleosome footprint distribution, as well as the location of footprint centers in the genome.
Indeed, wefind that the nuéeosome footprin distribution is not as well defined compared to the WT

strain Figure2.27B) @ ¢ KA a adza3asSada GKI G ydzAdaBesifornd e  NB
another, further indicatingirregular arraysin support of these observationwefind that the center

of individualmono-nucleosomal footprintss no longemat welldefinedlocations but is smeareaver

a much broader region, indidag a lack of phasindrigure2.2.7F).



We next hypothesized that the lack of phasing and regularity would impact the ratio of reads with a
shifted +1 mcleosome. Curiouslyve do not finda differencein the ratio of reads with a shifted +1
nucleosomevhen compared to WT @t5% versus19+4% TKO and WT, respectivelyhis lack of a
differencessuggestdhat, despite being unphasethe +1 nucleosomes @s notshift more than half

a nucleosomgFigure2.2.4B). Similar to the WT datawe observe a significant differenbetween

lowly and highly transcribed genes using RNA Pol II<&lgjdata acquired from a DKO strasw{lp,
chdin; Ocampo et al., 2016)n addition, wefind that highlyand lowly(quartile 1 and 4, respectively)
transcribed genes have a higher ratio of shifted +1 nucleosamuoegpared to genes the middle
quartiles (quartile 2 and Figure2.27G).

Lastly we askedvhetherthe remodelers deleted in a TKO straiffiect the independency of the 35S
rDNA loci. Thedeleted ISWICHD remodelers are known to catalyze nucleosome assembly and
formation of regular arraysThus, we hypothesized that a potential assembly defect could increase
the ratio of fully accessible agls over the rDNA locu€ompared to the WT strain, thEKO strain
exhibits a mildlyhigher fraction of loci with >50% methylation compared to vijide 33+6% and
43+7%, WT and TKO, respectivel)KO observations based on four samples from NPDO7 and NPD10
TKO1 120, TKO2_ 120, TKO3 45 and TKO3 90. See Apamolementary table3 for value3
(Figure 2.2.7J)We attribute this mild increase to experimental variability ahd comparatively low
number of biological replicates. Both left and right rDNA loci retain a near idefrticéibn of reads

with highaccessibility45:8%and41+4%, left and right, respectively) suggesting further that the TKO
strain does not changehé overall observations we made in WT. Based on these observations we
validated whether the TKO strain would influence the transcriptional dependence we found in WT.
Our observations suggested that the TKO strains are similarly removed from independéinde as
(Figure 2.2.7H). CAaAKSND&a SEIFOG GSaid 61 a LISolRRaNMBaR 2y
statistical significancéFigure 2.2.71)We conclue that, despite the deletion of three nucleosome
remodelers, the rDNA loci are not transcriptionafiglependent.

2.2.9.INOB8O is a bona fide spacing remodeler

Besides the ISWand CHBremodelers, INO80 has been shown to alter chromatin statestro by
remodeling nucleosomes and fisiening the positioning of the +1 nucleosonfiérietenstein et al.,
2016; Udugama et al., 20117 dditionally, INO80 facilitates the exchange of HZA2B dimers
(typically enriched at thel and +1 nucleosomes) by replacing them with #28 dimergBrahma et

al., 2017; Raisner et al., @9). More recently, the chromatin remodeling role of INO80 has been
demonstratedin vivo(Singh et al., 2021)We therefore wondered whether the residual regularity
observed at the start of computationally aligned reads in a Tkdinstould be due to residual INO80
remodeling. To answer this question, we performed similar analyses as described above on a TKO
strain where INO80 can be selectively depte{hereafter referred to as TKIROB80) by the anchor
away techniqueWe hypothesized that if INO80 is a true nucleosome remodeler acting on the +1
nucleosomewe would see a further reduction in regularity.

We performed MEFSIM&eq on TKAONOSO strains and performed the nucleosome dyad fitting and
computational phasingHigure2.2.8A). Compared to a TKO strain, we do not observe a clear pattern
in the raw data or when nucleosome dyads are fitted. Computational phasing furthermeseru
provide a direct indication that regular arrays are present in the underlying data.
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(A)Raw MEAMO-seq data of 1000 random reads aligned to the predicted +1 nucleosome position. Nucle
are fitted within inaccessible regions (Mtps). Subsequent computational phasing aligns all +1 nucleo
to the 0 coordinate(B) The read accessibility dlisution of TK@INOSO strains treated with a vehicle ag
(+veh, controls TKO+INO80) or 1mg/ml rapamycin (+rap, depletiodNIB&D) for 2 hours. Plotted is -
distribution of a multiple biological replicate (clong)lover two sequencing runs (NPD2ZY2For global ree
statistics see Append8upplementary tabl@. Sample legend is below figu{€)Global occupancy for WT, T
INOB8O control and depleted samples. For WT and TKO strains, see individual sarjgesi14A. Sample
+INO8O0 are colored as indicdten (B). Mean and SD values are below individual datapoints. For values on
occupancy sedppendixSupplementary tabld. (D) Distribution of the nucleosome fquwint (MUM-gap) fo
INO8O control and depleted samples. In addition, a single true TKO sample is added (TKO3_90, NPD1
TKO samples sdeigure2.2.7C). Sampldine colors are identical t¢B). (EF) Unfiltered composite plots

MEFSIM&eq reads of TKO, TKO INO8O control strains and TKO INO80 depleted GtkHimputationall
phased reads of filtered MEFSIMEq data. Only reads with a mononucleosomehatpredicted +1 nucleosol
position are plotted.

Next, we verified that the epletion of INO80 does not alter the genome wide accessibility or the
accessibility distribution Rigure 2.28B). We comparedseveral TKGINO8O strais to control
TKO+INOB8O strasnNPD20/2, Rap for depletion, Veh for control. For more details see Appendix
Supplementary tablé-2). This latter strain isogenido the former, but no selective depletion by the
anchor away system was performed, allowing fgpraper comparison. We find that depletion of



INO8O0 does nadlter thereadoccupancy densityGlobal occupandg not different betweerisogenic
strains Figure2.2.8C,63+2%versus 66+%for control and depletion, respectivelyWe doobservea
reducedglobal occupancfor the TKO with which we can selectively deplete ING&@pared to the
true TKO strain (YFMP3335 to yFMP014, resp.potentially due to the altered genotypical
backgroundor growth conditions (See Methods sectiér2.12for growth conditionsand Yeast strain
list for genotypé.

To further define the effect of INO80 depletion we investigated the nucleosome footprint distribution
(Figure 2.28D). In our nondepleted control samples we observebetter defined mone and
dinucleosomal peaks compared to the rapamycin depleted samplelefined trinucleosomal peak

is not present in either control or depleted samples, similar to that observed for TKO siragse
differences suggest that depletiasf INO8O results in reduced array regularity, similar to that seen
when comparing WT and TK@hen the control sample is compared to a true TKO strain, we do find
that mono- and dinucleosomal peaks are less defin€élis altered pattern (and thus regulafjtis
potentially due to theeffect of a Gterminal GFP and FRB tagging of the INO80 protein (See yeast
strains yFMP33335). Moreover, a mild growth defecand slightly altered composite signals after
MNaseseq were observed for these strains as wdHnecdotal evidence based on internal
communication) Theseobservatiors suggest that indeed INO80 affects genome regularity, in line with
previous findings.

2 KSy 3Sy2YS 6ARS O02YLRAaAAGS LX203da IINB O2YLI NBR
strain, we doserve a reduction in regularitfFigure2.28E). The TKO strain has slightly better defined
+1 and +2 nucleosomal peaks compared to the K080 strainsimilarto that observed in the
footprint distribution. Again,this reductionin regularity seen ithe TKO+INOS8O strain backgrousd
potentially due to theGterminal GFP and FRB tagd growth defectDepletion of INO80 leads to a
further reduction in regularity, most noticeable at the start of the gene at the +1 nucleo¢bigeare
2.2.8P). Based on thse observations, it appearsat+1 nucleosome phasing is further reduced in the
absence of INO80. We do note that the lack of a +1 nucleosome is in contrast to isidpdata
(Singh et al., 2021)Here, the +1 nucleosomemainsclearly present when composite plots are
generated. We attribute this difference to a potential MNase bias, which preferentially isolates the +1
nucleosome during these experiments. MEFSB4@ does not have such a bias, and would potentially
provide the trueoccupancy of the +1 nucleosome (more in Discussion related to this chapter)

Lastly, we investigated if computational phasing would reveal any remaining underlying regularity in
these strains. To this end, we initially performed the computational phasirige control TKO+INO80

and true TKO strains. We observe a similar tréardTKO and TKO+INOS8O straivisere regularity
improves after phasing={gure2.2.8G). Similar to the earlier observations in unphased samples, we
do note areduction in regularity for the TKO+INO80 straimsren compared to a true TKO
Computational phasing of the TKNO80 strains does not reveal any noticeable regularity
downstrean of the +1 nucleosome~{gure2.2.8H). From these observations and with supporting
evidencefrom MNaseseq(Singh et al., 2021)ve conclude that INO8O is indeed a true nucleosome
spacingemodeler.



2.2.10. Genic nucleosome arrays display a translational and directional symmetry

Our observations bgomputationally phasingeads to the +1 nucleosome made us wonder whether
this particularnucleosome holds a special role in array regularity. Precise positioning of the +1
nucleosome is the result of a tuaf-war between RSCISW2and INO8&emodelers(Krietenstein et

al., 2016; Kubik et al., 2019; Parnell et al., 20T%)e final position is a major factor for proper
transcription and is therefore carefully regulated. Furthermdsatriers such as the NFR, PIC or the
transcriptionmachinery could further aide in a weglbsitioned +1 nucleosome to which downstream
nucleosomes align. Conversely, the presence of H2A.Z containing nucleosomgsrairtberregion

of Pal Il transcribed genes has been suggested to be less stable,ghittiis observation has been
contested (reviewed iMarques et al., 2010)hus, the position, intrinsic properties and factors that
control it could provide a particular role for the +1 nucleosome in an array.

We initially investigated whether regularity of arrays would differ by phasing reads to different genic
nucleosomes.By computationally phasing witype MESIM@eq data not solgl to the first
nucleosome, but to up to the fourth nucleosomes, we can distinguish if the regularity differs between
them. To this end, we identified théyadof all inaccessible regions (MUd&ps) of mononucleosomal

size and asgned them to the closestrpdicted nucleosoma. We assigned each dyad to a nucleosome
position (e.g. +1 nucleosome) based on its position within an aligned nucleosomalForaxample,

a dyad at 15 bp downstream of the predicted +1 nucleosome would be referred to as the +1
nuclecsome. Conversely, a dyad 180 bp downstream, would be assigned as a +2 nucldasome
biological observations made the past we hypothesized tht the +1 nucleosome could result in
better regularity compared to other (i.e. downstream) nucleoson{&uH and Segal, 2013)
However, from a physics perspective, differences were to be expected if arrays consist out of
merely canonical nucleosome®ur findings indicate thatniline with the physics perspectivéhe
pattern downstream of the +1 nucleose was near identical to downstream patterns of other
nucleosomesHigure2.2.9A). Based on this observation we find that WT celthibit a translational
symmetry, implying that when phasing is shifted by one or more nucleosomes, regularity is not
affected.

Next, we investigated whether this translational symmetry is also presestriéins depleted of
ISWI/CHD remodelers (TK@)when INO8O is further depleted (TKROB80) Such strainkack many
tools to properly position and regulate nucleosomés previously stated, these remodelers affect
genome wide regularity, but are closelyvalved in regulating +1 positioning and composition
Thereforedeletion or depletion of these remodelers could resulaidiminished/absent translational
symmetry Surprisingly, similar to the WT strain, near identical patterns were observed irrespafttive
the aligned nucleosome, albeit with a faster decay in regulafiiguie 2.29B-C) Thus, when
challenging the system by deletiodépletion of these remodelers the position (and potentially
composition) of the +1 nucleosonis altered However,a translational symmetry isetained. This
implies that the intrinsic propertieand positional regulation of the +1 nucleosome do not affect
downstream reguldty differently than other nucleosomes.

From the observations that sugded a translational symmetryye observed alirectionalsymmetry
emerging in both directions from theomputationallyphased nucleosome (coordinate. jhis was
especially apparenivhen arrays were aligned to downstream nucleosomes such as the +3 and +4
nucleosomesWe therefore wondered whether, in addition to a translational symmetry, such arrays



also display a directional symmetry. Toisservation woulbely O2 Yy (i Nl-aQ Hae ¥ KSipR i
was proposed tatem from the transdption by the Pol Il machinefgtruhl and Segal, 2013Previous
computational modeling experimentsidentified a symmetry emanating from the gene center by
allowingafixedamdzy & 2 F y dzOf S2a2YSa @&dlads&8 y2010)Kémodeled YR 0 C
data corresponded well witin vivodata(Lee et al., 2007 However, due to a lack of singi®lecule

datasets thatare not averaged over many cells, one could not directly test this symmetry. Using our
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Figure2.29  Genic arrays display both a translational and directional symmetry not mediate
nucleosome remodelers

(A-C) Computational phasing of +1 to +4 nucleosomes in order to visualize translational syr
Mononucleosomal dyads closest to the predicted site of a genic nucleosome are treated similarly and ¢
coordinate 0. Plots and data generated by Dr. Michael W@KE) Combined dyads of mononucleosomal ¢
from all reads are computationaliphasedp ! £ f R&F Ra Ay FT2NKI NR RANB
NEfFiAPS KAIKSNI O22NRAYIFGSad 'ff Re&8FRA Ay NBGS
Reads are cut off at the +1 nucleosome and 250 bp upstream of the rigimst termination site (TTS). Pl
and data generated by Dr. Michael Wolff.



MEFSIM&eq data, we now can test whether a directional symmetry is inhetemucleosome
arrays.

To investigate the directionglymmetry we performed an alignment of nucleosomes identical to that
performed in the translational symmetry analyses. However, for this analysis we did not discriminate
betweenthe positions ofdyadswithin the array and compiled all datato a single observable. To
accurately determine a directional symmetry, we excluded the &§is region is highly variable in
nucleosome content and would skew the symmetry. We performed the analysis for WantiR®O
Lbhyn &adNrAya o0& ftAIYyAyI | ff Reé-bQa PREIGHEOAYSR A
2.29D-E green tracep As siggested earlier, we observe an apparent directional symmetry emanating
from the center.To identify if reads werdirectionally symmetricalve performedthe sameanalysis,

but calculated thecomposite signalA y (-9 B R NIRDei2A2B/E réd traced We
hypothesized that if arrays were truly directionaliymametrical, the composite signals should have a
high degree of overlap. Indeedyerlappingthe forward and reverse&omposites data, we observe
identical patterns, irrespective of the directiofhese findings show thétere is a cleaunidirectional
symmetry in genic arrays unbiased by the Pol Il machindnreover, the directional symmetry is not
affected by the absence or presence of nucleosome remodelers.

2.2.11. In vivodata does not support a clamping mechanism by the IS@HDremodelers

We next investigatd the mechanism by whighe ISWI/CHD remodelers defitte distance between
nucleosomes. Previouis vitro findings using SGD assembled chromatinvariable nucleosome
densityresultedin clusters of tightly packed nucleosomes when incubated V@4 and/or CHD
remodelerqLieleg et al., 2015Theseén vitroobservations suggested that these remodelers exhibited

I RSyaride AYyRSLISYRSyld WOt | tWdeinfickeosoneFigureZ210A. (2 TFAI
The data was suggested to becontrast to a density dependent mechanism, in which nucleosome

spacing would simplgecrease equally when the density of nucleosomes incre@lskbius and

Gerland, 2010)We aimed to validatéi KA & WOf | Y LIAnyidaDy uvliSirg KMIEFSAVESaG

data Utilizing this approach allows us to identify clusters of nucleosdmgadentifying the position

of nucleosome dyaglwhich could be suggestioé clamping on a peread basis.

To challenge the clamping activity of these remodelers, we utilized a strain where we could induce a
histone depleted (HD) stat&V/e chose this approach #ise native nucleosome density is relaly

high inS. cerevisiafZ 0% 75% globally)This high density may not lend itself to detecting a difference

in clamping when comparingT and TKO straiMoreover,simulations have shown that an average
regularity of nucleosome clusters is obtaindéspite the influence of remodele(®ube ad Song,

2014; Vaillant et al., 2010We achieved a reduced global nucleosome occupancgnigioying a
previously generated yeast strajMann and Grunstein, 1992; Singh et al., 202h)s strain has the

two genic copies of histones H3 and H4 deleted, and instead contains a plasmid with a copy of the H3
and H4 gene under a galactose inducible promotomplBeon of the histones can be achieved by
switching to a 2% glucoseontainingmedium for 120minutes (see Methods)Kigure2.2.10B). We
hypothesized hat under HD conditions, ISWbhnd CHBremodelers could form clusters of
nucleosomes, similar tin vitro clamping observationgt low nucleosome densities. Conversely,
deletion of these remodelers (TKO+HD) would result in reduced clustering, perhapsngevera
density dependent modeHgure2.2.10A)
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Figure2.210 Clamping mechanism for nucleosome rextelers is not supported byn vivodata
(A) Cartoon outlineof two proposed mechanisms nucleosome remodelers can create regularity i
Nucleosome organization is randomly distributed at syioe (WT) and histondepleted (HD) nucleosol
densities after SGD assembly. The addition of remodelers and ATP mayregedérly spaced nucleosor
by a density dependent or independent manner. Figure adapted from Lieleg et al.(RPDEtribution o
read accessibility for regular density WT and TKO strains, compared to HD samples in which all remc
present(HD) and a histondepleted strainina TK@ & 6 Mk = A & backgraundQTK@wHB)ODashed
for HD and TKO+HD indicate biological replicates. For mean values see Afhgudementary tabl@
sequencing run NPD1(0C) Genome wide average composite plots of MEFS¢etDdata for WT and TI
strains at regular and low density. All reads are aligned to the predicted +1 nucleosome position for e
of a WT norHDstrain (Chereji et al., 2018)D)Nucleosome footprint distribution for HD and TKO+HD st
Dashed lines indicate biological replicatéis) Genome wide average composite plots after computati
phasing of filtered MEFSIM$2q data for HD and TKO+HDaBts. Plots consist of phased reads for whicl
first phased nucleosome originates from an inaccessible region of mononucleosomal size. Dashed lin:
biological replicates(F) Computational strategy for calculating inhomogeneity score. (Un)nhetig Cp(
aA08a IINB SEGSYRSR Ayid2 WLI GOKSaQ GKIFG Ay DG
nucleotides are assigned the methylation status of the closest unambiguous CpG site. A sliding win
bp) counts all unmethylated nigotides in each window. The variance of each window per GBR is cal
and divided over the maximum inhomogeneity score of that GBRDKIKCAJAE&R U
cenGteihaesm® WSHRE BAGK | WNBIdA FND Ok NNFE
of accessibility result in high inhomogeneii) In silicosimulations of inhomogeneity scores for low (g
and high (black) nucleosome density. Nucleosola®ping is simulated by modulating the attraction betw
nucleosomes. Simulations with attraction (solid traces) mimic WT scenarios, whereas without a
(dashed traces) mimidSWI/CHD deletedonditions. Data generated by Dr. Michael Wolff andttkias
Hanke(H) Inhomogeneity score density distribution of filtered MEFSHd@data. Reads with an arbitrai
set bad resolution ratio (BRR) > 0.25 are filtered out. The BRR is determined based on the sum of bac

regions (i.e.regions with >150 bp between unambiguous CpG sites), over the GBR read |ernth:
2 OOxNAOKHRA @34 . e A BEX A K x & & .

A>EADORDADC &FC2NI I RSGFAT SR RSAONARLIIAZ2Y &SS / KI1
Dr. Michael Wolff and Matthias Hanke.
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We first validated that HD and TKO+HD strains resulted in a similar phenotypical composite plot as
observed. Indeed, we find thaegome wide composite plots show that regularity is severely reduced

in HD and TKO+HD cefligure2.2100). Similar to TKO cells, phasing of the +1 nucleosome is
abrogated and downstream regular arrays are largely absent. We do note dysiigptoved phasing

and regularity for HD strains compared to TKOiich is in line with previous findingshis minor
improvement could be due to density independentlamping activity of the nucleosome remodeler.
Alternatively, this slight improvemerould bethe result ofequilibrationbetweenlinker lengths in a
density dependent manneand aided by remodelerfkegardless, the HD strain demonstrates that
under these conditions, arrays are not phased properly.

Next, we were interested how the nwdsome footprintsizedistribution looked like in the HD and
TKO+HD strain. Despite the lack of phasing and regularity in composite plots, we could not rule out
the clamping hypothesi§Ve hypothesized that strong clamping would lead to a nucleosome footprint
distribution similar to WT catlitions, as this observable does not rely on phased ardaysontrast,

we observe little to no dinucleosomal peaks in the HD stiaigufe2.2.10D). However, theTKO+HD

strain shows a further broadening of the mononucleosomal peak and a lack of a dinucleosomal peak.
This could be suggestive @€lamping activityalbeit weakly

We further hypothesized that if clamping wouldtrongly) induce clusters bnucleosomes, we could
detect them as regular arraydter computational phasindMinimally, if clamping activitwere weak,

we would observe an improved array regularitye therefore phasedall mononucleosomal gaps
irrespective of its genic locatiom & similar fashion as performed during the directional symmetry
analyseqChapter2.2.10. The phasing analysis resulted in a mild nucleosomal peak downstream of
the phased nucleosomd-{gure2.2.10E).In contrast to the proposetlypothesishowever,we observe

only a very mild increased regularity for HD sampleswt@mpared to TKO+HD samples and could
be indicative of some form of clampin@igure2.210E). This finding is in line with the broad
distribution of the nucleosomal footprinesnd the mildly broader distribution seen for TKO+Based

on the observations made above, we argue that clamping activity may formally be possible, but is only
weakly clustering nucleosomes.

To further probe forevidence on nucleosome clamping, weployed a different computational

strategy to detect any clamping activity on a pead basisThis analysis was conceived and carried

out by Dr. Michael Wolff and Matthias Hanke (both under supervision of Prof.lioh Gerland at

the time of the analysis)Ve selected genes where the region between the TSS and TTS (referred to

Fd 3ASYyS 62Re& NBFR 2NJ D. wu LI} aa SanbihatioStivIbptihaf WNEB & 2
density and distribution of CpGtess within the GBR. This parameter provides best case scenarios in

terms of nucleotide resolution for downstream analys@&ext, ron-ambiguous CpG sites were

converted into seO | £ £ SR . lslkodverki@esulisin an assigned hit state (i.e. methigd or
unmethylated) for each nucleotidakin to the closest CpG siteigure2.2.10F). Then, wthin awindow

of 500bp, each unmethylated nucleotids counted This window is displaced in one bp increments

andthe variance of all windows within éBR is calculated. This valudigded by the number variance

of a read with a maximally inhomogeneous configuration of the same length and occupancy (See
Methods).¢ 2 3SGKSNE (KSasS OFftOdzZ I iA2ya LINRPRdAzOS |y 20:
da02NBQ 2F I NBFIR® ! NN} &8a gAGK KAIK NBEIdz F NARG& 6 A
distributed nucleosomes or regions of low occupancy raauigh inhomogeneity scores.



Initially we performed thisnhomogeneity score analysis silicoto test whether this score would
indeed identify clamping. To this end we utiliztatta where clamping can be simulated by modulating
the attraction between naleosomegMobius et al., 2013)n a scenario without attractiofsimulating

a TKO scenario) at native nucleosome der(sityh density)we observe little to no difference when
compared to a simulation with attraction (akin to a WT scenafijure2.2.10G, High density). As
expected, this suggests that at high nucleosome densitiesnping is difficult to detect or discern
between attraction scenarioé.e. WT vs TKONowever, at histone depleted conditioflew density),

we observe a higher inhomogeneity score when the attractiandacedto mimica scenario where
remodelers are preser{Figure2.2.10G, Low dengy). This suggests th#te inhomogeneity score can
detectclamped nucleosome clusteusingin silicomodels

Finally we performed thénhomogeneity scoranalysis orin vivoMEFSIM&eq data of WT and TKO
strains. Similar to the simulated datat hidh nucleosome densities/e detect no changes in the
inhomogeneity score within sequencing rusisWT and TKO strairfBigure2.2.10H). In contrast to

the in silicoobservations, undeHD and TKO+HD conditions, no differences in inhomogeneity score
are detected Figure2.2.10H). Contrary to our hypothesigreviousin vitro findingsand simulatedn
silicodata, we findittle support in favor of the clamping activity proposed in previwusitro studies.

2.2.12. GRFs biding reduces array regularity at flanking regions

Aside from the tight regulation of nucleosome position and spacing by nucleosome remodelers, other
factors referred to as general regulatory factors (GRFs) are known to organize nucleosomes. GRFs can
serveas barriers to which nucleosome arrays are aligned and are often found atpgenters

(Gutin et al., 2018)Consistent with their role as barriers, depletion leads to higher nucleosome
occupancy within the NFR and a reduction in ybksed +1 nucleosoméKubik et al., 2015, 2018)

Based on these observatis it is clear that GRFs play an important role in genome wide chromatin
organization. However, the absence of a GRF at a specific locus can only be determined by performing
a depletion (e.g. by means of anckaway experimentspf the GRF of interest. e studies could

not determine what the effect of unbound GRFasunder wildtype conditions. Here we aimed to

study the difference in chromatin architecture in the presence or absence of GRF und¢ypeild
conditions.

In order to determine the effectfocGRF binding under wikype conditions we initially compared the
genomic landscape surrounding three GRFs: Abfl, Rapl and Rebl. We performed M&eSOMO
isolated nuclei that were prepared from lgopase yeast with and without formaldehyde crosslinking

We hypothesized that the addition of the formaldehyde crosslinking could capture more (if not all)
bound GRFs. Our average genome wide results indicated that the addition of crosslinking did not affect
the chromatin landscape. Moreover, samples did niffied from one another significantly by several
parameters, despite the presence (or absence) of formaldehyde during the preparation of nuclei.
Consistent with previously reported findings, we observe that Rapl, and to a lesser degree Abfl, show
an increaed occupancy at the reported binding sitgqure2.2.11A). In contrast, without the addition

of formaldehyde, binding of GRFs was not apparent. Siaglass the two samples is the observation

that Abfl and Rebl1 have a regular array emanating from the binding site. Despite the observed binding
of Rapl in formaldehyde crosslinked samples, there is no discernable pattern emanating from the
binding site ireither sample.



Figure2.211 GRF binding reduces array regularity at flanking regions

(A) Left: Genome wide composite signal of arrays flanking GRF binding sites, Abfl, Rapl and Rebl. F
of nucleosomes was performed without the addition of formaldehyde crosslinking (No FA). During met
buffer was supplemented with 10mM MgCRight: Same genome wide composite signal of GRFs.

preparation was performed with the addition of 1% Formaldehyde and methylation was performed witr
addition of MgQl. (B)Separating individual reads based on the methylation status at anchdrtive GRF bindi
site. Sites with inaccessible CpG sites (i.e. unmethylated) are categorized as GRF present. Conversel
sites (i.e. methylated) are categorized as GRF absent. Reads within each category are utilized to genera
wide conposite plots of the region flanking the binding site. The two categories are compared to an ur
genome wide average. Data acquired from formaldehyde crosslinked sarip)&®ads categorized as C
present are further filtered based on the sizah#f inaccessible region in which the GRF binding site is lo
Inaccessible regions smaller or equal than 100bp are filtered and plotted separately>{Ea@isp). Data |
overlayed with reads where GRF is present (All gaps).

We next utilized the singienolecule capabilities of MEFSIM®q to examine the effects of GRF
binding on nucleosome regularity. We hypothesized that the presence of a GRF, would increase array
regularity flanking the binding site. To this end, we took all unfiltered MEFS#d@at and probed

the methylation state of CpG site(s) in a window obpGsurrounding the GRF binding site. Similar to

our approach in assessing the state of the +1 nucleosome, we categorized reads with only
unambiguous and unmethylated site(s) within the doms as GRF present. Conversely, reads in which
the CpG site(s) within the window were methylated are categorized as GRF absent. Cunowuiia
suggest that the presence of a GRF results in a reduction of array regularity for both types of samples
(Figure2.2.11B).












































































































































































































