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Zusammenfassung

In fast allen Eukaryoten ist die DNA in einem dynamischen Polymer namens Chromatin organi-
siert. Das Nukleosom, der elementare Baustein des Chromatins, besteht aus einem Histonokta-
mer, um das 146 Basenpaare der DNA gewickelt werden. Zwischen den Nukleosomen befindet
sich ein Stlck freie DNA, die sogenannte Linker-DNA. Die Nukleosomen sind meist auf der DNA
in sehr regelméRigen Abstand angeordnet. Dieser regelmafiige Abstand ist wichtig, um kryptische
Transkription zu verhindern und das Genom vor Doppelstrangbriichen zu schitzen. Die Position
der Nukleosomen auf der DNA wird durch ATP-abhangige Nukleosomen-Remodeling-Enzyme
beeinflusst. Diese Enzyme kénnen die Nukleosomen von der DNA entfernen, sie auf der DNA
zusammenbauen, umstrukturieren und entlang der DNA verschieben.

Chromatin faltet sich sowohl in vitro als auch in vivo zu Strukturen hdherer Ordnung. Nukleoso-
men-Arrays unterliegen auch einer Phasentrennung und bilden dadurch dichte Chromatinkon-
densate. Die Chromatinfaltung und die Phasentrennung stellen eine Herausforderung fur Nukle-
osomen-Remodeling-Enzyme dar, da sie das Chromatin binden und darauf einwirken kdnnen
mussen. In dieser Arbeit habe ich die Nukleosom Verschiebereaktion von Remodeling-Enzymen
in unterschiedlich gefalteten Chromatinsubstraten charakterisiert.

Im ersten Kapitel verwendete ich die Spalthefe als Modellsystem, um das nucleosome sliding im
Euchromatin und im kompakteren Heterochromatin zu vergleichen. Daflir tGberexprimierte ich
Nukleosomen-Remodeling-Enzyme, deren Targeting zu Heterochromatin durch die Fusion mit
einer Heterochromatin-bindenden Domaéne erreicht wurde. Allerdings stellte sich heraus, dass die
Uberexpression des Remodelers Hrp3 fir S. pombe toxisch war, unabhéngig vom Targeting.
Hrp3 Uberexpression unterdriickte die Expression eines in Heterochromatin platzierten Reporter-
gens und verursachte Defekte bei der Positionierung von Nukleosomen an den Genkérpern.

Obwonhl die Informationen, die durch Short-Read-Sequenzierung fiir Heterochromatin-Regionen
erhalten wurden, sparlich waren, liel3 sich eine ATP —Hydrolyse-abhangige Zunahme der Regel-
mafigkeit der Nukleosomenpositionierung tber subtelomerischen Regionen feststellen. Dartiber
hinaus fuhrten wir erfolgreich eine gene-by-gene Analyse durch, um die RegelméaRigkeit und Wie-
derholungslangen, die sog. Nucleosome Repeat Length (NRL) von Nukleosomen-Arrays in Wild-
typ- und Remodeler-Deletionsstammen zu messen. Die haufigste NRL betragt 150 bp; sie ist
damit um ein paar Basenpaare noch geringer als bislang angenommen.

Im zweiten Kapitel testete ich in vitro, ob die Chromatinfaltung und die Phasentrennung das nu-
cleosome sliding behindern. Diese Studie wurde mit der D. melanogaster ATPase ISWI durchge-
fuhrt, die Nukleosomen verschieben kann. Nach der Rekonstitution von Nukleosomen-Arrays in-
duzierte ich die intramolekulare Faltung und Phasentrennung durch Zugabe unterschiedlicher
Salzmengen. Die gebildeten Chromatinkondensate enthielten Nukleosomenkonzentrationen wie
sie auch im Zellkern zu finden sind. Erstaunlicherweise blieben die Kondensate fur sehr volumi-
ndse Komplexe zuganglich, was sie zu einem nitzlichen Modellsubstrat macht, um die Heraus-
forderungen zu untersuchen, denen Remodeler in einer dichten Chromatinumgebung begegnen.
ISWI reicherte sich in Chromatinkondensaten an und verlangsamte die Fusion der Kondensate
in einer konzentrationsabhangigen Weise. Mit Hilfe eines neuartigen, bildgebenden nucleosome
sliding Assays konnten wir die Remodeling-Raten innerhalb und auf3erhalb von Chromatinkon-
densaten vergleichen. Wir konnten bestatigen, dass das nucleosome sliding innerhalb von Chro-
matinkondensaten stattfindet. Die Anfangsgeschwindigkeit fur das nucleosome sliding innerhalb
der Kondensate war nur um das Zweifache niedriger als in Losung. Zusammenfassend stellen
die Kondensate keine starke Barriere fur nucleosome sliding dar. Um die viskoelastischen
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Eigenschaften von Chromatinkondensaten zu charakterisieren, setzten wir optische Pinzetten
ein, um die Kondensate kontrolliert fusionieren zu lassen. Der Verlust der ATP-Hydrolyse flhrte
zu einer Verhéartung der Chromatinkondensate und einer verringerten Dynamik von ISWI. Wir
erklaren unsere Ergebnisse mit Hilfe eines monkey-bar Modells, in dem die beiden DNA-Bin-
dungsdomanen von ISWI zwischen starken und schwachen Bindungsmodi wechseln. So stellt
ISWI sicher, dass es auch im Zellkern, wo die hohe Nukleosomenkonzentration die Dissoziati-
onskonstanten deutlich tbersteigt, mobil bleibt. Unsere Ergebnisse deuten darauf hin, dass Pa-
thologie-assoziierte Phanotypen auch zum Teil durch Veranderungen der Chromatindynamik und
nicht ausschlief3lich durch eine Stérung der kanonischen Remodeling-Funktionen verursacht wer-
den kénnten.

Im dritten Kapitel untersuchte ich die Wechselwirkung zwischen ISWI und dem acidic patch, der
fur seine Aktivierung wichtig ist. ISWI durchlauft wahrend der Katalyse globale Konformationsan-
derungen, was die Strukturanalyse schwierig macht. Ich verwendete Mononukleosomen mit ei-
nem UV-aktivierten Crosslinker, der in acidic patch Nahe angebracht war, mit dem Ziel ISWI in
einer seltenen Konformation anzureichern. In dieser vorlaufigen Studie zeigen wir, dass die Affi-
nitéat von ISWI zum acidic patch mit der Lange der Linker-DNA und im ADPBeFx-gebundenen
Zustand zunimmt. Die im Rahmen dieser Dissertation entwickelten Assays und diskutierten Kon-
zepte konnten in Zukunft dazu dienen, neue Wege fir Therapeutika eréffnen.
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Abstract

In almost all eukaryotes, the DNA is organized in a dynamic polymer called chromatin. The nu-
cleosome, the smallest unit a building monomer of chromatin, is formed by wrapping 146 bp of
DNA around an octamer composed of histone proteins. Nucleosomes are interspaced with a
piece of free DNA, called linker DNA. Nucleosomes tend to be evenly spaced, and this regular
spacing is important for preventing cryptic transcription and protecting the genome from double-
strand breaks. Nucleosome positions on DNA are influenced by ATP-dependent chromatin re-
modeling complexes. These remodelers can evict or assemble nucleosomes, incorporate histone
variants and slide nucleosomes along DNA.

Chromatin can fold into higher order structures, both in vitro and in vivo. Nucleosome arrays also
undergo phase separation and form chromatin condensates. Chromatin folding and phase sepa-
ration put challenges on nucleosome remodelers that must act on it. In this thesis, | characterized
nucleosome sliding in differently folded chromatin substrates.

In the first chapter, | used fission yeast as a model system to compare nucleosome sliding in
euchromatin and the generally more compact heterochromatin using overexpression and hetero-
chromatin targeting approaches. Targeting was achieved by fusion of chromatin remodelers with
a heterochromatin-binding domain. Overexpression of the remodeler Hrp3 was toxic to fission
yeast, independent of targeting. Hrp3 overexpression derepressed expression of a reporter gene
placed into heterochromatin and caused defects in nucleosome positioning over gene bodies.
Although the information obtained by short read sequencing for heterochromatin regions was
sparse, we have identified an ATP-dependent increase in a regularity over subtelomeric regions.
Moreover, we have successfully performed a gene-by-gene analysis to measure the regularity
and repeat lengths of nucleosome arrays in wild type and remodeler-deletion strains. The most
prevalent NRL turned out to be 150 bp, even tighter than published before.

In the second chapter, | tested if nucleosome array folding and phase separation impede nucleo-
some sliding in vitro. This study was performed with D. melanogaster ATPase ISWI, that slides
nucleosomes on its own. | have reconstituted nucleosome arrays and induced intramolecular
folding and phase separation by addition of varying amounts of salt. The chromatin condensates
that formed contained nucleosome concentrations in the same range as the nucleus and were
accessible to large complexes, making them a useful model substrate to study challenges en-
countered by remodelers in a crowded chromatin environment. ISWI was enriched inside chro-
matin condensates and it slowed down condensate fusion in a concentration-dependent manner.
We have developed a novel, imaging-based nucleosome sliding assay, which allowed us to com-
pare remodeling rates in- and outside of chromatin condensates. We confirmed that nucleosome
sliding takes place inside chromatin condensates. The initial velocity for nucleosome sliding inside
the condensates was only two-fold lower than in solution. Taken together, ISWI slides nucleo-
somes inside chromatin condensates and condensates do not pose a strong barrier for sliding.
To characterize viscoelastic properties of chromatin condensates, we employed optical tweezers
to fuse them in a controlled manner. Loss of ATP hydrolysis led to hardening of chromatin con-
densates and decreased dynamics of the remodeler. We rationalize our results with the help of a
‘monkey-bar’ model in which ISWI's two DNA binding domains cycle between strong and weak
binding modes, thereby ensuring mobility through the nucleus, where the high nucleosomes con-
centration well exceeds the dissociation constants. Our findings suggest that pathologies-associ-
ated phenotypes might be caused in part by changes in chromatin dynamics, and not exclusively
by disruption of canonical remodeler functions.
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In the third chapter, | investigated the interaction of ISWI and the acidic patch, which is important
for its activation. Nucleosome remodelers are going through global conformational changes dur-
ing nucleosome sliding, making structural analysis challenging. | used mononuclesomes with a
UV-activating crosslinker close to the acidic patch that will covalently bind molecules nearby. In
this preliminary study, we show that the affinity of ISWI towards the acidic patch increases with
linker DNA length and in ADPBeFx bound state. Developed assays and discussed concepts in
this dissertation might open new avenues for therapeutics.
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1. Introduction

1.1 Chromatin

The DNA of all eukaryotic organisms, with the exception of dinoflagellates, is organized in a dy-
namic polymer called chromatin. Building units of chromatin are nucleosome core particles, 146
bp of DNA wrapped around an octamer core. Octamer is a protein complex that consists of two
copies of each histone: H2A, H2B, H3 and H4. H3 and H4 form a central tetramer. On each side
of a tetramer there is a H2A-H2B dimer (Figure 1.1.). Positively charged residues in the histones
contact the phosphate backbone of the DNA every ~10.4 bp. These points of contact are called
superhelical locations. NCPs are connected by a short piece of a naked DNA called linker DNA.
NCP and its linker DNA together form a nucleosome. Linker DNA typically has a length from ~18
to ~60 bp, depending on an organism and a cell type (PeriSi¢ et al., 2010). Some linker DNAs are
bound by linker histone H1 (H5 in birds). H1 binds the entry and the exit point of DNA from NCP
(Syed et al., 2010; Zhou et al., 1998). Nucleosome with a linker histone is called a chromatosome.
Besides these canonical histone forms, there are numerous sequence variants for H3, H2A, H2B
and H1 (Franklin & Zweidler, 1977), but only two for the H4, one in wheat with only one amino
acid change (Tabata & Iwabuchi, 1984) and another one discovered recently exclusively in hom-
inids (Long et al., 2019). The incorporation of histone variants into nucleosomes can affect the
stability of NCP, interaction partners, posttranslational modifications (PTMs) and higher order
chromatin structures (McGinty & Tan, 2014).

Histones, especially their N-terminal tails that protrude out of nucleosome, are subjected to dif-
ferent kinds of PTMs such as methylation, acetylation, phosphorylation, ubiquitination, and
sumoylation (McGinty & Tan, 2014). PTMs can modulate chromatin folding and recruit a variety
of proteins thereby impacting cell differentiation, gene regulation and other key cellular processes.
The comprehensive genome-wide analysis of chromatin landscape for Drosophila melanogaster
based on 18 histone modifications revealed nine prevalent combinatorial patterns (Kharchenko
etal., 2011). Around the same time, the Bas van Steensel group produced genome-wide binding
maps of 53 chromatin proteins in Drosophila cells and showed that the genome is segmented into
five principal chromatin types (Filion et al., 2010).



Introduction 14

A) B)

wu

wugg

Figure 1.1. Nucleosome core particle. (H2A brown and grey, H2B red and blue, H3 purple and ma-
genta, H4 green and ochre, 146 bp DNA strands are in orange and dark blue). A) Front view; B) Side view,
obtained by rotation of A) for 90° upwards. PDB ID: 1AQI (Luger et al., 1997). The image is created with
Mol*Viewer (Berman et al., 2000; Sehnal et al., 2021).

1.1.1 Chromatin folding

The biggest challenge in a packing of a long DNA molecule in a small nucleus is a neutralization
of its extensive negative charge carried by phosphate groups. This negative charge is partially
neutralized by wrapping around positively charged histone octamers. Resulting extended chro-
matin fiber was first described in 1974 and named 10 nm fiber or beads on string (Figure 1.2.A)
(Olins & Olins, 1974; Woodcock, 1973).

A) B)

30 nm

Figure 1.2. Chromatin spreads under different ionic strengths. A) Low ionic-strength chromatin
spread. Arrows indicate individual nucleosomes. B) Chromatin spread at a moderate ionic strength. Re-
printed with permission from Olins and Olins, 2003.

Further neutralization of DNA charge by cations, metabolites and proteins promotes higher order
folding of chromatin. Applying light and electron microscopy to study chromatin higher order struc-
tures in a nucleus lead to very little information. Structural flexibility of histone tails, plethora of
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histone modification and histone variants, absence or presence of linker histone and non-histone
chromatin architectural proteins, differences in nucleosome repeat length (NRL) and nucleosome
occupancy and positioning, DNA sequence heterogeneity — all those variations are likely to impact
chromatin folding (Routh et al., 2008). For that reason, the efforts to decipher higher order chro-
matin structures were focused on isolated chromatin. The dependence of folding on ionic condi-
tions was quickly established. Electron microscopy of isolated polynucleosomes revealed a 10
nm fiber in low salt that progressively compacts as the ionic strength is raised (Figure 1.2.B). A
breakthrough in chromatin structure analysis was made when fully defined artificial polynucleo-
somes reconstituted onto DNA containing regularly spaced high nucleosome affinity sequences
were being employed (Simpson, Thoma and Brubaker, 1985; Schalch, Duda, Sargent, et al.,
2005). Low cation concentration (~<50 mM Na* and ~<1 mM Mg?*, depending on the length of a
chromatin fiber used) promoted folding into compact structure of roughly 30 nm diameter (Finch
& Klug, 1976; Robinson et al., 2006; Schalch et al., 2005; Song et al., 2014; Woodcock et al.,
1984) in vitro. These results led to the proposal of an elegant model for hierarchical chromatin
folding (Figure 1.3.).

Hierarchical model for chromatin folding

11 nm
10 nm chromatin fiber

30 nm
30 nm chromatin fiber

300 nm
Chromonema (fiber loops)

1400 nm
Mitotic chromosome

Figure 1.3. The hierarchical model of chromatin folding. Reprinted under Creative Commons
license and modified from Moraru and Schalch, 2019.

This model suggests that the 30 nm fiber is the main building unit of chromatin (Finch & Klug,
1976). The 30 nm fiber is thought to gradually assemble into helically folded 120-nm chromo-
nema, 300- and 700-nm chromatids, and eventually mitotic chromosomes (Belmont et al., 1987;
Kireeva et al., 2004; Rattner & Lin, 1985). The arrangement of nucleosomes and linker DNA within
the 30 nm fiber remains controversial to this day, with solenoid and zigzag fiber models being the
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best supported (Robinson et al., 2006; Schalch et al., 2005). Incorporation of a linker histone
increased a compaction of a nucleosome array further (Routh et al., 2008). In situ, in nuclei, evi-
dence for the 30 nM fiber was found only in two special cases, echinoderm sperm nuclei and
transcriptionally inert chicken erythrocyte nuclei (Horowitz et al., 1994), but it was rarely seen in
a more typical nuclei (reviewed in Woodcock and Horowitz, 1995). The evidence of 30 nm fiber
folding into hierarchical higher order chromatin structures is lacking (Miller et al., 2004). Higher
order chromatin structures beyond 30 nm fiber (~120 nm) were observed with both light and elec-
tron microscopy, but if they indeed form via hierarchical folding of 30 nm fiber, was not possible
to deduce in any of the studies (Belmont et al., 1989; Belmont & Bruce, 1994, Kireev et al., 2008).
Cryo-EM (Eltsov, MacLellan, et al., 2008; McDowall et al., 1986), x-ray scattering (Nishino et al.,
2012), and electron spectroscopy imaging (ESI) studies (Ahmed et al., 2010; Fussner et al., 2012)
of the nucleus also do not support the hierarchical chromatin folding model. Ou et al. showed that
chromatin assembles into irregular and variable structures, namely disordered flexible chains
from 5 nm to 24 nm in diameter. They determined a chromatin volume concentration in an inter-
phase nucleus and a mitotic chromosome to be 12-52% (with distinct spatial distribution patterns)
and >40%, respectively. These data suggest that chromatin organization is achieved with different
chromatin concentrations and not higher order folding (Ou et al., 2017). Recent in vitro study
showed that nucleosomal arrays self-associate into large globular oligomers and the biophysical
analysis suggested that inside the oligomers, the array monomers are packaged as extended 10
nm fibers, not as folded 30 nm fibers (Maeshima et al., 2016, also see chapter 1.4).

What is, then, the higher order chromatin structure in a cell? Chromosome conformation capture
methods identified topologically associated domains (TADs), hundreds of kilobases in size (Dixon
etal., 2012; Ge et al., 2012; Sexton et al., 2012). Experiments with higher resolution together with
modeling suggested existence of much smaller compact chromatin domains around 0.2 Mbp in
size (~200 nm) (Bascom et al., 2016; Bintu et al., 2018; Rao et al., 2014). Unlike TADs that are
present only in the interphase, compact chromatin domains might persist through the cell cycle
(Xu et al., 2018). Apart from nucleosome-nucleosome interactions, to fold the chromatin into do-
mains, chromatin looping via cohesion is necessary (Rao et al., 2017; Sofueva et al., 2013; Wutz
etal., 2017; Zuin et al., 2014) (Figure 1.4.). Current most widely accepted hypothesis for chroma-
tin loop and TAD formation is a “loop extrusion model”. In this model, a ring-shaped SMC com-
plexes (cohesin in interphase) engage chromatin and begin extruding a DNA loop in an ATP-
dependent process. Loop extrusion continues until SMC complex spontaneously falls of or en-
counters a barrier — mostly CTCF, but RNA Pol Il and other architectural factors can play a barrier
role.

On a bigger scale, chromatin is organized into two compartments — A and B, composed of largely
active and inactive chromatin, respectively — probably formed by a mechanism distinct from TAD
formation (Hansen et al., 2018). Indeed, phase separation was suggested to play a role (Falk et
al., 2019). At the largest scale, chromosomes are organized into chromosome territories, where
each chromosome occupies its own position in the nucleus (Hansen et al., 2018) (Figure 1.4.). In
mitosis, condensin | and I, another class of SMC complex, are the major proteins responsible for
chromatin folding, together with topoisomerase Il and others. Few models have been put forward
to explain folding of a mitotic chromosome (Beseda et al., 2020). Regions with high gene density
are associated with decondensed chromatin (Gilbert et al., 2004; Gilbert & Bickmore, 2006) and
upon transcription induction chromatin fiber unfolds (Hu et al., 2009; Tumbar et al., 1999). More-
over, as the chromatin structure is dynamic, local ordered structures might not persist over long
timescales.
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Figure 1.4. The emerging dynamic and fractal chromatin folding model. Reprinted under Cre-
ative Commons license and modified from Moraru and Schalch, 2019.

1.1.2 Chromatin dynamics

Whereas a static chromatin structure has been extensively researched, much less is known about
its dynamics. In interphase, chromatin moves coherently (in the same direction) across micron-
scale regions for a few seconds (Nozaki et al., 2017; Shaban et al., 2018; Xiang et al., 2018;
Zidovska et al., 2013a). Activity of nuclear enzymes acting on the chromatin fiber is required to
generate coherent chromatin motion, as predicted by several models and corroborated by exper-
iments (Saintillan et al., 2018). This coherent motion constantly stirs the genome and could con-
tribute to gene regulation by changing fiber conformation, accessibility, intragenomic interactions
and distribution of nuclear enzymes (Zidovska, 2020). A chromatin locus displays constrained
motion for short periods of time (on seconds timescale). This motion is similar in both mitosis and
interphase, suggesting that the condensation does not necessary affect local diffusion dynamics
of chromatin (Oliveira et al., 2021). However, different genomic loci may have characteristic local
diffusion properties due to their specific cell or chromatin context. In yeast, chromatin mobility is
reduced in centromeric and telomeric regions (Heun et al., 2001). There is significant dynamics
also on a level of a nucleosome (reviewed in Fierz and Poirier, 2019). Accessible thermal energy
is enough for a nucleosome for continuous partial DNA unwrapping and rewrapping. Histone oc-
tamer itself undergoes conformational dynamics, especially histone tails, although dimers and
tetramers can even transiently disengage. Histone octamers continuously undergo structural fluc-
tuations.

1.1.3 Nucleosome landscape

Nucleosome position along DNA has often been analyzed with micrococcal nuclease (MNase)
digestion of isolated chromatin. Under the conditions of partial digestion, achieved by limiting
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amount of nuclease and/or digestion time, only linker DNA is digested away while DNA wrapped
around an octamer is protected. The product of digestion appears as a ladder on gel electropho-
resis, consistent with regular and repetitive nature of nucleosome positioning (Figure 1.5.A). DNA
band corresponding to mononucleosome is cut out from gel, sequenced and nucleosome position
deduced (Baldi et al., 2020; Singh & Mueller-Planitz, 2021). A nucleosome is well positioned if it
occupies the same translational position across an ensemble of cells (Figure 1.5.B). The central
base pair is referred to as a nucleosome dyad position. A particular base pair in a certain cell is
either occupied by a nucleosome or free. A fraction of cells that possess a nucleosome on this
position is called a nucleosome occupancy. As nucleosomes are not perfectly positioned, it is
commonly described as the probability for a given base pair to be occupied by any nucleosome
in the cell population (Figure 1.5.C). Averaged nucleosome occupancy in S. cerevisiae is ~75%
(Oberbeckmann et al., 2019). The nucleosome array is regular if linker DNA lengths in the array
are similar, making nucleosomes evenly spaced. Nucleosome repeat length (NRL) can be deter-
mined for the array and it corresponds to the average dyad-to-dyad distance in this array. Lastly,
when all nucleosomes within a certain nucleosome array assume similar positions in the cell pop-
ulation, they are phased. Phased arrays can be either regular or irregular (Singh & Mueller-
Planitz, 2021) (Figure 1.5.D-F).

Nucleosome position on DNA is influenced by multiple factors. First, it depends on how easily
DNA bends around the octamer, which is determined by underlying DNA sequence. Easily bend-
able sequences (AA, TT, AT and TA dinucleotides) are enriched every 10 bp on DNA-histone
contacts (so called rotational positioning), whereas intrinsically stiff sequences (homopolymeric
sequences poly(dA:dT) and poly(dG:dC)) stay solvent-exposed (Struhl & Segal, 2013).
Poly(dA:dT) sequences are responsible for nucleosome depletion at most promoter sequences.
Actively transcribed genes show a distinct nucleosome organization: nucleosome free region
(NFR) at the promoter, well-positioned first nucleosome after the NFR (+1 nucleosome) and
phased regular arrays over gene body (Yuan et al., 2005). NFR is enhanced and +1 nucleosome
positioned by action of chromatin remodeling complexes guided by general regulatory factors
(GRFs) (Krietenstein et al., 2016). In yeast, transcription start site (TSS) overlaps with the position
of +1 nucleosome (Lee et al., 2007). Finally, the remodelers will generate regular nucleosome
array aligned to the +1 nucleosome (Gkikopoulos et al., 2011; Kubik et al., 2019).

However, deciphering nucleosome positioning is not straightforward in all parts of genome. Spe-
cifically, heterochromatin prevalently contains repeats making mapping of short fragments after
sequencing impossible. Therefore, nucleosome mapping techniques based on short read se-
quencing gave only very limited information on nucleosome architecture in heterochromatin. This
challenge was recently partially circumvented by employment of long-read sequencing (Baldi et
al., 2018), sometimes preceded with methylation footprinting of chromatin (Abdulhay et al., 2020;
Lee et al., 2020; Shipony et al., 2020; Stergachis et al., 2020; Wang et al., 2019).

Proper nucleosome positioning and spacing might be important for chromatin folding and long-
range interactions, preventing cryptic transcription, protecting the genome from double-strand
breaks and regulating activity of certain chromatin enzymes (reviewed in Singh and Mueller-
Planitz, 2021).
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Figure 1.5. Descriptors of a nucleosome landscape. A) MNase digestion of S. pombe chromatin.
B) Left: nucleosomes with the same translational position (well positioned) across a cell population. Right:
nucleosomes with a different translational position (fuzzy) in a cell population. C) Examples of different nu-
cleosome occupancies across a cell population. D) Phased regular array. Across the cell population, nucle-
osomes are equally spaced over the gene and the nucleosome array is aligned with respect to a particular
DNA sequence. E) Unphased regular array. Across the cell population, nucleosomes are equally spaced
over the gene but the nucleosome array is not aligned with respect to a particular DNA sequence. F) Irregular
array. Nucleosomes are not regularly spaced over the gene across the cell population.

1.2 Chromatin remodelers — overview, function and
mechanism

ATP-dependent chromatin remodeling complexes (remodelers) use energy derived from ATP-
hydrolysis to evict or assemble nucleosomes, incorporate histone variants and slide nucleosomes
along DNA (Clapier et al., 2017) (Figure 1.6.A). Thereby, they ensure proper nucleosome density,
spacing, composition and DNA accessibility (Singh & Mueller-Planitz, 2021). They consist of a
catalytical ATPase subunit accompanied by auxiliary subunits that have a role in regulation, spe-
cialization and targeting. All remodelers have similar ATPase subunit belonging to RNA/DNA hel-
icase superfamily 2. Although ATPase domain in catalytical subunit is conserved, flanking do-
mains are unique and provide basis for classification into four subfamilies, conserved from yeast
to human: imitation switch (ISWI), chromodomain helicase DNA-binding (CHD), switch/sucrose
non-fermentable (SWI/SNF) and INO80 (Flaus et al., 2006) (Figure 1.6.B). There is additional
class of orphan remodelers, which lack identifiable accessory domains, but have important spe-
cialized functions: ALC1 (CHD1-like), scFun30/spFft3/dEtIl/hSMARCAD1, ATRX and CSB
(McGinty & Tan, 2014). Remodelers function in many chromosomal processes including modu-
lation of higher order chromatin structures (Corona et al., 1999; Fasulo et al., 2012), DNA repli-
cation (Biswas et al., 2008; Collins et al., 2002; Flanagan & Peterson, 1999; Li et al., 2005; Pa-
pamichos-Chronakis & Peterson, 2008; Poot et al., 2004; Shimada et al., 2008; Vincent et al.,
2008; Zhou et al., 2005), repair and recombination (Kandasamy et al., 2009; Van Attikum et al.,
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2004, 2007), chromosome cohesion and segregation (De La Fuente et al., 2004; Huang et al.,
2004; Yokoyama et al., 2009), gene regulation (Armstrong et al., 2002; Kwon et al., 2008; Parnell
et al., 2008; Whitehouse et al., 2007), transcription (Alén et al., 2002; Brown et al., 1996; Simic
et al., 2003) and might affect higher-order chromatin architecture. They were also shown to en-
hance a locus movement inside the nucleus (Neumann et al., 2012) and to distort structural con-
formation of histone octamer (Sinha et al., 2017). It is then not surprising that they are required
for a plethora of biological processes and involved in numerous pathologies (reviewed in Work-
man and Abmayr, 2014).

Remodelers act through diverse mechanisms (Clapier et al., 2017). ISWI and CHD subfamily are
assembly remodelers (Lusser et al., 2005; Torigoe et al., 2013; Varga-Weisz et al., 1997). Fol-
lowing deposition, they are involved in nucleosome maturation and assembly from an initial his-
tone-DNA complex (pre-nucleosomes). After that they create equal spacing throughout nucleo-
some arrays (Barisic et al., 2019; Fyodorov et al., 2004; Gkikopoulos et al., 2011; Ito et al., 1997;
Ocampo et al., 2016; Tsukiyama et al., 1999; Wiechens et al., 2016). This process takes place
after replication and during transcription (Yadav & Whitehouse, 2016). Members of SWI/SNF sub-
family can slide or evict a nucleosome or its components (Asturias et al., 2002; Chaban et al.,
2008; Dechassa et al., 2010; Logie & Peterson, 1997; Lorch et al., 2006). Thereby they can render
chromatin more accessible to transcription activators or repressors. In Drosophila, ISWI promotes
the association of the linker histone H1 with chromatin and regulates higher-order chromatin struc-
ture (Corona et al., 2007; Siriaco et al., 2009). While ISWI and CHD family remodelers space
nucleosome arrays, SWI/SNF remodelers act to randomize initially spaced arrays. SWI/SNF lack
additional DNA binding domain that is supposed to bind and “measure” linker DNA and it is nec-
essary for a spacing activity (McKnight et al., 2011). Remodelers of INO80 subfamily can ex-
change histone variants (Brahma et al., 2017; Mizuguchi et al., 2004) which can affect factor
recruitment. More recently it has been shown that INO80 can also slide (Udugama et al., 2011)
and space (Singh et al., 2021) nucleosomes. Linker histone suppresses mobility of NCP along a
DNA (Pennings et al., 1994). All subclasses of remodelers were inhibited by chromatosome ar-
rays, an effect mainly independent of the array folding and relieved by linker histone phosphory-
lation (Horn et al., 2002). H1 altered the remodeling outcome by hSWI/SNF on mononucleosomes
promoting more central position of an octamer (Ramachandran et al., 2003). Conversely, linker
histones inhibited linear array remodeling by CHD1, but not ACF (Maier et al., 2008). In another
study, linker histones did not preclude remodeling of minichromosomes by SWI/SNF or NURF
(Clausell et al., 2009).

Extensive conformational changes during ATPase cycle ratchet the enzyme along DNA through
what has been termed an inchworm mechanism (Gu & Rice, 2009; Lee & Yang, 2006; Velankar
et al., 1999). How is ATP hydrolysis mechanistically coupled to nucleosome sliding? Two main
models, not mutually exclusive, have been proposed (reviewed in Langst and Becker, 2004).

A twist defect diffusion model (Brandani et al., 2018; van Holde & Yager, 1985) was initially pro-
posed to explain a spontaneous nucleosomes repositioning driven by thermal motion (Flaus &
Richmond, 1998; Meersseman et al., 1992; Pennings et al., 1991) and later extended to ATP-
driven unidirectional motion (van Holde & Yager, 2003). A twist defect arises when two adjacent
segments of the same DNA duplex do not undergo a corkscrew motion in unison, and it comprises
a gain or a loss of a base pair. The twist defect is then propagated around the nucleosomes,
restoring DNA to its canonical conformation and repositioning the nucleosome 1 bp at the time
(Bowman & Deindl, 2019). Indeed, remodeler’s action generates torsional stress (Havas et al.,
2000) and when DNA topology is constrained in small circular nucleosomal arrays, ySWI/SNF
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remodeling is nearly inhibited (Gavin et al., 2001). However, introduction of nicks to relieve tor-
sional stress or steric blocks to impede twist diffusion within the nucleosomal DNA have little or
no effect on remodeling (Aoyagi & Hayes, 2002; Langst & Becker, 2001), arguing against this
simple twist diffusion model. Importantly, although some histone-DNA contacts must transiently
shift, during twist defect diffusion DNA does not detach from the histone surface.

The second model, a loop diffusion model, proposes that DNA partially unwraps at the entry site,
rebinds octamer with ten bp mismatch, thereby forming a loop or a bulge. The loop rapidly travels
around the nucleosome and emerges on the exit site, repositioning the nucleosome in discrete
steps that equal the length of the loop (increment of ten bp) (Kuli¢ & Schiessel, 2003; Schiessel
et al., 2001). Indeed, SWI/SNF remodelers were shown to create loops on nucleosomal DNA
(Bazett-Jones et al., 1999; Lia et al., 2006; Zhang et al., 2006). Consistent with the predicted loop
size, ISWI and SWI/SNF remodelers shift nucleosomes in steps of ~10 bp and ~50 bp, respec-
tively (Kassabov et al., 2003; Schwanbeck et al., 2004). The model was further corroborated by
the evidence that ACF detaches DNA at the borders of the nucleosome, indicative of DNA loop
formation (Strohner et al., 2005).

Lastly, in the third model to explain sliding remodelers perturb DNA-histone interactions and shift
entire segment of DNA in concert, equivalent to a rotation of the histone core with respect to the
DNA (Bowman & Jenkins, 2010; Lorch et al., 2010).

Recently single molecule FRET experiments showed that ISWI slides nucleosomes in elementary
steps of one bp (Deindl et al., 2013).
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Figure 1.6. ATP-dependent chromatin remodelers. A) Diverse functions exerted by remodelers. B)
ATPase subunit contains two RecA-like lobes (DExx and HELICc) flanked by auxiliary domains (Clapier et
al., 2017). In CHD NegC* is also referred to as brace-bridge.

1.2.1 ISWI chromatin remodeler

In vitro part of this study was performed with D. melanogaster ATPase ISWI. This ATPase slides
nucleosomes on its own (Corona et al., 1999; Langst et al., 1999; Abdulhay et al., 2021). The
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activity of its ATPase domain is regulated by flanking domains, AutoN (autoinhibitory N terminal)
and NegC (negative regulator of coupling). These autoinhibitory motifs keep the ATPase in an
inactive state (Clapier & Cairns, 2012). Once when a substrate is encountered, the activity is
positively regulated via nucleosome cues: N-terminal H4 tail (Clapier et al., 2001, 2002; Hamiche
et al., 2001), linker DNA (Dang et al., 2006; Yang et al., 2006; Zofall et al., 2004) and a nucleo-
somal acidic patch formed by histones H2A and H2B (Dann et al., 2017; Gamatrra et al., 2018).
Nucleosomes containing the H2A.Z variant stimulate ISWI activity as well, due to an extended
acidic patch (Goldman et al., 2010). AutoN inhibition is relieved by binding of H4 N-terminal tail
to a motif adjacent to it, termed AcidicN (Ludwigsen et al., 2017; Yan et al., 2016). Upon deletion
of an H4-tail, both ATPase activity and nucleosome sliding are compromised. The AutoN motif
consists of only four amino acids (RHRK) and the same motif is present in a basic patch of the
H4 tail. Mutation of the two arginines to alanines (ISWI2RA) increases DNA-stimulated ATPase
activity, enhances the sliding activity and partially relieves dependence of ISWI on the H4 tail.
The acidic patch relieves the autoinhibition imposed both by the AutoN and the NegC regions of
the human ISWI remodeler SNF2h (Armache et al., 2019; Gamarra et al., 2018).

Binding of a carboxy-terminal HAND-SANT-SLIDE (HSS) domain to a linker DNA was proposed
to counteract a NegC autoinhibition (Clapier & Cairns, 2012). When the linker DNA is absent or
shorter than 20 bp, ISWI's affinity for nucleosome drops and so does its ATP turnover and sliding
capacity (Gangaraju & Bartholomew, 2007; Yang et al., 2006; Zofall et al., 2004). The HSS do-
main is a rigid entity that can bind histones, linker and nucleosomal DNA (Dang & Bartholomew,
2007; Griune et al., 2003). Via its binding to a linker DNA, the HSS might have a role in spacing
and act as a (part of a) molecular ruler that measures the distance between nucleosomes
(Yamada et al., 2011; Yang et al., 2006). Therefore, ISWI preferentially slides nucleosomes to-
wards the longer linker and as a result, nucleosomal arrays are evenly spaced (Ocampo et al.,
2016; Singh et al., 2021; Tsukiyama et al., 1999) and mononucleosomes are centered (Kagalwala
et al., 2004). It has been suggested that the HSS may pull the linker DNA into the nucleosome,
but deletion and mutation analysis show that a power stroke between the HSS domain and the
ATPase domain is unlikely (Ludwigsen et al., 2013; Mueller-Planitz et al., 2013).

The ATPase domain entails seven conserved helicase-related motifs, which play a key role in
ATP hydrolysis (Durr et al., 2006). Motifs | (Walker A) and Il (Walker B) are located on ATPase
lobe 1 and assist in binding of ATP and Mg?*. They cooperate with motif VI on ATPase lobe 2,
whose conserved arginine residue interacts with the y-phosphate of the bound ATP, and it is as
well necessary for ATP hydrolysis. Therefore, two ATPase lobes must spatially align for enzyme
to be competent to hydrolyze ATP. In the apo state, NegC and AutoN keep ATPase domain in
catalytically incompetent, globular conformation, where motifs are not oriented towards each
other, preventing productive ATP hydrolysis (Harrer et al., 2018; Yan et al., 2016). In this resting
state, HSS packs against the ATPase module and is not capable of binding DNA without prior
conformational changes (Harrer et al., 2018). Upon binding to a nucleosome, the ATPase under-
goes a global conformational change leading to the alignment of motifs I, Il and VI by a rotation
of the ATPase lobes (Chittori et al., 2019; Harrer et al., 2018; Yan & Wu, 2019). Lobe 2 rotates
~148° and AutoN shows coordinated adjustment. The ATPase is now catalytically competent and
primed to bind and hydrolyze ATP. Lobe 2 itself undergoes some local conformational adjust-
ments following the nucleosome binding. NegC becomes completely disordered in an activated
state and the HSS domain was undetectable in the cryoEM structure, which could be attributed
to its dynamic interaction with the linker DNA or the nucleosome (Yan & Wu, 2019). ISWI engages
a nucleosome at the SHL2 position, two helical turns away from the dyad axis (Dang & Bartholo-
mew, 2007; Kagalwala et al., 2004). It is possible for two enzyme molecules to bind one
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nucleosome symmetrically at both sites (SHL+2). Indeed, Snf2h and ACF were suggested to act
as dimers on a nucleosome substrate (Armache et al., 2019; Blosser et al., 2009; Johnson &
Narlikar, 2022; Leonard & Narlikar, 2015; Racki et al., 2009). In addition to epitopes described
above, ISWI also engages H3 through the residues that are highly conserved in ISWI proteins
(Yan & Wu, 2019).

Several studies have shown that a conformation of domains depends on the nucleotide state,
indicating structural dynamics and flexibility during the catalytical cycle. HSS domain moves away
from the flanking DNA in a nucleotide dependent manner (Leonard & Narlikar, 2015) and it binds
acidic patch region of the nucleosome in the presence of ADP-BeFx (Gamarra et al., 2018), ac-
companied by conformational change in HSS itself. Therefore, the HSS domain interaction inter-
face is probably not static during the catalytic reaction. It has been suggested that the domain is
released from linker DNA prior to the DNA translocation and may bind to the nucleosomes core
(Gamarra et al., 2018; Leonard & Narlikar, 2015).

1.3 Heterochromatin

The term heterochromatin was first coined by Emil Heitz in 1928, depicting a part of a nucleus
that stains all the way through the cell cycle with a boiling carmin acetate procedure he had de-
vised (Heitz, 1928). Shortly after that, a position-effect variegation was described (Muller, 1930),
a phenotype caused by a gene inactivation due to its relocation into a heterochromatin region
(Elgin & Reuter, 2013; Schultz & Dobzhansky, 1934; Wakimoto & Hearn, 1990). Relatively early
it was discovered that the heterochromatin forms over a repetitive DNA, termed satellite DNA,
which is transcriptionally silenced, based on an inability to detect a corresponding RNA (a histor-
ical aspect is extensively reviewed in Allshire and Madhani, 2017).

Heterochromatin is generally more compact than euchromatin (Boettiger et al., 2016; Ou et al.,
2017; Ricci et al., 2015) and inaccessible to enzyme probes (Spracklin & Pradhan, 2020). It is
decorated with H3K9 methylation (Monika Lachner & Jenuwein, 2002) and hypoacetylated
(Jeppesen & Turner, 1993). Hypoacetylation should contribute to a compaction of a chromatin
fiber (Bascom & Schlick, 2018; Garcia-Ramirez et al., 1995; Wang et al., 2001). Methylated lysins
are bound by a heterochromatin protein HP1 through its chromodomain (Lachner et al., 2001).
H3K9me is deposited by Suv39 histone methyl transferases containing evolutionary strongly con-
served catalytical SET domain (Rea et al., 2000). The methyl transferase itself has a chromo-
domain and can bind its own modification, thereby coupling modification writer and reader mod-
ules in the same protein (Miller et al., 2016). Moreover, HP1 directly interacts with the methyl-
transferase (Yamamoto & Sonoda, 2003) and recruits it to chromatin (Hathaway et al., 2012).
This positive feedback loop enhances the spreading of the methylation mark. Further, the HP1
protein can bind two nucleosomes simultaneously and dimerizes on chromatin via chromoshadow
domain, effectively bridging nucleosomes and condensing chromatin (Verschure et al., 2005). To
avoid potentially deleterious gene silencing, heterochromatin spreading is antagonized by multi-
ple mechanisms: generation of nucleosome free regions, promoting nucleosome turnover, bind-
ing of heterochromatin marks by antisilencing factors, tethering silencing machinery to their pri-
mary site of action by having writer and corresponding reader module present in the same en-
zyme, recruitment of euchromatic factors and deposition of euchromatin marks aided by low lev-
els of transcription (reviewed in Allshire and Madhani, 2017). Sequences that restrain heterochro-
matin spreading by aforementioned mechanisms are known as barriers, for example tRNA genes
(Partridge et al., 2000).
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Heterochromatin prevents repetitive sequences from destabilizing a genome by suppressing their
integration and recombination (Peng & Karpen, 2007). It is important in centromere function and
kinetochore assembly. In yet unknown way, pericentromeric heterochromatin directs a proper
incorporation of CENP-A histone variant and a functional kinetochore establishment (Ekwall et
al., 1997; Folco et al., 2008; Lima de Faria, 1949; Nakano et al., 2008; Ohzeki et al., 2012).
Heterochromatin is required for sister centromere cohesion and proper chromosome segregation
(Bernard et al., 2001; Ekwall et al., 1995; Gregan et al., 2007). In mammals, heterochromatin can
form in a specific manner to create a barrier to cell type reprogramming (it prevents binding of
transcription factors) therefore preserving cell type identity of differentiated cells (Soufi et al.,
2012). It is not then surprising that heterochromatin function is involved in various aspects of a
human health, namely viral dormancy, premature ageing, metabolism and obesity (reviewed in
Allshire and Madhani, 2017).

Once heterochromatin domains are established by nucleation and spreading, they are stably
maintained through cell divisions (Wang & Moazed, 2017). However, mitotic and meiotic trans-
mission of ectopically induced H3K9me mark is restricted (Audergon et al., 2015; Hathaway et
al., 2012; Ragunathan et al., 2015). Transgenerational epigenetic inheritance, especially common
in plants but examples exist in mammals (e.g., imprinted genes), is mediated via DNA methylation
(Heard & Martienssen, 2014).

1.3.1 Schizosaccharomyces pombe as a model to study heterochromatin

Schizosaccharomyces pombe (fission yeast) shares many heterochromatin hallmarks with higher
eukaryotes making it a good model organism for epigenetic research (reviewed in Allshire and
Ekwall, 2015). Fission yeast heterochromatin is hypoacetylated (Ekwall et al., 1997). Silencing is
mediated by H3K9 methylation (Noma, Allis and Grewal, 2001) that is recognized by Swi6, HP1
homologue (Bannister et al., 2001) which oligomerizes and spreads on chromatin (Canzio et al.,
2011). Fission yeast has RNA interference (RNAI) machinery, whose role in heterochromatin as-
sembly is conserved in protists, plants and some animals (e.g., Drosophila) (reviewed in
Martienssen and Moazed, 2015). It lacks detectable DNA methylation (Wilkinson et al., 1995) and
H3K27 methylation (Freitag, 2017). It has only one histone methyltransferase that is responsible
for all H3K9 methylation, CIr4 (Nakayama et al., 2001). CIr4 binds and is stimulated by its own
mark (Al-Sady et al., 2013; Zhang et al., 2008). H3K9 methylation will also recruit a SHREC com-
plex, an equivalent of a mammalian NuRD, composed from chromodomain protein Chp2, an ATP-
dependent chromatin remodeler from CHD family Mitl, histone deacetylase CIr3 and the poorly
understood ClIrl and CIr2 proteins (Job et al., 2016; Motamedi et al., 2008; Sugiyama et al., 2007).

S. pombe genome is organized in three chromosomes. Heterochromatin is found at centromeres,
telomeres, ribosomal DNA (rDNA) loci, and the mating-type region (Allshire & Ekwall, 2015).
These regions contain cenH DNA elements (or cenH like repeats), made of dg and dh repeats (or
their homologous). They are actively transcribed at low levels both in sense and antisense direc-
tion (Reinhart & Bartel, 2002). These transcripts pair up and double-stranded RNA (dsRNA) forms
that subsequently induces heterochromatin formation. Briefly, dsRNA is trimmed by RNA endo-
nuclease Dicer to form siRNA (short interfering RNAs) that are ~21-25 nucleotides long (Moazed,
2009; Provost et al., 2002). siRNA is loaded onto Argonaute (Agol) protein. siRNA-loaded Agol
is incorporated into RITS (RNA-induced transcriptional silencing) complex and one of the siRNA
strands is released (Buker et al., 2007). The RITS complex is then targeted to nascent transcripts
by an siRNA-RNA base-pairing (Bihler et al., 2006) and it recruits the methytransferase Clr4 (in
CLRC complex) to nucleate heterochromatin (Verdel et al., 2004). Besides Agol, RITS contains
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Tas3 and chromodomain protein Chp1 that recognizes H3K9me mark, establishing and maintain-
ing heterochromatin in yet another positive feedback loop (Schalch et al., 2009). On top of that,
RITS recruits an RNA-directed RNA polymerase complex (RDRC) that will synthetize more of a
dsRNA used by Dicer (Colmenares et al., 2007; Motamedi et al., 2004).

The centromeres occupy ~40, ~60 and ~120 kb on chromosomes I, Il and I, respectively. They
have two main regions: inner core containing kinetochore attachment site and the inner most
repeats (imr) repeats; the outer repeats (otr) composed of multiple copies of dh and dg repeats
(Wood et al., 2002) (Figure 1.7.). Metazoan centromeres also have a repetitive nature. Pericen-
tromeric heterochromatin forms over otr and to a lesser extent over imr (Partridge et al., 2000). A
reporter gene inserted into outer repeats will be silenced, but if placed into imr region, its expres-
sion will be variegated indicating unstable silencing. Just 1 kb distal to the outer repeats, no si-
lencing occurs (Allshire et al., 1994, 1995).

The mating type region has three loci: matl that is expressed and determines the mating type (P
or M); mat2-P and mat3-M that contain cenH repeats and are silenced by heterochromatin (Figure
1.7.). Every second cell division (Holmes et al., 2005), in a homothallic strain (h90), a recombina-
tion happened between matl and mat2-P or mat3-M, in a preferential fashion to switch a mating
type (Grewal & Klar, 1997). Heterochromatin that assembles at telomeres and 40 kb subtelomeric
region (Cam et al., 2005) suppresses their recombination and it is very important for genome
stability (Bisht et al., 2008; Schoeftner & Blasco, 2009). Both in the mating type and a sub-telo-
meric regions, RNAiI mediated heterochromatin formation is partially redundant with other path-
ways that act in parallel (Jia et al., 2004; Kanoh et al., 2005).

Lastly, facultative heterochromatin assembles at meiotic genes during vegetative growth (Hiriart
et al., 2012; Zofall et al., 2012).

Pericentromeric heterochromatin is important for a normal chromosome segregation (Allshire et
al., 1995; Ekwall et al., 1995), heterochromatin at the mating-type loci regulates mating type
switching and at subtelomeric regions, adjacent to telomers, plays a role in meiotic chromosome
segregation (Nimmo et al., 1998). The role of heterochromatin at rDNA locus is not known yet,
but it could be involved in preventing recombination between rDNA repeats (Cam et al., 2005).
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Figure 1.7. Overview of main heterochromatin regions in S. pombe genome. Heterochromatin
domains are highlighted in gray. tRNA genes and inverted repeats (IR) serve as heterochromatin bounda-
ries. TIh1l and its paralogs contain a cenH like element within the coding region. Reprinted with permission
from Mizuguchi, Barrowman and Grewal, 2015.

The relatively simple genetic manipulation coupled with the small genome allows for convenient
genomic analyses in fission yeast. To infer if a protein of interest plays a role in a heterochromatin
function, a reporter gene is placed within a heterochromatic region and silencing assays are per-
formed. An auxotrophic marker, often used as a reporter gene, is a wild type allele of a gene
coding for a necessary metabolic enzyme in a certain amino acid synthesis pathway. Two com-
monly used markers are ura4 and ade6. When they become silenced, the cell growth will be
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inhibited if uracil or adenine are not present, respectively. Therefore, their silencing can be as-
sessed by plating serial dilutions of cells onto minimal agar or by a qPCR. Silencing of ura4 will
also render cells resistant to 5-fluoroorotic acid (5-FOA) and ade6 silencing will cause a red colony
colour on adenine-limiting agar (Cam & Whitehall, 2016).

1.3.2 Chromatin remodelers and heterochromatin

There is increasing evidence supporting a role of ATP-dependent chromatin remodelers in a het-
erochromatin establishment and maintenance (reviewed in Bi, 2012). Fft3 suppresses a nucleo-
some turnover to promote an epigenetic inheritance and its loss causes a variegated expression
of a marker inserted into mating type loci (Taneja et al., 2017). It is localized to insulator elements
and inhibits euchromatin assembly in silent chromatin domains. In its absence, a nucleosome
occupancy is reduced over insulator elements and a chromosome segregation is defective
(Steglich et al., 2015; Stralfors et al., 2011). Its human ortholog SMARCAD1 is important for a
proper establishment of pericentromeric heterochromatin and to ensure a mitotic fidelity (Row-
botham et al., 2011). It is required to silence endogenous retroviruses in embryonic stem cells in
an ATP-dependent manner (Sachs et al., 2019). Another orphan remodeler, ATRX, was found to
interact with HP1 and H3K9me2/3 (Dhayalan et al., 2011; McDowell et al., 1999). Several ISWI
remodelers have been implicated in heterochromatin and gene silencing (Deuring et al., 2000).
WICH (WTSF-Snf2h chromatin remodeling complex) and ACF (Acfl-Snf2h) accumulate in a pe-
ricentric heterochromatin and are required for a replication through heterochromatin in mamma-
lian cells (Bozhenok et al., 2002; Collins et al., 2002; Fyodorov et al., 2004). S. pombe lacks ISWI
remodelers but has an expanded CHD family (Clapier & Cairns, 2009): Hrp1, Hrp3 and Mitl. Mit1,
a part of a SHREC complex, is enriched on main heterochromatin regions, where it influences
nucleosome positioning. It is essential for their silencing (Creamer et al., 2014; Garcia et al., 2010;
Job et al., 2016; Sugiyama et al., 2007). Its human equivalent NuRD is required for assembly of
a pericentromeric heterochromatin and progression through S phase (Helbling Chadwick et al.,
2009; Sims & Wade, 2011). A mutant yeast carrying Hrpl deletion displays a disrupted silencing
of otr regions and chromosome segregation defects (Walfridsson et al., 2005). Its paralog Hrp3
is required for a transcriptional repression at mating type loci (Jae Yoo et al., 2002) and at dg/dh
repeats (Shim et al., 2012). Brgl, the ATPase of a human SWI/SNF was found to interact with
HP1 and its deletion leads to a dissolution of pericentromeric heterochromatin (Bourgo et al.,
2009; Lavigne et al., 2009).

1.4 Phase separation in biology and chromatin organization

Phase separation is a property of multivalent polymers (proteins, nucleic acids) to demix from a
concentrated solution into polymer-rich condensates and polymer-depleted solution. It happens
when molecules reach their solubility limit, the threshold concentration at which they phase sep-
arate, and it depends on environmental conditions like temperature, pH, ionic strength and mo-
lecular crowders. Two phases that form may differ in component concentrations, chemical envi-
ronment and material properties. Phase separation is emerging as a general mechanism by which
membranelles organelles, recently termed biomolecular condensates (Banani et al., 2017), form.

Biomolecular condensates are ubiquitous in cell biology and involved in diverse processes (Figure
1.8.). A growing number of proteins shown to phase separate in vitro is curated in LLPSDB data-
base together with corresponding experimental conditions, freely available at: http://bio-
comp.org.cn/lipsdbv2 (Wang et al., 2022). Multi-domain proteins phase separate through multiple
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specific interactions of folded domains (Li et al., 2012; Banani et al., 2016). Higher valency and
affinity promote phase separation and decrease dynamics of phase separated condensates (Ban-
jade & Rosen, 2014; Li et al., 2012).

One class of proteins that often undergo phase separation are proteins that contain intrinsically
disordered regions (IDRs). IDRs lack a defined 3D structure and exhibit significant conformational
heterogeneity. Often, they have low sequence complexity. They are enriched, when compared to
the cellular proteome, in a limited humber of amino acid types. This gives rise to repeated se-
quence motifs, termed “stickers” (Wang et al., 2018), that form multiple weak short lived intermo-
lecular interactions (Brangwynne et al., 2015; Garcia Quiroz & Chilkoti, 2015). For example, pat-
terning of aromatic residues determines the phase behavior of prion-like domains (Martin et al.,
2020; Wang et al., 2018).

IDR containing proteins are enriched in many biomolecular condensates, like in P granules in
germ cells of Caenorhabditis elegans, the first membranelles organelles characterized as liquid
forming by liquid-liquid phase separation (LLPS). They fuse with one another and subsequently
relax into a spherical shape, wet the nuclear membrane, drip under applied shear stress and its
constitutive protein component PGL-1 diffuses rapidly inside the granules and exchanges with
surrounding cytoplasm (Brangwynne et al., 2009). Soon after, the same properties were attributed
to other condensates such as nucleolus (Brangwynne et al., 2011), stress granules (Patel et al.,
2015) and sites of DNA breaks (Altmeyer et al., 2015; Patel et al., 2015).

A possibility was then raised, for LLPS as a general concept for cytoplasmic organization (Hyman
& Brangwynne, 2011). The phase boundary permits molecules to be concentrated in conden-
sates, but still rapidly exchange with a surrounding solution and are often mobile within a dense
phase (Banani et al., 2017). However, not all condensates will have liquid-like properties and
assemblies of varied material states can emerge from phase separation (Weber, 2017).

Many biomolecular condensates have liquid-like properties, while others behave more gel-like or
solid-like (Kroschwald et al., 2015). Moreover, molecular organization and biophysical properties
of biomolecular condensates can change over time (Lin et al., 2015; Patel et al., 2015). In a
process of maturation (hardening), intermolecular interactions rearrange and/or strengthen, and
condensates go from liquid-like to solid-like. ATP-consuming processes can tune and regulate
biophysical properties of biomolecular condensates as well (Brangwynne et al., 2011; Jain et al.,
2016), possibly through a control of a degree of crosslink formation (Banani et al., 2017). Through
its amphiphilic chemical nature, ATP itself acts as a hydrotrope solubilizing hydrophobic proteins
in millimolar concentrations, a property shared with other nucleotides (Patel et al., 2017).

Liquid biomolecular condensates will grow if the amount of biomolecule rises above threshold
concentration therefore buffering cellular noise arising from variable expression (Klosin et al.,
2020), to keep biomolecule concentration constant in both phases. Phase separation is very sen-
sitive to even minor changes in environmental conditions (Nott et al., 2015) such as concentration,
temperature and salt. In addition, biomolecular condensates can form and dissolve very fast,
making it an ideal regulation strategy. Indeed, it is used in an adaptive response to pH and heat
stress (Kroschwald et al., 2018; Riback et al., 2017). Phase separation happens when molecules
reach a threshold concentration, therefore it is regulated by intracellular concentration via
changes in expression (Nott et al., 2015), localization (Berry et al., 2015; Chung et al., 2011;
Kaiser et al.,, 2008; Mao et al., 2010; Shevtsov & Dundr, 2011) and cell volume (Weber &
Brangwynne, 2015). Threshold concentration depends on valency and intrinsic solubility of con-
densate components and might be regulated via posttranslational modifications (Das et al., 2016;
Nott et al., 2015) or interaction partners (Saha et al., 2016). The molecule that is essential for a
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condensate formation is referred to as a scaffold, whereas clients are molecules that can localize
to condensates and modulate their properties but are dispensable for their assembly (Banani et
al., 2016). Clients often localize to condensates by directly specifically binding to scaffolds
(Hanazawa et al., 2011) or due to general electrostatic properties (Su et al., 2016).

Many proteins have been shown to phase separate in vitro. It seems this might be a universal
property of proteins and nucleic acids just the right set of conditions has to be found. However, it
is not straightforward to prove phase separation and its functional relevance in a cell (reviewed in
Alberti, Gladfelter and Mittag, 2019).

Aberrant condensed states of proteins can be involved in pathological processes (reviewed in
Vendruscolo and Fuxreiter, 2022). Mutations can shift the phase boundary either towards the
formation of condensates or their disassembly; or shift liquid-like properties of condensates to-
wards the amyloid state (or vice versa). For example, mutations of protein FUS found in patients
with amyotrophic lateral sclerosis (ALS), accelerate an aberrant phase transition of FUS from
liquid to aggregated state (Patel et al., 2015). Importantly, maturation of condensates from liquid
to solid-like can be important for physiological function. Several solid-like condensates are impli-
cated in important physiological processes (Fowler et al., 2007), particularly in immunological
signalling (Hou et al., 2011; Lu et al., 2014). Up to a third of human diseases is associated with
mutations in phase separation promoting regions of corresponding proteins that form conden-
sates in vitro (Vendruscolo & Fuxreiter, 2022). A connection is emerging between aberrant con-
densates and age-related diseases (Alberti & Carra, 2018). Understanding of condensate function
is revealing novel therapeutic opportunities (Mitrea et al., 2022).
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Figure 1.8. Biomolecular condensates in eukaryotic cells. Reprinted with permission from Banani
etal., 2017

1.4.1 Intrinsic phase separation of chromatin

Chromatin reconstituted from purified components undergoes LLPS under physiological condi-
tions both in vitro and when microinjected into cell nucleus (Gibson et al., 2019). Nucleosome
concentration in formed condensates (~340 puM) was similar to those estimated for cells (~80-520
UM) (Hihara et al., 2012). The phase separation is modulated by a length of a nucleosome array,
linker DNA length, linker histone and acetylation. It was promoted by increased length of nucleo-
some chain (12mer, 6mer and 4mer were tested), incorporation of a linker histone and the histone
tails. FRAP experiments showed fast dynamics of arrays inside the formed condensates,
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corroborating liquid-like properties together with condensate fusion. The linker histone, particu-
larly its C-terminal domain, lead to condensate hardening inferred from a slower FRAP. The exact
nature of formed condensates is shown to be sensitive to a sample preparation and it has been
described both as liquid-like and solid-like (Gibson et al., 2021; Muzzopappa et al., 2021; Strick-
faden et al., 2020b). Interestingly, 12mer nucleosome arrays with 10n + 5 (e.g., 5, 15, 25) bp
nucleosome spacing had higher propensity to phase separate than 12mers with 10n (e.g., 10, 20,
30) bp spacing. In eukaryotes, distances between nucleosomes are biased toward 10n + 5 bp
spacing and depleted for 10n bp spacing (Lohr & van Holde, 1979). Histone acetylation dissolved
chromatin condensates in vitro. Addition of a multi-bromodomain protein (bromodomain binds
acetylated lysines) induced phase separation of acetylated nucleosome arrays forming conden-
sates of distinct physical properties.

After microinjection of the restriction enzyme Alul into a mitotic nucleus, chromosomes lost their
elongated shape and formed round condensates that fused to each other (Schneider et al., 2022).
The condensates had the same chromatin density as intact chromosomes, indicating that the
integrity of chromatin fiber is not required for a full compaction of the mitotic chromatin, consistent
with a phase separation mechanism of compaction. Therefore, when the long-range constraints
are eliminated, the short-range chromatin dynamics manifest in a liquid like behaviour. The re-
sulting condensates were pushed by polymerizing microtubules against the chromatin phase
boundary. If Alul was injected into a G2 nucleus, homogeneously distributed chromatin formed
instead of spherical condensates.

The authors propose that deacetylation during interphase to mitosis transition induces global
chromatin phase separation. It endows chromatin with the material properties of mitotic chromo-
somes, without a need of condensin or any other chromatin associated factors. When the mitotic
chromosomes were hyperacetylated, they had no defined surface boundary and were frequently
perforated by microtubules and missegregated. Mitotic chromatin and nucleosome array conden-
sates on the other hand excluded soluble tubulin, and polymerizing microtubules never perforated
chromatin condensates in vitro.

By using fluorescent proteins and dextrans of different sizes and charges, they showed that elec-
trical charge and molecular size are key determinants of macromolecular access to both mitotic
chromatin and nucleosome array condensates. Positively charged moieties were enriched and
negatively charged partially excluded from negatively charged chromatin.

Computational modelling approaches showed that nucleosome thermal fluctuations (nucleosome
breathing) become significant at physiological salt concentrations. This intrinsic plasticity of nu-
cleosome destabilizes 30 nm fiber and promotes LLPS (Farr et al., 2021). In a seminal experi-
mental study, HP1 binding was shown to reshape the octamer core exposing hydrophobic resi-
dues, thereby promoting phase separation of the nucleosome array (Sanulli et al., 2019).

Consistent with a polymer behaviour, naked DNA forms condensates itself from a concentrated
solution (Post and Zimm, 1982). Resulting condensates have a range of material properties de-
pending on properties of DNA and condensing agents. Rod-like assemblies (Bloomfield, 1991),
DNA gels (Carmen Moran et al., 2007), liquid crystals (Sikorav et al., 1994) and LLPS (Martin et
al., 2019) have so far been described. The fact that DNA length decreases solubility has been
long used in practice for separation of DNA fragments of different sizes via PEG precipitation (Lis
& Schleif, 1975). A recent systematic study has found that shorter DNA molecules (<1 kb) formed
round shaped liquid-like condensates and longer DNA (>10 kb) molecules formed irregularly
shaped solid-like aggregates that were more resistant toward mechanical forces (Muzzopappa et
al., 2021). DNA length and fluidity of obtained condensates anticorrelated regardless of how
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phase separation was induced: via crowding polymers (PEG) and salts (Mg?*), binding of H1 or
chromatinization. Practically, that would mean that larger chromosomal domains or entire chro-
mosomes tend to condense into solid-like structures, but smaller genomic regions (1-10 kb) might
be able to form liquid-like condensates. Similar length-fluidity anticorrelation was also shown for
RNA (Jain & Vale, 2017) and proteins (Peskett et al., 2018). DNA phase separation is promoted
by its flexibility, encoded in the sequence (Shakya & King, 2018). ssSDNA was more prone to
phase separation than dsDNA, presumably due to rigidity of dSDNA acquired through base pair-
ing. Furthermore, free nucleotides promoted LLPS of rigid DNA structures that would otherwise
precipitate (Shakya & King, 2018). Under molecular crowding conditions and large range of mon-
ovalent salt concentrations, nucleosome core particles formed liquid crystals with estimated nu-
cleosome concentration (~410 mg/mL) in the range of values measured in cell nuclei (Leforestier
& Livolant, 1997).

Maeshima was the first to try and structurally characterized self-associated 12mer nucleosomal
arrays (Maeshima et al., 2016). They suggested a polymer molten globule like structure, where
10 nm fibres interdigitate, and 30 nm fibre is absent. When they treated isolated human nuclei
with EDTA, chromatin decondensed extensively. A related study corroborated the results and
reported swelling of chromosomes and stretching chromosomal fibres into 10 nm like fibres in
absence of MgCl: (Eltsov, Maclellan, et al., 2008). Mg?*-dependent chromatin condensation is
reversible and it protects genomic DNA from radiation damage (Takata et al., 2013). A transient
rise in free Mg?* released from Mg-ATP hydrolysis was suggested to contribute to mitotic chro-
mosome condensation (Maeshima et al., 2018).

Zhang, Diaz-Celis and colleagues reconstituted phase separation of tetranucleosomes and ana-
lyzed it with cryo-electron tomography at different incubation times (Zhang et al., 2022). They
found that the LLPS is a two-step process (Figure 1.9.). First, irregular elongated condensates
form through a spinodal decomposition and continue to grow after ten minutes of reaction. Spi-
nodal decomposition involves negative diffusion of soluble NCPs against a concentration gradi-
ent. Indeed, during the formation and growth, concentration of free NCPs decreased from 25.0 +
3.5 uM (t=0), to 8.9 £ 2.3 pM (t=2 min), and to 3.9 + 0.7 yM (t=10 min). After ten minutes of
incubation, small globular condensates appeared and continue to grow via fusion among them-
selves and/or from accretion of surrounding spinodal structures. H1 catalysed the spinodal to
spherical condensate transition, large micron sized spherical condensates appeared much faster
(two minutes, compared to 60 min in its absence). The NCP concentration in spherical conden-
sates (~470 uyM) was ~1.3 to 3.6-fold higher than that in the spinodal condensates (~360 yuM) and
it increased significantly in the presence of H1. This concentration is in the same range as deter-
mined for mitotic chromosome (Hihara et al., 2012) and in silico model of nucleosome array oli-
gomer (Maeshima et al., 2016). The highest concentration was determined for small initial nuclei
(=740 pM), but they rearrange as they grow decreasing the concentration. Interestingly, NCP
concentration in spinodal condensates decreased towards the periphery, whereas spherical con-
densates displayed a slight increase. Whereas NCPs in the interior were randomly oriented,
NCPs at the surface showed a slight tendency to align perpendicular to the condensate surface,
in all types of condensates analyzed. Isotropic orientation of NCPs supports liquid-like state. Con-
densates however have cavities that can still fit small and to an extend larger complexes like RNA
Pol Il, which will be progressively excluded as NCP concentration increases. Arrays were ar-
ranged in both stacked and extended conformations. However, cryo-ET is suitable to study only
small condensates (<200 nm in diameter). The phase separation kinetics for 12mer was in good
agreement except that the spherical condensates formed ~10-fold faster.
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Figure 1.9. Mechanism of a phase separation of nucleosome arrays. A)-B) Formation of irreg-
ular elongated condensates (B) from individual tetranucleosomes (A) through a spinodal decomposition. C)-
E) Growth into spherical nuclei. Condensates grow asymmetrically along the long axes that changes from
89.0 + 10.1 nm to 126.9 + 19.6 nm, while the short axis stayed around 30 nm. During that time, average
number of NCPs per condensate increases from 37 + 6 to 89 + 26. F)-H) After ten minutes of incubation,
small globular condensates appeared (~35-40 nm in diameter) and increased in number and size (>100 nm)
at longer incubation times. The structures grow via fusion among themselves (F) and/or from accretion of
surrounding spinodal structures (G). Finally, distinctive spherical condensates appeared with variable size
from ~40 nm to ~400 nm in diameter (H). Reprinted under Creative Commons license from Zhang et al.,
2022.

Several types of phase separation might be at play in chromatin: liquid—liquid phase separation
(LLPS), intramolecular polymer—polymer phase separation (PPPS), viscoelastic phase separa-
tion (VPS), and combinations thereof (reviewed in Erdel, 2020 and Erdel and Rippe, 2018). The
most important difference between these mechanisms is the nature of the formed phases. After
LLPS, two liquid phases form, one dense and one diluted, each of a different viscosity and mo-
lecular composition, with a phase boundary between them acting as a diffusion barrier leading to
a partial insulation (Taylor et al., 2019). Concentrations of molecules will stay constant and if their
amounts change, it will be compensated with change of the compartment size. This effect was
named concentration buffering (Banani et al., 2017). In case of other phase separation mecha-
nisms, compartments are soaked in a common liquid and not isolated from each other.

Chromatin harbours properties of both liquid and solids. Mobility of small inert particles is fast and
unconfined (Erdel et al., 2015), whereas movement of chromatin locus is slow and confined (see
section 1.1.2). It has been suggested that the nucleus should be considered a two-component
system, reminiscent of a hydrogel (Xing et al., 2018; Strickfaden, Tolsma, et al., 2020). A solid-
like chromatin would act as a gel matrix soaked in a nucleoplasmic liquid. The hydrogel state
would be consistent with a role that chromatin and its folding have in a mechanical rigidity of
nucleus (Shimamoto et al., 2017). In his review, Erdel suggests that both phenomena are the two
sides of the same coin, and that chromatin length and molecular environment direct which type
of phase separation occurs, in vivo chromosomes undergo PPPS whereas short nucleosome
arrays in vitro undergo LLPS (Erdel, 2020). Indeed, recent experimental data show that chromatin
exists in vivo in solid-like (gel) state, but it serves as a platform to support LLPS of chromatin
binding proteins, like a hydrogel (Strickfaden, Tolsma, et al., 2020). However, a genomic locus
responds to a force of physiological magnitude in a fluid-like viscoelastic manner, challenging the
view that interphase chromatin is a gel-like material (Keizer et al., 2022).
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1.4.2 Phase separation of chromatin binding proteins

In addition to chromatin intrinsic phase separation, many chromatin binding proteins undergo
phase separation (reviewed and listed in Sabari, Dall'agnese and Young, 2020). Transcription
factors together with coactivators and RNA Pol Il promote formation of transcription condensates
at specific genomic loci, promoters and enhancers, thought to be important for gene activation
(Boija et al., 2018; Cho et al., 2018; Han et al., 2020; Ma et al., 2021; Shrinivas et al., 2019;
Zhang, Brown, et al., 2021). Another notable chromatin binding protein undergoing LLPS is HP1,
both in vitro and in vivo in early Drosophila embryos (Larson et al., 2017; Strom et al., 2017). The
direct role of phase separation in biological processes is still debated and alternative mechanisms
have been proposed, particularly HP1-driven LLPS in heterochromatin (Erdel et al., 2020) and
transcription (McSwiggen et al., 2019; Trojanowski et al., 2021). Assessing biophysical properties
of pericentric heterochromatin in mouse fibroblasts found that HP1 has only a weak capacity to
form liquid droplets in cells and size of heterochromatin foci was independent of total HP1 con-
centration, but its concentration in foci changed. Heterochromatin phase separation would explain
a spatial compartmentalization of the genome (Falk et al., 2019). In a tumor cell nucleus, chemo-
therapeutics concentrate in specific protein condensates, through physicochemical properties that
exist independently of their molecular targets. This selective partitioning influences drug activity
and might lead to drug resistance (Klein et al., 2020). Mutations in another heterochromatin pro-
tein MeCP2 (methyl CpG binding protein 2) cause Rett syndrome. Mutations in MECP2 that lead
to Rett syndrome disrupt the ability of MeCP2 to form condensates (Li et al., 2020). Phase sepa-
ration of chimeric oncoprotein drives aberrant chromatin looping and cancer development of hae-
matological malignancies (Ahn et al., 2021).

Hexane-1,6-diol interferes with weak hydrophobic interactions, that often mediate phase separa-
tion (Kroschwald et al., 2017). Purely electrostatic interactions should not be affected. It facilitates
chromatin compaction in vitro (Itoh et al., 2021). Several studies have examined its effect on 3D
chromatin architecture, but gave incoherent results, presumably due to serious side effects of the
chemical on cell viability (Itoh et al., 2021; Liu et al., 2021; Shi et al., 2021; Ulianov et al., 2021).
A short-term exposure to low concentration of hexane-1,6-diol reversibly dissolved biomolecular
condensates of several chromatin binding proteins without affecting cell viability and resulted in a
global reorganization of chromatin interactions and TADs (Liu et al., 2021). Optogenetically in-
duced liquid condensates of proteins rich in IDR regions within the nucleus mechanically excluded
chromatin and preferentially formed in low-density chromatin regions (Shin et al., 2018). Growing
condensates deformed and push out surrounding chromatin network, but they were able to in-
clude loci they were targeted to, leading authors to propose a chromatin filter model for conden-
sate induced genome restructuring, in which transcriptionally active condensates filter out non-
specific elements of the genome, while pulling together targeted regions to which they are bound.

1.4.3 Consequences of phase separation on enzymatic reactions

Biomolecular condensates have a potential to affect reactions that occur within them, but the
direction of a change of rate coefficient is not straightforward to predict (reviewed in Zhang,
Narlikar and Kutateladze, 2021). They might render different solvent properties such as dielectric
constant and viscosity, concentrated or excluded (depleted) enzyme, substrate, cofactor and/or
product compared to surrounding solution, molecular crowding, different diffusion coefficients.
These parameters may alter dissociation constant of enzyme-substrate complex and the kinetics
of substrate binding and conversion rates (Peeples & Rosen, 2021). In biomolecular condensates,
both enzyme and substrate might experience hydrophobic and electrostatic environment more
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like organic solvent than water (Kiffner et al., 2020; Nott et al., 2016). Increased concentrations
of reactants can increase binding rate thereby speeding up the reaction, but the diffusion might
slow down (Brady et al., 2017; Drobot et al., 2018; Taylor et al., 2019) due to crowding and high
viscosity (Caragine et al., 2018). In addition, intermolecular interaction will decrease permeability
(Wei et al., 2017) of a condensate. Concentrating an enzyme and its substrate together in a same
compartment can accelerate the reaction from four to six-fold (Drobot et al., 2018; Kiffner et al.,
2020; Sokolova et al., 2013) and up to 20 to 70-fold (Drobot et al., 2018; Strulson et al., 2012) in
some systems. However, some reactions were not affected by presence of condensates despite
higher concentrations (Davis et al., 2015; Deryusheva & Gall, 2009). Molecular crowding itself
can affect protein conformation, interactions and activity (reviewed in Kuznetsova et al., 2015).
When a product is less prone to phase separate, it will get excluded from condensates and its
removal will drive chemical equilibrium towards product formation, like in nucleolus (Riback et al.,
2020). Enzymes that are taking part in subsequent reactions can be concentrated in the same
condensate thereby speeding up the entire process (Castellana et al., 2014; Liu et al., 2020; Zhao
etal., 2019; Zhao et al., 2015) and excluding enzymes of a competitive pathway (Su et al., 2016).
Enzymes can be inactivated by phase separation in response to nutrient starvation (Prouteau et
al., 2017) or substrate can be separated from enzyme by sequestration, for example mRNAs
accumulated in stress granules is protected from translation and degradation (Wilbertz et al.,
2019). Some enzymes will undergo phase separation only in an ATP-bound state, thereby cou-
pling enzyme activation with phase separation (Hondele et al., 2019; Zhang et al., 2019). In chro-
matin, phase separation directs H2B ubiquitination specifically over nucleosomes in a gene body
(Gallego et al., 2020). Cas12a (RNA-guided endonuclease/helicase) cleavage of linker DNA in
phase separated nucleosome arrays was minimally affected when compared with a nucleosome-
free DNA of the same length (Strohkendl et al., 2021). The three-fold inhibition was probably due
to the presence of nucleosomes adjacent to the cleavage site, and not phase separation per se.
In molten globule in vitro, linker DNA was also accessible to MNase, although oligomers remained
partially intact after digestion (Maeshima et al., 2016). Similarly, Tet repressor was strongly re-
cruited into chromatin condensates onto its operator (Gibson et al., 2019).

Moreover, enzyme reactions might change physical properties of biomolecular condensates. ATP
depletion caused drastic decrease in an apparent viscosity of nucleoli (Brangwynne et al., 2011).
ATP is required for stress granule assembly and dynamics (Jain et al., 2016).

Normally, enzyme activity is measured in test tube in diluted aqueous solutions, but the intracel-
lular environment is very crowded and contains 300-400 ng/uL macromolecules, a fact that is
often neglected (reviewed in Ellis, 2001). In vitro, biomolecular condensates could mimic similar
level of crowding, viscosity and polarity and thus may serve as a convenient model system to
challenges and emerging properties that high concentrations can entail.
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1.5 Aims

Folding and phase separation of chromatin pose challenges for nucleosome remodelers that must
act on individual nucleosomes inside the folded structure. Some nucleosomes might be buried
and inaccessible. Even if the enzyme reaches the nucleosome, binding sites for the remodelers
might be occluded and involved in internucleosome interactions.

Another potential challenge for remodelers is the different chemical environment inside and out-
side chromatin condensates that might lead to an exclusion of enzymes and cofactors. The high
concentrations of nucleosomes in condensates, which far exceed typical Kv values, would require
enzymes to constantly be bound to nucleosomes. Diffusion of enzymes through the condensate
could be impaired.

The overarching aim of this thesis was to characterize nucleosome sliding on differently folded
chromatin substrates.

The results are presented in three parts:

In Chapter 2.1, | used fission yeast as a model system and established the tools to ask if hetero-
chromatin impedes remodeling. In this preliminary study, | have revisited a role of chromatin re-
modelers in nucleosome positioning and spacing in fission yeast with an improved technology.

In Chapter 2.2, | compared the kinetics of nucleosome sliding by ISWI in unfolded, folded and
phase separated nucleosome arrays in vitro. | also explored the effect of ISWI's motor activity on
physical properties of nucleosome condensates in vitro. Large parts of this study are currently
submitted for publication.

Nucleosome remodelers are going through global conformational changes during nucleosome
sliding. These dynamic changes are difficult to capture with classical structural methods. In Chap-
ter 2.3, I used mononuclesomes with a UV-activated crosslinker close to the acidic patch that will
covalently bind molecules nearby. In this preliminary study, | quantified the extent of crosslinking
in different nucleotide states of the remodeler and in presence of different nucleosome linker DNA
lengths.
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2. Results

2.1 Chapter 1: Nucleosome organization in euchromatin and
heterochromatin in fission yeast

2.1.1 Contributions
All contributions were mine except:
Tatiana Abigailova performed western blots in 2.1.1.

Monica della Rosa performed experiments in 2.1.6. and 2.1.7., for which | purified the remodeler
and coordinated sequencing and analysis. Dr. Ashish Singh prepared sequencing libraries.

Dr. Tamas Schauer performed the bioinformatic analysis (composite plots and Ocampo analysis).

2.1.2 Background

Heterochromatin is essential for genome stability, chromosome segregation and cell differentia-
tion (Allshire & Madhani, 2017). Whether nucleosome spacing and positioning have a role in a
heterochromatin establishment, maintenance and spreading is still not clear. Sequencing of mi-
crococcal nuclease-digested chromatin (MNase—seq) from human cells revealed longer nucleo-
some repeat lengths in heterochromatin on average (Snyder et al., 2016; Valouev et al., 2011).
This is confirmed in Drosophila melanogaster cells by array-sequencing which in addition unveiled
higher regularity of nucleosome arrays in heterochromatin (Baldi et al., 2018). Nucleosomes in
heterochromatin regions show large variation in positioning across different cells but are highly
uniformly spaced along the nucleosome array (Lai et al., 2018). However, recent single molecule,
long read sequencing applied on K-562 human cell line has suggested that the nucleosome ar-
rays in heterochromatin and elsewhere can be highly diverse, harboring both irregular oligonu-
cleosome patterns in addition to regular arrays (Abdulhay et al., 2020).

In Schizosaccharomyces pombe, MNase-seq studies hint towards elimination of nucleosome free
regions (NFRs) in heterochromatin (Garcia et al., 2010) while chemical mapping argues in favor
of a low nucleosome occupancy (Moyle-Heyrman et al., 2013). Garcia et al. report that the nucle-
osomes are arranged in a less periodic manner in heterochromatin than in euchromatin (Garcia
et al., 2010). Lantermann et al. showed wider spacing in heterochromatin by spectral analysis
(Lantermann et al., 2010).

Further hint for importance of nucleosome positioning for heterochromatin function comes from
its transcriptional derepression in strains with remodeler deletion. Transcriptional changes were
in few cases correlated with changes in nucleosome positioning (Ehrensberger & Kornberg, 2011;
Straka & Horz, 1991). In an hrp3A strain, the nucleosome periodicity around transcription start
site of highly expressed genes was perturbed to a higher degree than those of lower expressed
genes, suggesting an involvement of Hrp3 in RNAPII-associated transcription (Shim et al., 2012).
Garcia et al. identified Mitl as responsible for occluding some NFRs in heterochromatin (Garcia
et al.,, 2010). Mitl, an ATPase subunit of SHREC complex, prominently associates with major
heterochromatin domains. Strains lacking Mitl had upregulated transcription of heterochromatin
loci that was not rescued by introducing an ATPase dead mutant of Mitl. SHREC activity is critical
for proper positioning of nucleosomes at the silent mat locus (Sugiyama et al., 2007). It is still
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unclear if Mitl has a role in nucleosome positioning and spacing of nucleosomes in genic arrays
in euchromatin (Lantermann et al., 2010; Pointner et al., 2012).

Hrp3, another nucleosome remodeling enzyme of the CHD1 class, as well as its paralog Hrp1,
are required for heterochromatin silencing in fission yeast (Jae Yoo et al., 2002; Jin et al., 1998;
Shim et al., 2012). Hrp3 physically interacts with Swi6, the HP1 orthologue in S. pombe, and
Ahrp3 strain shows higher nucleosome occupancy in pericentromeric region (Shim et al., 2012).
Hrpl and Hrp3 have nucleosome positioning activity in vivo (Hennig et al., 2012; Pointner et al.,
2012; Shim et al., 2012) and nucleosome spacing activity in vitro (Pointner et al., 2012).

Fft3 inhibits euchromatin assembly in silent chromatin domains and it is required for silencing of
subtelomeric genes and a proper incorporation of histone variants in a centromere region (Stra-
Ifors et al., 2011). Fft3 deletion did not change nucleosome positioning pattern over genic regions
(Lantermann et al., 2010), but it led to a decrease in a nucleosome occupancy in Pol Il transcribed
genes (Steglich et al., 2015).

These remodelers must access and work on heterochromatin which is considered tightly packed
and inaccessible (Boettiger et al., 2016; Ou et al., 2017; Ricci et al., 2015; Spracklin & Pradhan,
2020). In this chapter, | decided to challenge this paradigm and asked if heterochromatin impedes
nucleosome remodeling. We have performed preliminary experiments towards answering this
question. We have established fission yeast as a model organism in our group and characterized
nucleosome arrays architecture in several different strains. We have tested the effect of a remod-
eler fusion with a heterochromatin binding domain on transcription and nucleosome positioning.

2.1.3 Overexpression of chromatin remodelers Hrp3 and Fft3 is toxic

To check if heterochromatin impedes chromatin remodeling, we have designed in vivo biochem-
istry approach to compare nucleosome sliding in euchromatin versus heterochromatin in S.
pombe. For our experiments, we used remodelers that were already known to be implicated in
heterochromatin and act as a single subunit: Hrpl, Hrp3 and Fft3. We overexpressed them on
their own or as a fusion protein with a heterochromatin-binding domain.

I used genomic DNA from S. pombe to amplify hrpl, hrp3 and fft3 genes. All genes were suc-
cessfully PCR-amplified, but cloning of the hrpl gene was not successful, presumably because
AT-rich DNA sequence is unstable in bacteria (Inagaki et al., 2005; Mukai et al., 2016). The linear
DNA cloning system might be considered in the future (Godiska et al., 2010; Pfander et al., 2011).
Fft3 and Hrp3 were then fused to the chromodomain (CD) and the 3xFLAG tag. The purpose of
a chromodomain was to direct chromatin remodeler to heterochromatin. | used the chromodomain
from Chpl protein because it has the highest affinity for H3K9me among four chromodomain
proteins present in fission yeast (Isaac et al., 2017; Schalch et al., 2009).
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Figure 2.1. Plasmids cloned in this study. Remodeler constructs were cloned under a control of a
derepressible promotor. Nmt (no message in thiamine) promotor is repressed by thiamine, that is present in
a yeast extract, a component of a full growth media. Expression is achieved by growing the strains in a
synthetic media with limited or without added thiamine (Moreno et al., 2000). The strength of the promotors
decreases nmtl>nmt41>nmt81. All transgenes were partially sequenced.
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Figure 2.2. Heterochromatin reporter strains. A) Pericentromeric reporter strain. Ura4 reporter gene
was inserted into otrlR region of chromosome 1 with the help of Sphl restriction enzyme (Allshire et al.,
1995). B) Mating type reporter strain. Mating type locus is located on the right arm of chromosome 2. Ura4
reporter gene is placed just after mat3M gene. The mating type is determined by sequence integrated at
matl (plus (P) for h* and minus (M) for h°). Additionally, sequences for P and M are encoded at mat2P and
mat3M, respectively, normally silenced and used for switching the mating type via transposition to mat1.
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These constructs were cloned into pJR1 plasmid under control of derepressible nmtl promotor
(Figure 2.1.; vector maps in the Appendix) and transformed into heterochromatin reporter strains
(Figure 2.2.). These strains have an auxotrophic marker cloned in a heterochromatin region. Nor-
mally, the markers are silenced. In case of a disruption of heterochromatin silencing, the marker
gene is transcribed and it can be detected by growth assays on a selective media and further
confirmed via RT-qPCR.

Overexpression of Hrp3K406A-containing constructs upon thiamine removal was so strong that
the induced proteins were detectable by a Coomassie staining (Figure 2.3.A). The expression of
CD-FLAG and Hrp3-CD-FLAG was confirmed by western blot (Figure 2.3.B). The western blot of
Hrp3-CD-FLAG revealed additional bands of lower molecular weight, likely due to protein degra-
dation.

A) B)
o ob o oL N
PP (% o B o
S & T o
Thiamine + - + - kDa - Thiamine + - + - kDa

Loading _|
control

Figure 2.3. Proteins of interest are expressed after removal of thiamine. Cells were grown
without thiamine for ~24 hours. A) Expressions of Hrp3K406A (159 kDa) from pFMP505 and Hrp3K406AC-
DFLAG (170 kDa) from pFMP504 are detectable on the Coomassie stained SDS-PAGE and labelled with
red asterisks. The corresponding band is absent from a protein extract of a strain containing the empty vector
pFMP488. B) Western blots of the fusion proteins CDFLAG (11 kDa) expressed from pFMP502 and
Hrp3CDFLAG (170 kDa) expressed from pFMP501. Proteins run at the expected sizes. On the blot, they
are marked with white asterisks. An unspecific band that anti-FLAG antibody detects was utilized as a load-
ing control.

To test for yeast fitness upon overexpression of remodelers, | grew liquid precultures of pericen-
tromeric heterochromatin reporter strains carrying constructed plasmids in the presence of thia-
mine and plated them in serial dilutions on plates without thiamine. The plates did not contain
leucine allowing for plasmid selection. As positive controls, | spotted wild type fission yeast strain
(972h°) and the reporter strain with empty vector pJR1. Compared to the positive controls, the
overexpression of Hrp3 strongly inhibited growth on the EMM-Leu plate (Figure 2.4). Despite
higher expression levels, the CDFLAG fusion protein did not cause such a severe growth pheno-
type. | conclude that toxicity is caused by the Hrp3 region of the fusion protein. This conclusion is
supported by the observation that expression of Hrp3 without CD also led to growth defects as
severe as that of Hrp3CD. Toxicity is therefore not caused by targeting Hrp3 to heterochromatin.

To test for defects in heterochromatin silencing, | spotted cells on EMM-Leu-Ura plates and on
plates containing 5-FOA (Figure 2.4). The wild type strain grew well on EMM-Leu-Ura plates and
poorly on plates containing 5-FOA. If expressed, a product of a ura4 gene will convert 5-FOA into
5-fluorouracil, a toxic metabolite. The reporter strain grew well on 5-FOA containing plates, but
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poorly without uridine. The addition of 5-FOA did not inhibit the growth of strains overexpressing
the Hrp3 variants, and they were not growing without uridine. Therefore, the silencing of the re-
porter gene in heterochromatin is not affected. However, the severe growth defect limits the in-
terpretation of a reporter gene silencing assay.

A)
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wild type (972h-)
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leu1-32 ade6-M210 Hrp3

CD-FLAG

Replicate 2:

EMM-Leu+5"-FOA

EMM-Leu-Ura

vector

Pericentromeric reporter strain | Hp3-CD-FLAG

h+ otrR(Sphl)::urad ura4 DS/E
leu1-32 ade6-M210 Hrp3

CD-FLAG

B)
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wild type (972h-)
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Mating type reporter strain | Hp3-CD-FLAG
h90 mat3::urad urad-DS/E

leut-32 ade6-M210 Hrp3

CD-FLAG

Figure 2.4. Spot assay for a silencing of a reporter gene ura4 in strains overexpressing
Hrp3 constructs. Cells were washed twice to remove thiamine and plated in serial dilutions. The plates
were incubated for several days at 30°C before taking an image. A) Reporter gene is inserted in a pericen-
tromeric region. Two independent replicates are shown. The different colours originate from using different
imaging systems. B) Reporter gene is inserted in a mating type region. Preliminary data pending replication
are shown (N=1).

For Fft3 constructs, a mild growth defect was detectable for N-terminally tagged Fft3, but none
for Fft3 and Fft3-CDFLAG overexpression (Figure 2.5., 2.6.). Therefore, the N-terminal fusion
may interfere with remodeler function. None of the constructs influenced heterochromatin silenc-
ing of a pericentromeric region (Figure 2.5.) nor mating type locus region (Figure 2.6.). However,
these strains were not tested for a protein expression with western blot. Once again it was cor-
roborated that CD-FLAG expression has no effect on the growth and silencing.
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Figure 2.5. Spot assay for silencing of reporter gene urad in pericentromeric reporter
strains overexpressing Fft3 constructs. Cells were washed twice to remove thiamine and plated in
serial dilutions. The plates were incubated for several days before taking an image. Reporter gene is inserted
in a pericentromeric region. In every experiment, two colonies were analysed for each strain and considered
to represent independent replicates. The assays were performed at A) 30°C and B) 32°C. The different
colours in A) originate from using different imaging systems.
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Figure 2.6. Spot assay for silencing of reporter gene ura4 in mating type locus reporter
strains overexpressing Fft3 constructs. Cells were washed twice to remove thiamine and plated in
serial dilutions. The plates were incubated for several days before taking an image. Reporter gene is inserted
in a mating type region. In every experiment, two colonies were analysed for each strain and considered to
be independent replicates. The assays were performed at A) 30°C and B) 32°C.

2.1.4 Hrp3 overexpression derepresses heterochromatin in a non-

monotonous manner

The strong toxicity of the Hrp3 overexpression is limiting the interpretation of reporter gene si-
lencing assays. Therefore, | assayed for a heterochromatic transcription by RT-gPRC. The
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heterochromatic transcripts were normalized to actin, which had the most stable transcript level
from three eukaryotic genes tested (less than 1.8-fold change relative to wild type in any condition,
compared to 2.8- and 2.4-fold change for alcohol dehydrogenase and glyceraldehyde-3-phos-
phate dehydrogenase, respectively).
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Figure 2.7. Hrp3 overexpression derepresses heterochromatin silencing in an ATP-inde-
pendent manner in three out of four heterochromatin regions tested. Quantification of hetero-
chromatin transcripts by RT-qPCR in pericentromeric reporter strains expressing Hrp3 from promotors of
different strengths. Promotor strength increases in the following order: nmt81<nmt41<nmtl. RNA was iso-
lated after overnight growth without thiamine. Plotted is an average of all biological replicates and a standard
error of the mean. A) Transcripts from cendg repeat normalized to actin mRNA. N=6. B) Transcripts from tlh
gene in subtelomeric regions normalized to actin mRNA. The gPCR primers do not distinguish between tlh
transcripts originating from chromosome 1 and 2. N=6. C) Transcripts from ura4 reporter gene inserted in
otrR pericentromeric region normalized to actin mRNA. N=3. D) Transcripts from mat3M in mating type locus
normalized to actin mRNA. N=3.

To test if Hrp3 overexpression impairs heterochromatin silencing, | measured the amount of het-
erochromatic transcripts in strains expressing Hrp3 from three related promotors of different
strengths (Figure 2.7.). The highest expression level of Hrp3 upregulated transcripts from four
heterochromatin regions between 1.5- and 2.3-fold. To test if this effect is dependent on the
ATPase activity of the remodeler, | cloned and expressed an ATPase-dead mutant of Hrp3
(K406A) (Shim et al., 2012). Surprisingly, this had the same effect as wt Hrp3 on transcript levels
from subtelomeric, pericentromeric and mating type locus heterochromatin regions. Only cendg
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transcripts reacted differently and derepression was absent upon overexpression of Hrp3K406A.
Lower expression levels of Hrp3 had varying effects on different transcripts. The results are point-
ing towards a complex, non-monotonous role of Hrp3 in regulating heterochromatin silencing. For
three out of four heterochromatin regions tested, ATPase activity of the overexpressed Hrp3 was
not necessary for derepression. Only the cendg region showed an ATP-hydrolysis dependence
of the derepression. To ascertain this effect, more replicates would be required, however.

To test if heterochromatin silencing is more affected if we target Hrp3 to heterochromatic regions,
we overexpressed Hrp3CDFLAG and measured transcript levels by RT-qPCR. Contrary to over-
expression of Hrp3, overexpression of Hrp3CDFLAG did not further derepress transcription from
heterochromatin (Figure 2.8.). The mat3M locus had expression levels hundred times higher than
usual (Figure 2.8.). Further experiments are needed to confirm that the strong derepression of
the mating type locus is a direct consequence of Hrp3 targeting and not cell starvation during
culturing for RNA isolation (Kelly et al., 1988) or mating type switching (Beach and Klar, 1984).
Overexpression of chromodomain itself led to a mild derepression of heterochromatic transcripts
(Figure 2.9.), possibly due to competition for a H3K9me binding site with silencing factors.
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Figure 2.8. Hrp3CDFLAG overexpression strengthens heterochromatin silencing. Quantifi-
cation of heterochromatin transcripts by RT-gPCR in pericentromeric reporter strains expressing
Hrp3CDFLAG from the strongest, nmt1l promotor (black line). Blue line represents data for strain expressing
Hrp3 (nmtl promotor) copied from Figure 2.7. RNA was isolated before removal of thiamine (+thiamine,
Hrp3CDFLAG is not expressed) and then after overnight growth without thiamine (-thiamine, Hrp3CDFLAG
is expressed). Plotted is an average of all biological replicates and a standard error of the mean. A) Tran-
scripts from cendg repeat normalized to actin mMRNA. N=3. B) Transcripts from ura4 reporter gene inserted
in otrR pericentromeric region normalized to actin mMRNA. N=4. C) Transcripts from tlh gene in subtelomeric
regions normalized to actin mRNA. N=3. D) Transcripts from mat3M in mating type locus normalized to actin
MRNA. N=3.
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Figure 2.9. CDFLAG overexpression derepresses heterochromatin silencing. Quantification
of heterochromatin transcripts by RT-gPCR in pericentromeric reporter strains expressing CDFLAG from the
strongest, nmtl promotor. RNA was isolated before removal of thiamine (+thiamine, CDFLAG is not ex-
pressed) and then after overnight growth without thiamine (-thiamine, CDFLAG is expressed). Plotted is an
average of all biological replicates and a standard error of the mean. A) Transcripts from cendg repeat
normalized to actin mMRNA. N=3. B) Transcripts from ura4 reporter gene inserted in otrR pericentromeric
region normalized to actin mMRNA. N=4. C) Transcripts from tlh gene in subtelomeric regions normalized to
actin mRNA. N=3. D) Transcripts from mat3M in mating type locus normalized to actin mRNA. N=3.

2.1.5 Hrp3 overexpression causes an ATP hydrolysis-independent defect
in nucleosome positioning over gene bodies

To check for defects in a nucleosome positioning in strains overexpressing Hrp3 constructs, |
utilized MNase-seq. The cells were grown without thiamine for 6 hours. Before harvesting, bro-
mophenol blue staining confirmed that viability exceeded 95% under all conditions. Following
limited MNase digestion, mononucleosome DNA fragments were cut out and sequenced (Figure
2.10.A).

Composite plots for a wild type show typically spaced nucleosomes over gene bodies (Figure
2.10.B, left panel). A region of 750 bp contains five nucleosomes, corresponding to NRL of ~150
bp in the agreement with previously reported tight spacing for S. pombe (Givens et al., 2012;
Lantermann et al., 2010; Moyle-Heyrman et al., 2013). Main features of a composite plot were
insensitive to varying MNase digestion degrees.

I next assessed the effect of Hrp3 overexpression. It seems like Hrp3 moves +1 nucleosome
upstream (Figure 2.10.B, middle panel), an effect not reported before. Both Hrp3 and Hrp3K406A
mutant overexpression decreased nucleosome array regularity (Figure 2.10.B, middle panel).
Similarly, overexpression of Hrp3CDFLAG and Hrp3K406ACDFLAG decreased nucleosome ar-
ray regularity (Figure 2.10.C; right panel). The data however should not be overinterpreted given
different digestion levels of chromatin of compared strains, likely overdigestion (Figure 2.10.A)
and absence of biological replicates.
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Figure 2.10. MNase-seq experiment of cells overexpressing Hrp3 constructs. A) Agarose gel
of purified DNA after nuclei digestion with varying concentrations of MNase. Labeled sizes are in base pairs.
A DNA corresponding to a mononucleosome (~150 bp, orange square) was cut out of the gel, purified and
prepared for a paired-end sequencing. For each sample, two or three MNase digestion degrees were se-
quenced as indicated (underlined). N=1. B) Composite plots of a dyad position aligned to the first nucleo-
some. See method section 3.2.18.3 for particulars of the analysis. Multiple lines correspond to different
MNase digestion degrees. C) Genome browser screenshots of read coverage over two genes (two left pan-
els) and two heterochromatin regions (two right panels). Bigwig files were visualized in Integrative Genomics
Viewer (Robinson et al., 2011).

Decreased regularity of genic chromatin arrays can also be seen in read coverage over single
genes (Figure 2.10. D; left). Further, overexpression of Hrp3CDFLAG caused a significant in-
crease of a nucleosome occupancy in intergenic regions. Due to a highly repetitive DNA se-
quence, information obtained for a heterochromatin region was sparse. An example shows an
ATP-dependent increase in a regularity over subtelomeric region (Figure 2.10.D; right).

Together, these preliminary data suggest that overexpression of Hrp3 constructs causes genome-
wide changes in nucleosome positioning.
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2.1.6 Hrpl/3 and Mitl decrease nucleosome repeat length in euchromatin

The activities of chromatin remodelers in fission yeast were so far assessed only with composite
plots derived from nucleosome positions originating from MNase-seq. This approach has con-
firmed the defect in a nucleosome positioning in remodeler deficient strains.

To analyze the level of phased regular arrays and NRL on gene-by-gene basis, we performed
MNase-seq on wild type fission yeast strains, strains lacking remodelers implicated in a hetero-
chromatin function and clr4. We then analyzed nucleosome regularity and spacing in genic re-
gions by applying a bioinformatic algorithm developed in Clark lab (Ocampo et al., 2016; Singh
et al., 2021) (Figure 2.11.). In this analysis, an NRL and an array regularity are determined by
cross-correlating MNase-seq signal in each gene with an ideal Gaussian pattern.

The analysis was successfully applied to fission yeast data. Regularity score for wild type shows
two overlapping peaks that probably correspond to the two main groups of genes of distinct reg-
ularities. NRL peaks at 150 base pairs, even shorter than previous estimates (Moyle-Heyrman et
al., 2013). As expected, deletion of clr4 did not influence nucleosome positioning and NRL in
genes.

Strain lacking mitl has modestly decreased regularity score and slight shift in a distribution to-
wards longer NRLs. Therefore, Mitl might be a globally acting remodeler that does not strongly
influence NRL. Deletion of hrpl and hrp3 drastically decreased regularity score. NRL distribution
has flattened and shifted towards longer values. Hrp1/3 data confirm previous suggestions based
on composite plots.

A) 5 - B) 0.06 =
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Figure 2.11. Spacing remodelers in fission yeast. Number of analysed genes was always 5239.
N=1. A) Regularity score distributions of nucleosome positions obtained from MNase-seq of strains lacking
remodelers. B) NRL distributions obtained from MNase-seq of strains lacking remodelers.

2.1.7 Towards establishing ex vivo remodeling assay

To measure nucleosome sliding on a native substrate, we have isolated nuclei from fission yeast
strains lacking hrpl and hrp3. We then added D. melanogaster ISWI and ATP and performed
MNase-seq followed by Ocampo analysis described above. The regularity score was minimally
changed by addition of both ISWI and ATP (Figure 2.12.A). NRL distribution shifted towards lower
values upon ISWI addition in an ATP-independent manner (Figure 2.12.B). The results do not
provide conclusive evidence for a spacing activity for ISWI. To ascertain if this approach might be
utilized as an ex vivo nucleosome remodeling assay, more replicates under varying remodeler,
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ATP and salt concentration will be needed. Chromatin remodeling complexes containing auxiliary
subunits should also be tested.

A) 5 = B) 0.016 =
Ahrp1Ahrp3 Ahrp1Ahrp3
Ahrp1Ahrp3 + ISWI Ahrp1Ahrp3 + ISWI
4= — Ahrp1Ahrp3 + ISWI| + ATP 0.012 —f —— Ahrp1Ahrp3 + ISWI + ATP
3 >
Z 2 0.008 —
g 8
o
2 —
0.004 —
1 —
0— 0.00 —
| | | | | | | [ |
0.2 0.4 0.6 0.8 1.0 100 150 200 250 300
Regularity score Nucleosome repeat length (bp)

Figure 2.12. Ex vivo nucleosome spacing assay. The nuclei were isolated from 200 mL fission yeast
culture of OD=0.4 and divided into three parts. Remodeling reaction was performed with 1/3 of isolated
nuclei containing 230 nM ISWI and 2 mM Mg-ATP in MND buffer at 26°C for 30 min. The reaction was
stopped with EDTA. Chromatin was digested with MNase, DNA purified and fragments <400 bp sequenced
in a pair-end manner. Number of analysed genes was always 5239 A) Regularity score distributions of nu-
cleosome positions obtained from MNase-seq of chromatin isolated strains lacking hrpl and hrp3 and sup-
plemented with ISWI and ATP. B) NRL distributions of nucleosome positions obtained from MNase-seq of
chromatin isolated strains lacking hrpl and hrp3 and supplemented with ISWI and ATP.

2.1.8 Discussion and outlook

Heterochromatin is a compact form of chromatin, but it has to be replicated, repaired, regulated
and even transcribed. In this chapter, we have established Schizosaccharomyces pombe as a
model organism in our group and performed the first steps to try and establish the methods to
study how much does heterochromatin affect kinetics of chromatin remodeling.

We have used overexpression of chromatin remodelers involved in heterochromatin and checked
if there are changes in nucleosome positioning by indirect and direct methods. In addition, the
remodeler fusion with a chromodomain was used with a hope to target remodelers more effec-
tively onto heterochromatin.

Overexpression of chromatin remodelers inhibited yeast growth, Hrp3 severely. As the growth is
slowed down but the cells are not dying, this suggests that the remodeler overexpression might
cause a cell cycle arrest. Absence or overexpression of chromatin remodelers have been reported
before to negatively affect the cell growth. In an absence of Fft3 there were severe chromosome
segregation defects (Stralfors et al., 2011). Hrpl overexpression has already been shown to
cause a reduction in a growth rate (Jin et al., 1998) and to disrupt a mitotic chromosome segre-
gation (Jae Yoo et al., 2004). This growth defect limited interpretation of silencing assays based
on a growth of reporter strains.

To test the effect of the remodeler overexpression on heterochromatin silencing, we determined
the amount of heterochromatin transcripts by RT-gPCR. Hrp3 overexpression derepressed het-
erochromatin silencing in an ATP-independent manner. Contrary to the overexpression of Hrp3,
overexpression of Hrp3CDFLAG further repressed transcription from heterochromatin. Prelimi-
nary data show that this effect was also ATP-independent. It is possible that Hrp3CD-containing
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fusion proteins strongly bind to H3K9me2 and block access to chromatin, inhibiting genomic pro-
cesses. However, RT-qPCR analysis is complicated by the fact that remodeler overexpression
might change transcription of a reference gene to which data are normalized (Pointner et al.,
2012; Walfridsson et al., 2005).

Nucleosome mapping by MNase-seq similarly revealed an ATP-independent defect in nucleo-
some positioning over gene bodies. Strong transcription might cause irregular nucleosome arrays
(Singh et al., 2021). Curiously, overexpression of Hrp3K406 CDFLAG had the mildest defect in a
nucleosome array formation and a significant increase in a nucleosome occupancy in intergenic
regions. Although the information obtained for heterochromatin region was sparse, we have iden-
tified an ATP-dependent (but chromodomain independent) increase in a regularity over a subtelo-
meric region. We have confirmed an extremely short NRL reported previously for S. pombe both
in composite and Ocampo plots (Givens et al., 2012; Lantermann et al., 2010; Moyle-Heyrman et
al., 2013).

In this preliminary study, the overexpression had to be induced by washing the cells from thiamine
present in a full media and inducing them in a synthetic media. Because yeast has an intracellular
reserve of thiamine, induction time and strength might vary between experiments. Alternative to
thiamine-repressed promotors would be recently published S. pombe vectors that can be induced
by addition of a chemical (Kjeerulff & Nielsen, 2015; Ohira et al., 2017).

Lastly, we have started to develop a novel nucleosome spacing assay. We have isolated nuclei
from strains lacking hrp1/3 and added to it a purified chromatin remodeler D. melanogaster ISWI
together with ATP. MNase-seq followed by Ocampo analysis showed a very small increase in a
nucleosome regularity score upon addition of both ISWI and ATP. Interestingly, the nucleosome
repeat length decreased with the addition of ISWI in an ATP-independent fashion. As an ATPase,
ISWI has no strong spacing activity on its own (Varga-Weisz et al., 1997; Corona et al., 1999;
Langst et al., 1999; Brehm et al., 2000; Mueller-Planitz et al., 2013). Therefore, the assay should
be repeated with a complete remodeler complex with bona fide spacing activity, for example ACF
(Baldi et al., 2018; Ito et al., 1997; Lusser et al., 2005).

A development of this project in the future will require a utilization of methods that can map nu-
cleosome positions in heterochromatin regions or at least determine its regularity and spacing,
for example a single molecule long read sequencing following methylation footprinting (Abdulhay
et al., 2020; Lay et al., 2018; Lee et al., 2020; Oberbeckmann et al., 2019; Shipony et al., 2020;
Stergachis et al., 2020; Wang et al., 2019). Then a strain with a defect in a nucleosome positioning
can be used to follow kinetics of a nucleosome array recovery by inducing remodeler expression
or ex vivo. Clr4 can be deleted to compare remodeling of the same region without heterochromatin
present.

Additionally, further technique development will enable us to answer additional exciting questions
about a nucleosome positioning in fission yeast. Does hrp1hrp3mit1A strain have residual spac-
ing? We have confirmed that all three remodelers space nucleosomes, but an attempt to make a
triple deletion did not give any viable offspring (Pointner et al., 2012). This problem may be cir-
cumvented by an anchor-away technique (Haruki et al., 2008; Singh et al., 2021). This rapid,
chemical-induced depletion of the target protein from the nucleus was recently adapted to fission
yeast (Ding et al., 2014). Other questions to be answered include: what happens to the spacing
in a histone depleted fission yeast? What is the role of INO80, transcription and statistical posi-
tioning in biogenesis of nucleosome arrays and are these mechanisms evolutionary conserved
(Singh et al., 2021)? Does nucleosome organization of heterochromatin underly its silencing func-
tion? Which chromatin remodelers, if any, are required for a heterochromatin establishment,
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spreading and maintenance? | envision that methodological improvements, including long read
nucleosome mapping approaches (Abdulhay et al., 2020), will play a pivotal role in answering
these fundamental questions in the future.
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2.2 Chapter 2: Nucleosome sliding in a condensed chromatin

2.2.1 Contributions and Acknowledgments
| thank my collaborators who have contributed to this chapter as follows:
Experiments showed in Figure 2.13.A)-D) were performed by Dr. Nicola Hepp.

Data presented in Figure 2.14.C)-E) (analytical ultracentrifugation) were collected and analyzed
by Dr. Michaela Smolle from the BMC Biophysics facility.

Amelie Lentz purified GST-GFP and cloned ISWI-GFP.
Dr. Alessandro Scacchetti performed FRAP experiments.
Dieter Kamp performed optical tweezers data collection and analysis.

Mariano Gonzales Pisfil performed confocal imaging and FLIM in BMC Bioimaging facility and
analyzed FLIM data.

Dr. Johannes Stigler and Dieter Kamp helped to build a final model.

2.2.2 Background

Reconstituted nucleosome arrays fold into various structures (Routh et al., 2008) and undergo
phase separation (Gibson et al., 2019). Biomolecular condensates can harbor distinct chemical
environments that can modulate enzymatic reactions. As such, certain enzymes and cofactors
might be excluded from condensates, providing intriguing avenues for cellular regulation.

If and how folding impacts enzymatic processes and nucleosome remodeling enzymes has not
been systematically investigated. In fact, most studies employ mononucleosome substrates to
study nucleosome remodeling, a model substrate that does not fold into chromatin fibers (Clapier
etal., 2017).

Chromatin condensate formation and folding poses two challenges to enzymes that are acting on
it. First, there is an accessibility problem, i.e., enzyme may be unable to reach buried nucleo-
somes. Second, important epitopes may be involved in intramolecular and intermolecular chro-
matin interactions.

ISWI is an ATP-dependent chromatin remodeler that can slide nucleosomes along DNA without
disrupting the histone octamer (Hamiche et al., 1999; Langst et al., 1999). Its activity is enhanced
by interaction with nucleosome epitopes - linker DNA flanking the nucleosome (Kagalwala et al.,
2004; Yang et al., 2006), H4 N-terminal tail (Clapier et al., 2001) and an acidic patch (Dann et al.,
2017; Gamarra et al., 2018).

In this chapter we are addressing how chromatin intramolecular folding and phase separation
influence activity of chromatin modifying enzymes on the example of chromatin remodeler ISWI.
Further, we are asking how ISWI and its ATPase activity influence biophysical properties of chro-
matin condensates.

2.2.3 Intramolecular chromatin folding does not impede remodeling

A previous student in our group, Dr. Nicola Hepp, designed a DNA containing 25 repeats of a
strong nucleosome 601 positioning sequence. 13 of these sequences encoded a unique
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restriction enzyme site. A restriction enzyme accessibility assay can therefore be used to detect
sliding of each one of these barcoded nucleosomes (Figure 2.13.A) (Ludwigsen et al., 2018). The
restriction sites are occluded by nucleosomes and upon nucleosome sliding become exposed for
a cleavage.

Using restriction enzymes, Dr. Nicola Hepp concluded that the nucleosome sliding is minimally
affected by intramolecular folding. Dr. Hepp derived this conclusion from a comparison of remod-
eling rates obtained in unfolded and intramolecularly folded arrays (Figure 2.13.B). Unfolded ar-
rays were prepared in 0.2 mM Mg?* and folding was then induced by addition of 1.7 mM MgClo.
She measured the sliding rates of both internal and external nucleosome in both Mg?* conditions.
Even though internal nucleosomes in folded nucleosome fibers are less accessible and more
stable than external nucleosomes (Hagerman et al., 2009; Poirier et al., 2008, 2009; Schram et
al., 2015) (Figure 2.13.C-D), ISWI remodeled internal and more external nucleosomes with iden-
tical rate constants regardless (0.18 + 0.02 s'* and 0.18 * 0.01 s, respectively) in loosely folded
nucleosome arrays (0.2 mM Mg?*). Induction of fiber folding by supplementing Mg?* to 1.7 mM
reduced remodeling rate coefficient by ~two-fold to 0.07 £ 0.02 s for internal and 0.08 + 0.02 s
1 for external nucleosome. The latter results suggested at most a two- to three-fold contribution
of folding on remodeling rates.

To check if the reduced rate is in part due to reduced ATP hydrolysis under these conditions, |
performed mononucleosome stimulated ATPase assay (Figure 2.13.E). Indeed, ATPase activity
of ISWI stimulated by mononucleosomes that cannot undergo folding was ~two-fold lower in 1.7
mM MgClz compared to 0.2 mM MgCla.

After an in vitro nucleosome reconstitution, three independent quality controls confirmed satura-
tion of array DNA with nucleosomes (Figure 2.14.A-B). | confirmed that 25mer array is more folded
in 1.7 mM Mg?* than it is in 0.2 mM Mg?*. Analytical ultracentrifugation sedimentation velocity
analysis showed that the higher Mg?* concentration led to an increased sedimentation coefficient
and lower frictional ratio (Figure 2.14.C-E), consistent with more spherical shape of nucleosome
arrays as a result of intramolecular folding. Only around 10% of arrays have oligomerized in pres-
ence of 1.7 mM Mg?*. In a negative stain electron microscopy, single particles exhibited hetero-
genous structures in both conditions (Figure 2.14.F). However, their Feret's diameter decreased
(Figure 2.14.G) and their circularity (Figure 2.14.H) increased with increasing Mg2* concentration,
consistent with Mg?*-induced intramolecular folding.
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Figure 2.13. Intramolecular chromatin folding does not impede nucleosome sliding. A) An
array containing 25 repeats of 197 bp long DNA, obtained by ligating 12x197 array with 13x197 array in two
different orientations. The repeat has 601 nucleosome positioning sequence and 50 bp long linker DNA.
13mer DNA is bar-coded with a unique restriction enzyme site in every nucleosome positioning sequence.
The arrays were cut out from the plasmid with the help of Hincll (left, light green) and EcoRlI (right, magenta)
sites. In these two arrays, BamHI site was utilized to measure sliding of an internal and an external nucleo-
some, respectively. B) BamHI accessibility nucleosome sliding assay for differently positioned BamHI sites
— internal (left) and external (right). Each sliding reaction contained 4 nM respective 25mer and 5 pM ATP
and it was started with 200 nM ISWI. One out of two consistent independent replicates is shown. C), D),
Quantification of gels in B). Bar plots are derived rate coefficients for the respective plots. For each condition,
average of two independent replicates is represented and error bars are their minimal and maximal value.
E) Mononucleosome stimulated ATPase assay. Mononucleosome-stimulated ATP turnover. ATPase rates
were measured in the presence of saturating mononucleosome concentration (using three times less mon-
onucleosomes lead to the same results). Bars are mean values of two independent experiments, error bars
their minimal and maximal values. Increasing Mg-concentrations reduce mononucleosome-stimulated ATP
hydrolysis rates at saturating concentrations of ATP (1 mM) and mononucleosomes (1.33 uM).
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Figure 2.14. Structural characterization of folded nucleosome arrays. A) Chromatin arrays used
in this study contain BsiWI restriction site in each nucleosome positioning sequence and Notl restriction site
in each linker DNA. Digestion with these two enzymes served as a quality control for octamer binding on
every 601 site. Octamer binding will render nucleosome inaccessible for BsiWI digestion. Following Notl
digest, free DNA-containing 601-site runs around 200 bp, while the one with bound octamer runs around
400 bp. Absence of the ~200 bp band confirms saturation of each 601 site with octamer. B) Quality controls
for assembled chromatin 25mer array. From left to the right: agarose gel after magnesium precipitation and
resolubilization (IN=unput, SN=supernatant, P=pellet. Only saturated arrays precipitated completely out of
the assembly. Overassembly can be detected by smearing of competitor DNA and its coprecipitation.),; Notl
digestion, BsiWI digestion. C) Sedimentation velocity analysis of 25mer in remodeling buffer without glycerol
supplemented with 0.2 (black) or 1.7 mM MgClIz (red). At the higher MgClz concentration, the arrays have a
higher sedimentation coefficient (51.3 + 5.7 Svedberg (S)), indicating that arrays are more compact and
therefore sediment faster. At the lower MgCl2 concentration, they are much more extended, therefore render
a lower sedimentation coefficient (42.4 £ 4.2 S). The structures with the slowest sedimentation are probably
residual free competitor DNA, whereas structures with the highest sedimentation coefficients (76.0 £ 3.4 S
and 88.2 + 2.8 S) are array oligomers. Presence of oligomers confirms that the higher MgClz concentration
also causes intermolecular folding. D) Frictional ratio (ratio of the experimental sedimentation coefficient and
the maximal sedimentation coefficient calculated for a sphere of the same molecular weight under the same
solution conditions) plotted against sedimentation coefficient. E) Peak table from analysis in C). F) Repre-
sentative micrographs of 25mer from negative stain electron microscopy (EM). Arrays were diluted in re-
modeling buffer supplemented with 0.2/1.7 mM MgCl2 until single particles could be distinguished in micro-
graphs. G, H), Single-particle analysis of negative stain EM micrographs of 25mer. N (0.2 mM MgClz) = 67,
N (1.7 mM MgClz) = 107. Outline of a single particle (red line) was determined with the help of trainable
Weka segmentation in ImageJ. Feret’s diameter (the maximum distance between two parallel tangential
lines, yellow line) and circularity were calculated for this outline. Middle line is a median.
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We conclude that ISWI is not strongly affected by intramolecular nucleosome array folding. It also
shows no preference for external nucleosomes as both nucleosomes are similarly accessible to
ISWI and readily available for remodeling, consistent with conclusions derived before from mod-
eling (Schram et al., 2015).

2.2.4 Establishing chromatin condensates as a substrate for studying
chromatin remodeling

Spherical condensates formed upon addition of a salt in a concentration dependent manner, in-
dicative of a surface tension driven phase separation (Figure 2.15.A). We investigated the effects
of a physiologically relevant mixed ionic environment of Na*/K* and Na*/Mg?*, which are the main
cations of the cell cytoplasm (Allahverdi et al., 2015) and constructed a phase diagram by sys-
tematically changing nucleosome array and salt concentrations (Figure 2.15.B). The phase sep-
aration of chromatin arrays in 50 mM NaCl was induced with both increasing KOAc concentration
and increasing MgCl. concentration. By increasing chromatin concentrations, condensates grew
in number or/and size (Figure 2.15.B). Under the same total nucleosome concentration, 25mer
was more prone to phase separation as expected due to its higher multivalency. Confocal micros-
copy imaging of condensates containing 5% of Cy3-labeled array revealed that under certain
conditions, chromatin condensates had an outer rim of a higher material density (2.15.C). Chro-
matin arrays might be accumulating at the rim due to slower diffusion coefficient close to the
phase boundary (Hubatsch et al., 2021; Zhang et al., 2022). Comparing intensities from confocal
images of condensates of similar sizes (Figure 2.15.D) revealed that under every condition, con-
densates exhibited similar chromatin density.

Using holotomography, we determined the nucleosome concentration in the condensates formed
by 25mer arrays to be 225 + 59 uM, equivalent to ~45 g/l (Figure 2.15.E). Holotomography is a
type of a label-free, quantitative phase microscopy, and the concentration is obtainable from the
measured refractive index. Our measurement is in an agreement with concentration estimates in
condensates formed by tetra- and 12mer nucleosome arrays, determined by cryogenic electron
tomography and fluorescence microscopy, respectively (195 to 550 uM) (Gibson et al., 2019;
Zhang et al., 2022). A wide range of conditions thus leads to surprisingly static nucleosome con-
centrations. In vivo nucleosome concentrations fall into the same range. In Indian Muntjac cells,
the nucleosome concentration varies between 0.1 mM and 0.5 mM (Hihara et al., 2012; Weide-
mann et al., 2003). In vitro reconstituted chromatin condensates are therefore useful model sub-
strates to study challenges encountered by remodelers in a crowded chromatin environment.

Given the high nucleosome concentration, chromatin condensates may act as a barrier for the
diffusion of big molecules. To determine the size exclusion limit of chromatin condensates, we
used a series of fluorophore-labeled dextrans of different sizes and determined their partition
coefficients (Figure 2.15.F). With increasing molecular mass, dextrans were progressively ex-
cluded from chromatin, but even large, 500 kD dextrans were able to enter. There was no enrich-
ment of any dextran in the condensates, arguing against artifacts that may arise from the interac-
tions between the probe and condensate components. The data suggest that the chromatin con-
densates are porous or pliable enough to accommodate even large complexes. Whereas con-
densates showed a distinct ultrastructure, dextran distribution patterns were homogeneous (Fig-
ure 2.15.F, left). In contrast, dextran distribution in vivo tended to be more granular, particularly
for larger dextrans (Gorisch et al., 2003), suggesting that components absent in our reconstituted
system create chromatin subcompartments in vivo.
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Figure 2.15. Establishing chromatin condensates as a substrate for studying chromatin
remodeling. A) Phase separation of 13mer and 25mer (1200 nM total nucleosome concentration). The
data were collected in 25 mM Hepes-KOH pH 7.6, 0.1 mM EDTA, 50 mM NaCl, 10% glycerol, 1 mM DTT,
0.2 g/L BSA and added salts as noted. B) Representation of an entire phase diagram — area percentage of
field of view occupied by condensates. Total nucleosome concentrations were: 25 nM, 100 nM, 400 nM and
1200 nM. C) Confocal images of 13mer and 25mer (90 nM total array concentration, 5% is Cy3-labeled). D)
Fluorescence intensity of Cy3-labeled chromatin inside chromatin condensates across different conditions.
Data were collected for 90 nM 13mer/25mer with 5% label and added salts as noted. In the same order as
on the image, the number of analyzed condensates is: 11, 4, 8, 6, 28 and 13. Average Gray value and
standard deviation of two independent replicates are plotted. E) Holotomogram of chromatin condensates
in 5 mM MgClz. Average nucleosome concentration was determined from linear relation of concentration
and refractive index. One out of two consistent replicates is shown. F) Partition coefficient of FITC-labeled
dextrans of various sizes. Data were collected in 90 nM 13mer with 0.1 mg/mL FITC-labeled dextran. Dex-
tran partitioning coefficient was calculated for 18 condensates for each sample on average. Their average
and standard deviations are plotted. G) Limited internal dynamics of Cy3-labeled chromatin array as meas-
ured by FRAP. The data were collected with added salts as noted. Scale bar 4 um. N=3-5 for each condition.
One out of many consistent independent replicates is shown.

In interphase, chromatin moves across micron-scale regions for a few seconds (Nozaki et al.,
2017; Shaban et al., 2018; Xiang et al., 2018; Zidovska et al., 2013b). We probed the dynamics
of chromatin inside the condensates by fluorescence recovery after photobleaching (FRAP) and
measured little to no recovery over eight minutes (Figure 2.15.G), in contrast to previously pub-
lished study (Gibson et al., 2019). This might be due to interdigitating of chromatin fibres in a
probable structure of the condensate and/or strong intermolecular nucleosome interactions. It is
consistent with the most recent data for both in vitro chromatin condensates and chromatin in live
cells (Strickfaden et al., 2020a). However, interaction with the glass surface can lead to changes
in material properties of condensates and therefore it is recommended to compare behavior on
glass slides with a variety of coatings (Alberti et al., 2019). Additionally, gelation effects could be
induced during imaging acquisition (Gibson et al., 2021). Apart of experimental artifacts, chroma-
tin movements might occur on a smaller scale and thus be inaccessible by such photobleaching
experiments. Prolonged incubation of the condensates did not influence the dynamics
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significantly, although the differences might be challenging to detect in a first place, because of
the very low percentage of the mobile phase or timescale of molecular rearrangements shorter
than 15 minutes.

Enzymatic reactions depend on physical characteristics of a milieu in which they are taking place.
Therefore, to characterize viscoelastic properties of chromatin condensates, we employed optical
tweezers to fuse them in a controlled manner (Figure 2.16.A) (Kaur et al., 2019; Wang et al.,
2018). Chromatin condensates fused with different efficiencies in different buffer conditions (Fig-
ure 2.16.B). Salts modulated condensate behavior from a liquid-like (fast fusion) to a gel-like or a
solid-like (very slow or no fusion). Specifically, binding of Mg2* makes the condensates more solid
like. Fusion is accelerated by a surface tension of the condensates and retarded by an interior
viscosity (Alshareedah et al., 2019; Ghosh & Zhou, 2020; Kaur et al., 2019). Fitting the force
response from optical traps to a stretched logistic fit allowed us to determine fusion velocity at the
inflection point (Figure 2.16.C). When normalized to the condensate radius, fusion velocity was
not different for 13mer and 25mer condensates under the same salt condition (Figure 2.16.D).
Therefore, the initiation of fusion depends on both the array length and the buffer composition
(Figure 2.16.B), however once when it starts, its velocity is exclusively salt-dependent (Figure
2.16.D), indicating that the condensate fusion possesses at least two steps, each of the steps
differently regulated by the salt and the array length.

Taken together, we have an adequate system to study effects of condensation on remodeling
enzymes.
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Figure 2.16. Characterization of viscoelastic properties of chromatin condensates. A) Con-
trolled condensate fusion with optical tweezers. B) Fraction of successful fusion events for 13mer and 25mer
condensates. The data were collected in a buffer supplemented with 100 mM KOAc (yellow), 1 mM MgCl2
(orange) or 5 mM MgCI: (red). Total nucleosome concentration was 1200 nM. Behaviour of chromatin con-
densates depends on the chain length and the buffer composition. C) Force readout of optical traps during
controlled condensate fusion. Roman numbers correspond to fusion steps as annotated in A). D) Normalized
fusion velocity of 13mer and 25mer condensates. The data were collected in a buffer supplemented with
100 mM KOAc (yellow), 1 mM MgClz (orange) or 5 mM MgCl2 (red). Total hucleosome concentration was
1200 nM.
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2.2.5 Chromatin remodeler ISWI increases viscosity of chromatin
condensates in an ATP-independent manner

| found above that large dextran molecules can be accommodated by chromatin condensates,
predicting that remodelers can do so too. | tested this possibility with ISWI, the ATPase subunit
of D. melanogaster chromatin remodeler ACF and ChRAC (lto et al., 1997; Varga-Weisz et al.,
1997). First, | assessed if ISWI binding is compatible with chromatin phase separation. | premixed
ISWI-GFP with nucleosome arrays followed by salt addition to induce phase separation (Figure
2.17.A). Condensates formed and ISW-GFP was enriched in these condensates six to 40-fold
(Figure 2.17.B). Next, | tested if ISWI-GFP can enter preformed condensates. Based on their
porosity for dextrans, the expectation was that ISWI will enter chromatin condensates by passive
diffusion appropriate to its size. But ISWI-GFP again got quantitively enriched in chromatin con-
densates (Figure 2.17.A). Further, no nucleotide was necessary for remodeler binding to chroma-
tin as shown before (Tilly et al., 2021) and its recruitment in condensates. Control experiments
proved that GFP or ISWI-GFP did not form condensates by themselves and that GFP did not
enrich in chromatin condensates (Figure 2.17.A).

Interestingly, the presence of ISWI leads to a slower condensate fusion in a concentration-de-
pendent manner, regardless of ATP’s absence (Figure 2.17.C) or presence (Figure 2.17.D). To
identify if this effect is due to an increase in a viscosity or a decrease in a surface tension of
chromatin condensates, | varied ISWI concentration and measured fluorescence of a widely uti-
lized molecular rotor thioflavin T (ThT) (Figure 2.17.E). Molecular rotors are a specific class of
fluorophores that consist of two moieties, which are connected by a single bond. In a low viscosity
medium, the rotor rotates freely, and the energy of excitation is dissipated non-radiatively. How-
ever, in a high viscosity medium, rotation through the C-C bond is constrained, and the excitation
energy is released as an emission (Ghosh et al., 2020; Kaur et al., 2019; Miao et al., 2019). The
increase in a ThT fluorescence in a concentration dependent manner, strongly suggests an in-
crease in a viscosity of chromatin condensates with the addition of ISWI (Figure 2.17.E). It cannot
be excluded that the effect is due to increased ISWI concentration or that the surface tension
does not change as well. Addition of ISWI to chromatin condensates caused an exclusion of FITC-
dextrans (Figure 2.17.F) and increase in size of chromatin condensates (Figure 2.17.G).
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Figure 2.17. A) Chromatin remodeler ISWI is enriched in chromatin condensates. Chromatin and ISWI
colocalization experiment was performed with 40 nM of unlabeled 25mer, 10 nM of 25mer-Cy3 and 1.1 yM
ISWI-GFP/GFP-GST. One out of two consistent independent replicates is shown. B) Standard curve for a
mean Gray value dependence on ISWI-GFP concentration was obtained from ISWI-GFP dilutions. Different
microscope settings were used to image lower and higher dilutions. ISWI-GFP concentration was then de-
termined inside condensates and in a surrounding solution for 90 nM 13mer, 230 nM ISWI-GFP, 1 mM
ATP/AMPPNP, ATP-regeneration system and for 45 nM 25mer, 125 nM ON60 mononucleosomes, 625 nM
ISWI-GFP, 1 mM ATP/no nucleotide, ATP-regeneration system. Average and standard deviation of two in-
dependent replicates are shown. C) Normalized fusion velocities of condensates containing different ISWI
concentrations collected with 90 nM 13mer. One out of two consistent independent replicates is shown. D)
Normalized fusion velocities of condensates containing different ISWI concentrations collected with 90 nM
13mer and supplemented with 1 mM ATP. One out of two consistent independent replicates is shown. E)
Molecular rotor thioflavin T (ThT) is a reporter of condensate viscosity. Relative ThT fluorescence is the
fluorescence inside the condensate normalized to the fluorescence of the surrounding solution. Data were
collected for condensates containing different ISWI concentrations with 90 nM 13mer and supplemented
with 40 uM Thioflavin T (ThT). Average of relative ThT fluorescence of 5-7 condensates and their standard
deviations are plotted for each condition. F, G) Partition coefficient of FITC-labeled dextrans of various sizes.
Data were collected in 90 nM 13 mer, 0/60 nM ISWI, 0.1 mg/mL FITC-labeled dextran. Dextran partitioning
coefficientin F) and the condensate size in G) were determined. Average of 18/24 condensates and standard
deviations are plotted for both quantities.
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2.2.6 ISWI slides nucleosomes inside chromatin condensates.

ISWI sliding might be inhibited in chromatin condensates. To test this, | performed resctriction
enzyme accessibility assay (Ludwigsen et al., 2018). | induced phase separation of 25mer
nucleosome arrays and then initiated remodeling by addition of ISWI and Mg-ATP. Remodeling
was clearly detectable under condensate-inducing conditions (Figure 2.18.A) but slowed down
(~seven-fold).

Due to different chemical environments, Mg-ATP binding parameters might differ in solution and
inside of condensates. | have determined Michaelis-Menten parameters by measuring initial
remodeling velocity in different Mg-ATP concentration (Figure 2.18.B). The maximum observed
initial nucleosome sliding rate was ~five-fold lower in condensate-inducing 5 mM Mg?* than in 0.2
mM Mg?*. Michaelis-Menten constant (Kw), a substrate concentration at which velocity equals one
half of a maximum velocity, was ~five-fold higher in condensate-inducing 5 mM Mg?* than in 0.2
mM Mg?*. Therefore, in condensates, ISWI binds Mg-ATP with a lower affinity or ATP
concentrations do not equilibrate between condensates and the dilute phase.

ISWI's interaction with its other substrate, the nucleosome, could conceivanly be disrupted by
chromatin condensation as well. The H4-tail is a nucleosome epitope needed for ISWI activation.
It is also involved in interactions with DNA in chromatin condensates (Gibson et al., 2019). This
might make it inaccesible for ISWI to bind and slow down the nucleosome sliding. If that is true,
a mutant that has lost the sensitivity to H4-tail, ISWI R458D (Ludwigsen et al., 2017), should not
be affected by chromatin condensation. | measured nucleosome sliding by wild type ISWI
(WtISWI) and ISWI R458D, in solution (1 mM Mg?*) and condensates (5 mM Mg?*) (Figure 2.18.C).
ISWI R458D was even more strongly affected by condensation, disproving the former hypothesis.
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Figure 2.18. Nucleosome sliding in an array under condensate inducing conditions. A) Kpnl
accessibility nucleosome sliding assay adapted to chromatin condensates (15 nM 25mer, 750 nM ISWI,
supplemented with 0.2 or 5 mM MgClz, 1 mM Mg-ATP). Reaction is started with ISWI addition. One of two
consistent independent replicates is shown. B) Kpnl accessibility assays were performed in solution (0.2
mM Mg?*, black) or under condensate-inducing conditions (5 mM Mg?*, red). Each reaction contained 15 nM
25mer, 750 nM ISWI and it was started by adding different Mg-ATP concentration. Initial nucleosome sliding
velocities (Vo) correspond to the slopes of linear fits of %DNA cut versus time in early time points. Above,
Vo was plotted against Mg-ATP concentrations and the curve represents Michaelis-Menten fit. Parameters
obtained from the fit for both conditions are in the table under the graph. N=1. C) kobs for Kpnl accessibility
nucleosome sliding assay performed in 15 nM 25mer, 300 nM wtISWI or ISWI R458D, supplemented with 1
or 5 mM MgClz and 1 mM Mg-ATP). Reaction is started with ISWI addition. N=1.

However, ISWI's ATPase activity itself, stimulated by mononucleosomes that do not form
condensates, was also strongly impaired in 5 mM MgCl2 (~10-fold) (Figure 2.13.E). In conclusion,
the ISWI was able to slide nucleosomes inside chromatin condensates although with a reduced
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rate. The reduced rate is likely caused by slower ATPase activity in 5 mM Mg?2*, that is used to
induce condensation.

To see if nucleosome sliding happens inside the chromatin condensates, and not only in the
solution or on a surface of condensates, we adapted a FRET-based nucleosome sliding assay
(Yang & Narlikar, 2007) on the condensates. We designed and assembled FRET labeleled
mononucleosomes, mixed them with chromatin condensates and measured donor lifetime
through fluorescence lifetime imaging (FLIM) (Figure 2.19.A). The donor dye atto565 was coupled
to H2AK119C and the acceptor dye atto647N was on an octamer proximal end of DNA. FRET-
nucleosomes preferentially partitioned into condensates with 17- to 90-fold enrichment (Figure
2.19.B). Whole-condensate FRAP showed little exchange of the FRET nucleosomes between the
condensate and the surrounding dilute phase (Figure 2.19.C). Acceptor photobleaching caused
donor unquenching and higher donor lifetime, confirming presence of FRET (Figure 2.19.D).
Donor lifetime decreased upon adding an acceptor, confirming FRET. The FRET decreased again
(lifetime increased) after incubation with ISWI and Mg-ATP. This change corresponds to the drop
in FRET efficiency from 22% to 17% upon addition of Mg-ATP. Donor lifetime did not change with
addition of Mg-ATP without the presence of the acceptor dye (Figure 2.19.E). For analysis we
used a phasor representation where no assumption is made on the number of decay rates present
nor on the specific modelling of the decay (exponential, non-exponential) (Digman et al., 2008)
(Figure 2.19.F). We thus established FLIM-FRET as a sensitive technology to visualize nucleo-
some remodeling with spatial resolution.

Having optimized the technical conditions by measuring end-point FLIM-FRET, we used a flow
chamber to flow in an 1 mM Mg-ATP solution to chromatin condensates containing FRET-mono-
nucleosomes and then followed nucleosome sliding in real time. Indeed, already in the first
minutes of the assay, the donor lifetime increased significantly (FRET decreased). This did not
happen when a non-hydrolysable analogue Mg-AMPPNP was used (Figure 2.20.A). To quantita-
tively compare nucleosome sliding in condensates versus in solution, we determined the initial
sliding rate (slope of the linear dependence of early timepoints in a lifetime diagram) in conden-
sates, solution around the condensates and solution only, where arrays were replaced by stochi-
ometric amounts of mononucleosomes thereby removing the possibility of phase separation, but
keeping all other condition the same (Figure 2.20.B). Initial velocities are equal in solution only
((2+0)*104 s1) and solution around the condensates ((2.3+0.6)*10* s1. The initial velocity for
nucleosome sliding inside the condensates ((0.77+0.06)*10# s1) is only two-fold lower than in
solution. Apart from different starting positions, visual comparison of phasor change during course
of reaction did not reveal any significant differences that might point to distinct nucleosome sliding
outcomes in condensates and in solution. We repeated the experiment with 5 mM Mg-ATP and
the results did not change (Figure 2.20.C). When we used four times less enzyme, FRET ap-
peared to increase (i.e., the lifetime decreased) in both condensates and solution around con-
densates (Figure 2.20.D). We did not explore this phenomenon any further. A possible cause
might be conformational change of a nucleosome upon ISWI binding or a presence of an inter-
mediate, observed before for Snf2h in bulk FRET assays in a solution (Yang & Narlikar, 2007).
Taken together, ISWI slides nucleosomes inside chromatin condensates and condensates do not
pose a strong barrier for sliding.



Results 61

A) D)
Donor (atto565) ¢ Acceptor (attoB47N) :‘Sgg?;% aEt)t?JTSOB% Merge

High FRET Low FRET ¥ 5 ;
Low donor lifetime High donor lifetime 4 -
9 ! Pre-bleach 3
0 i /
+ ATP s 8s 3 Donor

&V ISWI k / Donor + Accepto
- e ('-" ) ’
O Post-bleach /
S 3. o
s
W

Donor lifetime

E
B) ) Donor lifetime(r) 3222: +ATP
+ ISW‘ 1=3.8220.05 ns.
“— no FRET
condensates
+ ISW‘ 1=3. 81+0 07 ns
. o e
solution above 3
condensates " / N
’ \B’"\Q(\ Bonur :ﬁcra ){or + I\TF'
T + ISW| 1=2.79+0.05 ns onor + Acceptor
@, o
5pm Qbé‘ o et R e high FRET
&® / \
g 1o + ISW 1=3.15£0.07 ns
53
5 o7 W " ATP low FRET
2 0
o= PP
2 Lifetime
S 205 5 Hm
=2 2.5 nsi W4.0ns
S
K]
7]
4

7.5 10

25 50
Time/minutes

Figure 2.19. Development of imaging-based nucleosome sliding assay with spatial resolu-
tion. A) End-point imaging-based FRET-sliding assay. Donor dye atto565 was coupled to H2AK119C and
acceptor dye atto647N was on an octamer proximal end of DNA. B) Enrichment of FRET-ON60 mononucle-
osomes in chromatin condensates, N= 3 + SD. C) Whole condensate FRET-ON60 mononucleosome FRAP
to assess their exchange between condensate and solution. One out of two consistent independent repli-
cates is shown. D) Imaging of FRET-ON60 mononucleosomes in chromatin condensates. Acceptor fluoro-
phore was bleached in a left half of a field of view. Subsequently, donor fluorescence was brighter and donor
lifetime higher in a left half of a field of view. E) Donor lifetime decreased upon adding an acceptor, confirming
FRET. Addition of ISWI and Mg-ATP to condensates containing FRET-nucleosomes, but not donor-only
nucleosomes, increased the donor lifetime, indicative of nucleosome sliding. This change corresponds to
the drop in FRET efficiency from 22% to 17% upon addition of Mg-ATP. One out of 2 independent replicates
is shown. Standard deviations are calculated for lifetimes across ten fields of view of the same sample. Each
field of view was imaged 30 times, in total 300 images per condition were collected. Data are collected with
45 nM 25mer, 125 nM FRET-ON60 mononucleosomes and 625 nM ISWI, 5 mM MgClz, 1 mM Mg-ATP. F)
Phasor representation of experiment in E). Upon introduction of the acceptor, donor's lifetime distribution
moves away from the universal circle line (single exponential lifetimes). This is consistent with an existence
of at least two or even three different populations of donor: high FRET (donor on H2A closer to DNA label),
low FRET (donor on H2A further from DNA label) and no FRET.
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Figure 2.20. ISWI slides nucleosomes inside chromatin condensates. A) FLIM time lapse mi-
croscopy. Data are collected with 45 nM 25mer, 125 nM FRET-ON60 mononucleosomes and 625 nM ISWI
in 5 mM MgClz, 1 mM Mg-ATP/Mg-AMPPNP. Mg-ATP or Mg-AMPPNP were flown into the imaging chamber
att = 0. Lifetimes for individual condensates are shown. One out of two independent replicates with similar
results is shown. B) Nucleosome sliding in condensates (red) and solution surrounding condensates (or-
ange) (45 nM 25mer, 125 nM FRET-ON60 mononucleosomes and 625 nM ISWI in 5 mM MgClz, 1 mM Mg-
ATP flown in), and in solution only (black), where mononucleosomes are stoichiometrically added instead of
25mer (1125 nM unlabeled ON60 mononucleosomes, 125 nM FRET-ON60 mononucleosomes and 625 nM
ISWI in 5 mM MgClz, 1 mM Mg-ATP flown in). Average of two independent replicates (solution) and three
independent replicates (condensates and solution around condensates) is plotted and error bars are their
SD. The linear part of a curve was fitted to obtain slopes (initial velocities) and their average values are
presented in the bar chart on the right; error bars are their SD. C) Same as B), but with 5 mM ATP. Average
of three independent replicates is plotted and error bars are their SD. D) Same as B), but with two ISWI
concentrations compered — 160 nM and 625 nM; c(Mg-ATP) = 1 mM. Average of two independent replicates
(solution) and three independent replicates (condensates and solution around condensates for each enzyme
concentration) is plotted and error bars are their SD.

2.2.7 The ATPase activity of the chromatin remodeler ISWI enhances
liguid-like properties of chromatin condensates

The high activity of ISWI in condensates was intriguing, considering significant immobility of chro-
matin. We hypothesized that chromatin might have more gel-like properties and act as a stable
platform whereas ISWI molecules in condensates are more liquid-like in nature. To test this, we
performed FRAP on ISWI-GFP. When we bleached the entire condensate, there was no recovery
of ISWI-GFP signal neither with Mg-ATP nor with an equivalent amount of Mg-UTP to control for
an ionic strength (Figure 2.21.A). This might indeed be caused by low dynamics of the enzyme
or by a low concentration of the enzyme in the surrounding solution. To look exclusively at ISWI's
dynamics inside the condensate, we only bleached the centre. In that case, addition of Mg-ATP
sped up ISWI-GFP recovery (Figure 2.21.B). Interestingly, no other nucleotide rendered ISWI
dynamic inside chromatin condensates (Figure 2.21.C). In the presence of Mg-ATP, recovery
kinetics of ISWI-GFP was dependent on the ratio of ISWI to nucleosomes (Figure 2.21.D). There-
fore, stoichiometry is an important aspect when designing future experiments. Higher amounts of
ISWI led to a decrease in a contribution from a fast-recovering fraction and to an increase in a
contribution from an immobile fraction (Figure 2.21.E). Mg-ATP was not limiting for the ISWI-GFP
dynamics, since the use of 1 mM Mg-ATP and 3 mM Mg-ATP produced the same recovery curves
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(Figure 2.21.D, compare purple and green line). We conclude that active ATP hydrolysis is re-
quired for the remodeler’s dynamics on chromatin.
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Figure 2.21. ISWI mobility in chromatin condensates. A) ISWI-GFP does not exchange with sur-
rounding solution. Left: Entire condensate was bleached in the presence of Mg-ATP or Mg-UTP. Experi-
mental conditions: 100 nM 25mer, 4.5 nM 25mer-Cy3, 1.3 pM ISWI-GFP, 5 mM MgClz, 1 mM Mg-ATP/Mg-
UTP. Right: Quantification of FRAP time courses. The line is an average and the shaded area represents
the SD of all bleached condensates. Five condensates were analysed for Mg-ATP and three for Mg-UTP.
N=1. B) Intra-condensate mobility of ISWI-GFP measured by partial-condensate FRAP. Left: Half of a con-
densate was bleached in presence and absence of Mg-ATP (1 mM). Right: Line is an average and shadow
SD of 15 bleached condensates for each condition. One out of four consistent independent replicates is
depicted. C) Left: Partial-condensate FRAP of ISWI-GFP in presence of indicated nucleotides (all 0.77 mM).
Addition of Mg-ATP, but no other nucleotide, allowed fast FRAP. Right: Quantification of FRAP time courses.
The line is an average and the shaded area represents the SD of all bleached condensates; 20 condensates
were analysed for Mg-AMPPNP and Mg-UTP, 15 for Mg-ADP, 25 for Mg-ADPBeFx and 30 for Mg-ATP. One
out of two independent replicates is shown, in the second replicate ISWI-GFP recovery in Mg-ADP condition
was faster, everything else was consistent. D) Quantification of partial-condensate FRAP of ISWI-GFP in
presence of Mg-ATP and differing in stoichiometrical n(ISWI):n(nucleosome) ratio. Experimental conditions:
100 nM 25mer, 1.3 pM ISWI-GFP, 5 mM MgClz, 1 mM Mg-ATP (black line, 5 condensates analysed); 37 nM
25mer, 1.75 nM Cy3-25mer, 500 nM ISWI-GFP, 5 mM MgClz, 0.77 mM Mg-ATP (blue line, 15 condensates
analysed); 76 nM 25mer, 1.75 nM Cy3-25mer, 1 pM ISWI-GFP, 5 mM MgClz, 0.77 mM Mg-ATP (violet line,
30 condensates analysed); 15 nM 25mer, 375 nM ISWI-GFP, 5 mM MgClz, 1 mM Mg-ATP (turquoise line,
15 condensates analysed); 15 nM 25mer, 750 nM ISWI-GFP, 5 mM MgClz, 1 mM Mg-ATP (green line, 12
condensates analysed); 15 nM 25mer, 750 nM ISWI, 5 mM MgClz, 3 mM Mg-ATP (purple line, 11 conden-
sates analysed). The line is an average of all condensates analysed and the shaded area represents the
SD. E) Parameters obtained from fitting recovery curves in D) in double exponential. The double exponential
assumes two mobile fractions of ISWI-GFP with different recovery half-times (t12) and an immobile fraction,
ISWI-GFP that does not recover at the end of experiment. The double exponential fitted to the experimental
data slightly better than single exponential.

It has been suggested that ATP-dependent chromatin remodelers might act as molecular stir-
bars, enhancing the chromatin dynamics (Larson & Narlikar, 2018). However, addition of Mg-ATP
in the presence of ISWI did not change chromatin mobility as measured by FRAP, even after 60
minutes (Figure 2.22.A). Given the change in a mobility of the molecular motor upon Mg-ATP
addition, we asked whether this affects biophysical properties of chromatin condensates. We
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flowed in Mg-ATP or non-hydrolysable analogue into the imaging chamber with chromatin con-
densates containing ISWI and FITC-dextran and observed real time changes by confocal micros-
copy (Figure 2.22.B). There was no difference in dextran partitioning coefficient during time be-
tween the two conditions, consistent with no drastic changes in accessibility during the time
course of remodeling. Further, we flowed in Mg-ATP or non-hydrolysable analog into the imaging
chamber with chromatin condensates containing ISWI and ThT and observed real time changes
by confocal microscopy (Figure 2.22.C). Similarly, ThT fluorescence intensity stayed the same
during the reaction time in both conditions, indicating no drastic changes in viscosity of chromatin
condensates during the time course of remodeling. However, dextran and ThT measurements
require more careful analysis and might not be sensitive enough to detect changes upon chroma-
tin remodeling.

To further test if biophysical properties of chromatin condensates change upon remodeling, we
again made use of our dual trap controlled fusion assay. For these experiments | used 13mer
instead of 25mer, low ISWI concentrations and 1 mM Mg?*, to ensure enough dynamic range of
measurements; because 25mer decreased the number of efficient fusions (Figure 2.16.B), and
high ISWI (Figure 2.17.C, D) and high Mg?* (Figure 2.16.D) concentration slowed down conden-
sate fusion. Addition of Mg-ATP only slightly sped up fusion of ISWI-containing condensates while
addition of Mg-ADP or nonhydrolyzable ATP-analogues, Mg-AMPPNP and Mg-ADPBeFx, inhib-
ited fusion completely (Figure 2.22.D). An ATPase dead version of ISWI, which carries the muta-
tion E257Q, can bind Mg-ATP but it cannot hydrolyse it. This mutant slowed down the fusion in
the presence of Mg-ATP (Figure 2.22.E). This effect was not observed with wild type ISWI (Figure
2.22.F). We conclude that ISWI that is bound to nucleotides can harden (stiffen) condensates and
that active hydrolysis is necessary to prevent ISWI from doing so.

To summarize, Mg-ATP hydrolysis is required for ISWI's dynamics inside chromatin condensates
and it prevents nucleotide-induced condensate hardening. In collaboration with Dr. Johannes
Stigler and Dieter Kamp, we derived a model to describe our experimental observations. ISWI
can bridge two nucleosomes via its two nucleosome-binding domains, its ATPase domain and
the HSS domain (Bhardwaj et al., 2020; Yamada et al., 2011). These domains are flexibly linked
(Ludwigsen et al., 2013) and undergo large conformational changes during the ATPase cycle
(Harrer et al., 2018; Leonard & Narlikar, 2015). These conformational changes would allow ISWI
to dynamically bind and unbind nucleosomes during the ATPase cycle. Therefore, we hypothe-
sised that the affinity of each ISWIs site for a nucleosome is different in different nucleotide states
(Figure 2.22.G) and proposed a so-called monkey bar model (Figure 2.22.H) (Rudolph et al.,
2018). In the Mg-ATP bound state, both domains form strong interactions with nucleosomes. This
corresponds to the experimental condition with non-hydrolysable nucleotides. Upon hydrolysis
one of these interactions is significantly weakened, allowing the release of one nucleosome. Sub-
sequent Mg-ADP release switches the strengths of the two interactions, leading to the rebinding
of the first domain to a nucleosome, while releasing the second nucleosome interaction. This
alternating binding and unbinding of the two domains would enable ISWI to actively move through
the chromatin condensate and prevents ISWI from stably crosslinking neighbouring arrays, while
interacting tightly with nucleosomes with at least one of its binding domains in any nucleotide
state. To test this model, Dr. Johannes Stigler and Dieter Kamp performed molecular dynamics
simulations. Simulated FRAP and simulated condensate fusion results were in qualitative agree-
ment with experimental FRAP and fusion data (Vizjak et al., unpublished). In conclusion, the
monkey bar model qualitatively explains the experimental data.
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Figure 2.22. ATP hydrolysis powers mobility of ISWI and prevents ISWI-mediated harden-
ing of condensates in the nucleotide bound state. A) The mobility of ISWI-GFP exceeds that of
chromatin in condensates. Dual FRAP of ISWI-GFP and Cy3-labeled arrays in chromatin condensates. Con-
densates were formed by 100 nM 25mer arrays and 1.125 pM ISWI-GFP in presence of 1 mM Mg-ATP. One
of many independent replicates with similar results is shown. B) Partition coefficient of 20 kDa FITC-labeled
dextran, timelapse after flowing 1 mM Mg-ATP, Mg-AMPPNP or buffer into an imaging chamber. Data were
collected in 90 nM 13mer and 625 nM ISWI. For each condition, two independent replicates are shown (black
and grey). C) Relative ThT fluorescence (fluorescence inside condensate normalized to the surrounding
solution), timelapse after flowing 1 mM Mg-ATP, Mg-AMPPNP or buffer into an imaging chamber. Data were
collected in 50 nM 25mer and 1.17 pM ISWI. For each condition, two independent replicates are shown
(black and grey). D) Fusion velocities of condensates measured by optical trapping. ISWI in presence of
non-hydrolysable nucleotides, but not of Mg-ATP, slows down fusion, indicative of hardening condensates.
Log10-fold change in velocity relative to the mean of the chromatin only condition (dotted line). Data points
came from at least two independent replicates per condition. Statistical significance of the velocity changes
was determined by t-test. Data is visualized in boxplots showing the median + quartiles, with whiskers indi-
cating the 9th and 91st percentile. E) Addition of Mg-ATP to an ATPase dead mutant of ISWI (E257Q) slows
down the condensate fusion. Log10-fold change in velocity relative to the mean of the chromatin only con-
dition (dotted line). Data from two independent experiments. Data representation as in D). F) Addition of Mg-
ATP to wild type ISWI does not affect condensate fusion. Log10-fold change in velocity relative to the mean
of the chromatin only condition (dotted line). Data from two independent experiments. Data representation
as in D). G) A model for the independent switching of the strengths of the two nucleosome interaction sites
during ISWI's ATPase cycle. Escape rates (black) and transition rates (red) in timestep are indicated. H)
ISWI possesses two nucleosome-interacting domains, which can bridge neighboring nucleosomes in dense
chromatin. Via large nucleotide-induced conformational changes (not shown), the domains cycle through
high and low affinity states towards nucleosomes, allowing ISWI to actively translocate through chromatin.
The model predicts that ATPase compromised remodeler mutants will crosslink two nucleosomes upon ATP
binding and change mechanical properties of the chromatin.
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In summary, we propose the existence of a novel functionality of ISWI's ATPase activity: Besides
nucleosome sliding, ATP hydrolysis is used to break non-productive nucleosome interactions and
to actively diffuse through dense nucleosomes. These two novel features are likely shared by
other ATPases. Our model further predicts that ATPase compromised remodeler mutants, upon
ATP binding, will crosslink two nucleosomes and lead to a stiffening (hardening) of the chromatin
(Figure 2.22.H, right). It would be exciting to explore what is the impact of these mutants on chro-
matin dynamics in vivo and pathologies.

2.2.8 Discussion

In this work we have addressed the influence of chromatin intramolecular folding and phase sep-
aration on the activity of chromatin remodelers on the example of an ATPase ISWI.

We prepared 25mer nucleosome array (Ludwigsen et al., 2018) and identified conditions under
which the intramolecular folding of the array predominates. We hypothesised that the folding
would decrease nucleosome accessibility and that the epitopes important for ISWI activation
could already be involved in internucleosome interactions. For example, it was suggested that the
contacts involve N-terminal tail of H4 and the acidic patch (Luger et al., 1997; Dorigo et al., 2004;
Kan, Caterino and Hayes, 2009). However, solid-state NMR studies demonstrated that the N-
terminal tail of H4 remains similarly flexible in extended, folded and highly condensed self-asso-
ciated nucleosome arrays (Gao et al., 2013). According to our results, the rate of nucleosome
sliding catalysed by ISWI was not affected by intramolecular nucleosome array folding. Epitopes
important for ISWI activation are therefore either not all involved in the intramolecular folding or
their mutual interactions are relatively weak.

Under higher salt and nucleosome array concentrations, phase separation was induced and
spherical condensates have formed. Total nucleosome concentration in reconstituted
condensates was in the same range as in a cell nucleus and their interior was accessible to big
molecules. In the nucleus, the entire chromatin network is readily accessible to inert molecules,
although differences in apparent pore size do exist (Dross et al., 2009; Gdrisch et al., 2005).
Quantitative analysis found no differences in MNase accessibility for different chromatin regions
in Drosophila and HelLa cells, not even between euchromatin and heterochromatin (Chereji et al.,
2019; Schwartz et al., 2019). We analysed dynamics of the nucleosome arrays in chromatin con-
densates by FRAP and measured little to no recovery. This is in a disparity with observations
made in Rosen group (Gibson et al., 2019) but in an agreement with the data reported by Hansen
and Hendzel groups (Strickfaden, Tolsma, et al., 2020). In contrast to this solid-like behaviour, in
some buffer conditions, chromatin condensates fused to each other, like liquids. We employed
dual trap optical tweezers to fuse them in a controlled manner and measured a velocity of the
fusion. The fusion velocity gives valuable information about material properties. Binding of Mg?*
makes the condensates more solid-like and slows down the fusion. Free Mg?* increases during
mitosis (Maeshima et al., 2018), facilitates sister chromatid condensation and makes
chromosomes more rigid (Shimamoto et al., 2017). This is particularly advantageous for
chromosome segregation and transmission during anaphase, which are subject to a mechanical
shearing stress. In summarry, we found that the reconstituted chromatin condensates are a
suitable substrate to study challenges enzymes encountere in dense nucleosome environments
in the nucleus.

Different chemical environments inside chromatin condensates might lead to an exclusion of en-
zymes. Nevertheless, ISWI was readily enriched in preformed chromatin condensates. It is pos-
sible that bigger remodeling complexes present in a mammalian nucleus will be excluded,
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especially considering a plethora of chromatin modifications that could give rise to variable chem-
ical environments. For example, the remodeler BRM was largely exluded from heterochromatin
bands in polyten chromosomes (Tilly et al., 2021), possibly due to proteins present on a chromatin
platform and not higher chromatin condensation per se. ISWI can fine tune mechanical properties
of chromatin. Its titration led to an increase in a viscosity and a slower condensate fusion. ISWI
binding might change a fiber persistence length and its mass density. Hardening of condensates
might limit the access for redundant remodelers therefore distributing them equally through the
nucleus.

We have developed a novel imaging-based nucleosome sliding assay and established FLIM-
FRET as a sensitive technology to visualize nucleosome remodeling with spatial resolution. This
kind of technologies will be beneficial in future for tracking enzymatic processes inside biomolec-
ular condensates in real time (Lyon et al., 2020). We confirmed that ISWI indeed slides nucleo-
somes inside chromatin condensates. It does so with a comparable efficiency, only modestly
slower than under equivalent conditions in a solution. The rate of sliding might be decreased due
to different chemical environment inside biomolecular condensates (e.g., due to different salt con-
centration, enrichment of molecules). Our system is ideal to study an effect of the chemical envi-
ronment because we measure sliding on mononucleosomes, avoiding additional complication
from a high degree of nucleosome array folding in condensates. Enzymatic reactions inside bio-
logical condensates were suggested to benefit from high concentration of components (see sec-
tion 1.4.3). Macromolecular crowding, an expected environment in the nucleus and biomolecular
condensates, was reported to also increase a protein stability. For instance, phosphoglycerate
kinase stability was reported to be higher in the nucleus and its folding rate increased, both rela-
tive to in vitro and to the cytoplasm (Dhar et al., 2011). However, we do not observe an enhance-
ment of nucleosome sliding rate in chromatin condensates.

Chromatin has gel-like properties and acts as a stable platform whereas ISWI is more liquid-like
in nature, at least in the presence of ATP. The ATP-hydrolysis was already recognized to increase
dynamics of Drosophila SWI/SNF remodeleres (Tilly et al., 2021) and budding yeast remodelers
(Kim et al., 2021). Further, ATPase mutants ChlP-ed more efficiently, the effect attributed to the
tighter binding to chromatin targets (Gelbart et al., 2005; Tilly et al., 2021). Building on that, our
approach shows that no other factors or accessory subunits are necessary, the ATPase subunit
is solely responsible for a fast remodeler recycling on the chromatin. It has been suggested that
remodelers sample the genome through rapid probing (Kim et al., 2021; Tilly et al., 2021). Con-
trary, lack of the ATPase activity led to a small increase in Snf2H and Snf2L mobility in U20S and
HEK 293T cells (Erdel et al., 2010). Our approach circumvents the complexity of living cells and
we showed that the ATP-hydrolysis activity of ISWI is required for its dynamics on chromatin,
nucleotide binding is not enough. Lastly, we show that ISWI that is bound to nucleotides can
harden (stiffen) condensates and that active hydrolysis is necessary to prevent ISWI from doing
so. Changed dynamics of biomolecular condensates can disturb biological functions (Li et al.,
2020; Shi et al., 2021). We propose that besides nucleosome sliding, ISWI uses ATP hydrolysis
to break non-productive interactions with nucleosomes and to actively diffuse through dense chro-
matin. This newly described property is likely shared by other ATPases. A half of SMARCA4
mutations in cancer lies in the ATP cleft and these mutants show slower FRAP recovery and loss
of superenhancer accessibility (Hodges et al., 2018). Expression of ATPase dead BRM in Dro-
sophila caused peripheral nervous system defects, homeotic transformations, and decreased vi-
ability (Elfring et al., 1998). All phenotypes were dominant negative (Elfring et al., 1998; Hodges
et al., 2018) and might be caused by a change in chromatin dynamics, not exclusively by a dis-
ruption of canonical remodeler functions.
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Together with Dr. Johannes Stigler and Dieter Kamp, we devised a model for a molecular mech-
anism to explain these observations. ISWI possesses two flexibly linked, nucleosome binding
domains and it can effectively crosslink two nucleosomes on different arrays. The conformational
changes the ISWI goes through during the ATPase cycle allow it to dynamically bind and disso-
ciate from nucleosomes and actively move through the chromatin condensate. As one binding
side will be always engaged with a nucleosome, we named this model a monkey-bar model. If
the ATPase cycle is impaired, ISWI will stably crosslink two nucleosomes and lead to the stiffening
of the chromatin.

Going forward, we would like to further test our monkey bar model in vitro and in vivo. ISWI lacking
one out of the two nucleosome binding domains, for example ISWI lacking the HSS domain,
should not cause stiffening of chromatin condensates. Similarly, it should be dynamic in the FRAP
assay and its recovery not drastically different with different nucleotides. Contrary, ISWI E257Q
is predicted to be immobile in every nucleotide state and ATP presence should not render it dy-
namic. In the nucleus, the ATPase ISWI works as a complex with other auxiliary subunits. It is
important to test if chromatin remodeling complexes will behave the same as the ATPase in the
fusion and FRAP assays. To corroborate the model further in a more quantitative manner, the
rates of dissociation of different ISWI mutants from nucleosome in the presence of different nu-
cleotides can be measured.

Total concentration of all chromatin remodelers in the nucleus was estimated to be in the 10 uM
range (Erdel et al., 2010). Given this high concentration, remodelers might influence chromatin
dynamics and its mechanical properties, both in inactive manner via binding and active manner
via their ATPase activity. Indeed, spontaneous chromatin condensation fluctuations, likely re-
sponsible for chromatin accessibility (Hihara et al., 2012), are affected by ATP, and ATP depletion
induced chromatin condensation (Audugé et al., 2019). Activity of nuclear enzymes acting on the
chromatin fiber is required to generate coherent chromatin motion, as predicted by several models
and corroborated by experiments (Saintillan et al., 2018). Chromatin locus mobility was enhanced
by targeting INO80 (Neumann et al., 2012). Locus dynamics was diminished upon ATP depletion
in both yeast and bacteria (Weber et al., 2012). To test the monkey-bar model, we want to intro-
duce ATPase dead chromatin remodeler in the nucleus and study its influence on chromatin dy-
namics and its mechanical properties. Atomic force microscopy (AFM) (Liu et al., 2014), micro-
rheology (Feric et al., 2015), nucleus deformation by micropipette aspiration (Rowat et al., 2006)
or locus micromanipulation by controlled magnetic forces (Keizer et al., 2022) could be used to
infer changes in a mechanoresponse in cells with ATPase compromised remodelers.
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2.3 Chapter 3: Interaction of ISWI with acidic patch

2.3.1 Contributions

Laura Mataité performed experiments under my supervision during an internship.
Dr. Sabrina Pfennig cloned H2AR71C.

| purified histones and octamers with a crosslinker and interpreted the data.

2.3.2 Background

Many chromatin binding proteins engage a nucleosome through an acidic patch (reviewed in
McGinty and Tan, 2015). The acidic patch is a negatively charged surface formed by a cluster of
H2A (E56, E61, E64, D90, E91 and E92) and H2B (E102 and E110) residues (Figure 2.23.).
There are two acidic patches, one on each face of the nucleosome. The chromatin enzymes and
factors use a common structural motif named arginine-anchor that binds to a cavity formed by
residues in the acidic patch (McGinty & Tan, 2015).

Figure 2.23. Acidic patch on anucleosome core particle (H2A brown and grey, H2B red and blue,
H3 purple and magenta, H4 green and ochre, 146 bp DNA strands are in orange and dark blue). Residues
of one acidic patch are highlighted with molecular surface representations in grey. Residues belong to H2A
(E56, E61, E64, D90, E91 and E92) and H2B (E102 and E110). H2A R71 residue (highlighted with a molec-
ular surface representation in yellow) was mutated in cysteine and covalently bound to the 4-MBP cross-
linker. PDB ID: 1A0I (Luger et al., 1997). The image is created with Mol*Viewer (Berman et al., 2000;
Sehnal et al., 2021).

The acidic patch was recently proven to be necessary for a maximum nucleosome sliding activity
of multiple remodeling families: ISWI, SWI/SNF, CHD and INO80 (Dann et al., 2017; Gamarra et
al., 2018; Levendosky et al., 2016; Levendosky & Bowman, 2019). The activity could also be
tuned by modifications of amino acids in the vicinity of the acidic patch (Dann et al., 2017). These
results were consistent with prior studies that found that H2A.Z- containing nucleosomes, which
possess a larger acidic patch, enhances ISWI (Goldman et al., 2010) and INO80 remodeling
activity (Brahma et al., 2017).
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Interesting observations were made when only one acidic patch was mutated: the rate of nucleo-
some sliding by ISWI strongly depended on entry-side acidic patch, while Chd1l was equally af-
fected by entry- and exit- side mutations (Levendosky & Bowman, 2019). Chd1 still exhibited
nucleosome centering activity, but instead of centering, ISWI slid these asymmetric nucleosomes
towards the side possessing wild type acidic patch. Regardless of flanking DNA length, ISWI slid
nucleosome all the way to the DNA end eventually destabilizing the nucleosome and producing
hexasomes and free DNA (Levendosky & Bowman, 2019). Therefore, asymmetry in two acidic
patches can override ISWI's normal preference to shift nucleosome toward longer flanking DNA
(Levendosky & Bowman, 2019). Similar observations were made for human ISWI enzyme, Snf2h.
Nucleosomes with both acidic patches mutated or the one on the same side as a longer flanking
DNA were completely immobile (Dao et al., 2020). A nucleosome with a mutated acidic patch on
the opposite side as a longer flanking DNA was slid with a similar rate as a wild type nucleosome,
but instead of being centered, it was end-positioned (Dao et al., 2020). In addition, experiments
on dinucleosomes showed that asymmetry leads to aberrant nucleosome spacing by Snf2h (Dao
et al., 2020). For ISWI, the acidic patch is likely a more important epitope than linker DNA. How-
ever, different remodelers seem to respond to the acidic patch through different mechanisms.

The recognition mechanism of the acidic patch by ISWI remodelers is mediated by the ATPase
subunit (Dann et al., 2017; Gamarra et al., 2018). Crosslinking coupled with mass spectrometry
was utilized in a search for a region that binds acidic patch (Dao et al., 2020; Gamarra et al.,
2018). ADP-bound state and ADPBeFx-bound state enriched in different crosslinks supporting
different conformations in resting and translocating state; different SNF2h domains contact the
acidic patch in different steps of the remodeling reaction (Gamarra et al., 2018). Namely, experi-
ments place AutoN and NegC near the acidic patch in activated state. Data suggest that the acidic
patch recognition relieves autoinhibition imposed by NegC and AutoN (Gamarra et al., 2018).
Single molecule FRET traces revealed that sliding of acidic patch mutant nucleosomes proceeds
with noticeably longer pauses before translocation steps and smaller translocation step size (de-
creased distance travelled per translocation event) (Gamarra et al., 2018). These deleterious ef-
fects were rescued by 2RA mutation of Snf2h AutoN and the NegC mutant where 32 residues
were replaced with a flexible linker. In the absence of ATP, site specific crosslinking of acidic
patch with Snf2h identified a conserved basic motif (KRERK) located at the boundary of the NegC-
HSS linker region and HSS (Dao et al., 2020) and closely resembling known arginine anchors.
Mutation of basic residues within the motif diminished the sliding activity (Dao et al., 2020). The
motif is probably functionally connected to the HSS domain, as inserting a linker between these
two regions decreased sliding activity (Dao et al., 2020).

However, the remodeler engages a nucleosome at SHL2 and somehow it interacts with acidic
patch that is located at SHL6. Snf2h functions most optimally as a dimer (Racki et al., 2009). The
most recent cryoEM structure (Armache et al., 2019) reports a disordered acidic patch distal to
the active Snf2h protomer, that might allosterically inhibit the second Snf2h protomer and prevent
a tug-of-war. However, high resolution structures of regulatory domains (HSS, AutoN, NegC)
when ISWI is bound to a nucleosome, are missing due to their high conformational flexibility (Ar-
mache et al., 2019; Chittori et al., 2019; Yan & Wu, 2019). Regulatory domains on ISWI are
conformationally flexible and interaction with the acidic patch very likely changes through the
ATPase cycle.

Therefore, to obtain more complete insights in which part of ISWI is contacting acidic patch, our
approach was to stabilize the conformation and reduce flexibility by site specific crosslinking. If
this were possible, the crosslinked complex may be amenable to structural studies using cryoEM.
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The aim of this preliminary work was to explore conditions for efficient crosslinking by varying
flanking DNA length, nucleotide analogues, concentration of reactants and cofactors.

2.3.3 Crosslinking efficiency of ISWI to acidic patch is influenced by
linker length and nucleotide state

We reconstituted and purified nucleosomes on 601 positioning sequence with variable flanking
DNA lengths (Figure 2.24.A). The histone octamer contained H2AR71C that was labeled with 4-
(N-maleinimido)-benzophenon (4-MBP) via a thioether bond (see Methods). Upon ultraviolet (UV)
irradiation (wavelength = 250 nm), 4-MBP will bind to nearby molecules via a diradical excited
state mostly followed by C-H insertion. We then incubated nucleosomes containing H2AR71C-4-
MBP and different flanking DNA lengths with ATPase ISWI and exposed the mixture to the UV.
The crosslinked protein, H2AR71C-4-MBP-ISWI, was detected with SDS-PAGE as an upshifted
band above ISWI. Without any nucleotide present, weak crosslinking was observed for ON20 and
ON60 nucleosomes and no crosslinking was detected for ONO nucleosomes (Figure 2.24.B). Faint
bands were detected at ~25 kDa and they likely correspond to H2AR71C-4-MBP crosslinked to
other histones. When the same experiment was repeated with higher ISWI and nucleosome con-
centration and with Mg-ADPBeFx present, crosslinking was more efficient. Quantification revealed
that up to 15% of ISWI could be crosslinked to H2AR71C-4-MBP (Figure 2.24.C). The longer the
DNA flanking the nucleosome, the crosslinking was more efficient. Further, crosslinking was also
more efficient in the presence of Mg-ADPBeFx and Mg-ADPAIF4 and less efficient with Mg-ADP,
Mg-AMPPMP and without a nucleotide (Figure 2.24.D). A similar tendency was observed when
we used three times higher amounts of the nucleotides, although crosslinking efficiency seems
to be generally decreased (Figure 2.24.E). This result suggests that we are working with saturat-
ing amounts of the nucleotides. Lastly, we used substoichiometric concentration of ISWI and the
trends in the dependence of crosslinking efficiency on a nucleotide present did not change (Figure
2.24.F). Interestingly, crosslinking was usually the worst with the Mg-AMPPNP present (Figure
2.24. D-F). However, in every experiment performed in the presence of nucleotides, big part of
the crosslinked complex precipitates after crosslinking, as observed from SDS-PAGE of a super-
natant after crosslinking followed by a centrifugation.
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Figure 2.24. Results of a preliminary experiment suggest that the crosslinking efficiency
between ISWI and H2AR71C-4-MBP is influenced by the flanking DNA length and the nu-
cleotide state. A) An EtBr-stained agarose gel showing mononucleosomes assembled on a 601-position-
ing sequence with variable flanking DNA lengths used in this study. Mononucleosomes were reconstituted
and purified via glycerol gradient ultracentrifugation. Naked DNA was loaded for each corresponding mono-
nucleosome. Nucleosome formation is confirmed by upshifted DNA band upon octamer binding. B) ISWI
(0.3 pM) was crosslinked to the mononucleosomes (0.7 uM) with varying flanking DNA lengths and products
were analyzed on SDS-PAGE. Upshifted band corresponding to H2AR71C-4-MBP-ISWI is marked with an
asterisk. N=1. C) Left: SDS-PAGE after crosslinking ISWI (1 pM) to the mononucleosomes (1 pM) with
varying flanking DNA lengths in the presence of Mg-ADPBeFx (0.5 mM). Upshifted band corresponding to
H2AR71C-4-MBP-ISWI is marked with an asterisk. Right: quantification of the gel on the left. N=1. D) Left:
SDS-PAGE after crosslinking ISWI (1 uM) to the ON60 mononucleosomes (1 uM) in the presence of different
Mg-nucleotides (0.5 mM). -UV control was done in the presence of Mg-ADPBeFx (0.5 mM). Right: quantifi-
cation of the gel on the left. Bars represent an average value of two independent replicates and error bars
are their minimal and maximal values. E) Nucleotide saturation control. Left: SDS-PAGE after crosslinking
ISWI (1 uM) to the ON60 mononucleosomes (1 uM) in the presence of different Mg-nucleotides (1.5 mM). -
UV control was done in the presence of Mg-ADPBeFx (1.5 mM). Right: quantification of the gel on the left.
N=1. F) Substoichiometric concentrations of ISWI. Left: SDS-PAGE after crosslinking ISWI (0.5 pM) to the
ON60 mononucleosomes (1 pM) in the presence of different Mg-nucleotides (0.5 mM). -UV control was done
in the presence of Mg-ADPBeFx (0.5 mM). Right: quantification of the gel on the left. N=1.



Results 73

2.3.4 Discussion

To summarize, the crosslinking efficiency of ISWI with nucleosomes containing the reactive cross-
linker coupled to the H2AR71C, neighboring acidic patch, was influenced by both flanking DNA
length and the nucleotide state. The results should be considered preliminary, as they remain
unreplicated so far. Crosslinking efficiency increased with the increased length of flanking DNA.
This result is in line with literature, where nucleosomes with longer flanking DNA bind to ISWI with
higher affinity (Brehm et al., 2000; Whitehouse et al., 2003), arguing stronger interaction with
these substrates. Further, the crosslinking was the most efficient in the presence of Mg-ADPBeFx
and Mg-ADPAIF4, in agreement with previously published higher binding affinity of ISWI to nucle-
osome with Mg-ADPBeFxthan with Mg-ADP or without a nucleotide (Racki et al., 2009). ADPBeFx
and ADPAIF4 are analogues of catalytical transition state while AMPPNP is a non- or slowly hy-
drolysable ATP analogue and it should therefore mimic ATP-bound state (Bagshaw, 2001; Niel-
sen et al., 2009). Interestingly, Mg-AMPPNP did not phenocopy Mg-ADPBeFx and Mg-ADPAIF4
in our experiments. This might indicate that the interaction of ISWI and acidic patch is the strong-
est and should therefore play the most important role during the catalytical step. It further implies
that the enzyme and/or acidic patch undergo conformational change between ATP binding and
hydrolysis and back between ATP hydrolysis and phosphate release. However, interpretation is
complicated by the report that Mg-AMPPNP supports low levels of remodeling (Racki et al., 2009).

Going forward, it is going to be important to obtain more efficient crosslinking. Degree of labeling
H2AR71C with 4-MBP moiety should be determined for example by mass spectrometry and op-
timized as needed. It should be ascertained that the nucleosomes carrying H2AR71C-4-MBP are
still properly recognized by remodeler by performing ATPase and nucleosome sliding assays.
Although 4-MBP on H2AR71 position should not disrupt the acidic patch itself, it might be needed
to use a different moiety to minimize disturbance of the interface, for example the one that carries
positive charge. Further, other crosslinkers and alternative positions for placing them should be
tested for efficiency of crosslinking. Acidic patch residues were already tested for crosslinking
efficiency with Snf2h (Dao et al., 2020).

Although acidic patch has been shown to be important for all remodeler families, its recognition
and regulation may not share the common mechanism across the families. As discussed above,
Chd1 and ISWI have different requirements for the acidic patch (Levendosky & Bowman, 2019),
and INOS8O lacks AutoN and NegC-like motifs (Udugama et al., 2011), that were recently sug-
gested to be important for mediating acidic patch interaction for Snf2h (Gamarra et al., 2018).
Therefore, our study should be extended to other remodeler families. Acidic patch was suggested
to mediate communication between two remodeler molecules bound on the two sides of the same
nucleosome (Armache et al., 2019). Several cancer-associated histone mutations map to the nu-
cleosome acidic patch and depending on their location, they inhibited or activated Snf2h-mediated
nucleosome sliding (Dao et al., 2020). As humans have more gene copies for every histone, it is
highly probable that the heterotypic nucleosomes will form and influence not only kinetics of nu-
cleosome sliding reaction, but also its outcomes, namely nucleosome positioning and spacing
(Dao et al., 2020). It remains to be seen how pathological acidic patch mutants influence these
important properties. Our structural study will inform future studies of nucleosome spacing and
positioning in vivo in remodeler and acidic patch mutants.
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3. Material and Methods

3.1 Materials

3.1.1 List of Schizosaccharomyces pombe strains

Table 3.1. Schizosaccharomyces pombe strains used and/or created in this thesis.

BenchlinglD  LabBookID Name Genotype Source

SpFMP001 SpFMP001 mating type locus h90 mat3::urad+ ura4-DS/E leul- Dr. Mario Hali¢ (176)
reporter strain 32 ade6-M210

spFMP002 spFMP002 Telomeric reporter  h90  tel(1L)::his3 tel(2L)::ura4  Dr. Mario Hali¢ (588)
strain otrlR::ade6 .

(Nimmo et al., 1998)
spFMP003 spFMP003 972h- h- wild type Dr. Philipp Korber
spFMP004 spFMP004 pericentromeric h+ otrR(Sphl)::ura4 ura4 DS/E Dr. Mario Hali¢ (63)

reporter strain leul-32 ade6-M210 )
(Allshire et al., 1995)
spFMP005 SpFMPO005 h90 mat3::urad+ ura4-DS/E leul- This study (transfor-
32 ade6-M210 pFMP504 [nmtl mation of spFMP001)
Hrp3K406CDFLAG]

spFMP006 spFMP006 h+ otrR(Sphl)::ura4 ura4 DS/E This study (transfor-
leul-32 ade6-M210 pFMP501 mation of spFMP004)
[nmt1 Hrp3CDFLAG]

spFMP007 SpFMPO007 h+ otrR(Sphl)::ura4 ura4 DS/E This study (transfor-
leul-32 ade6-M210 pFMP502 mation of spFMP004)
[nmtl CDFLAG]

spFMP008 spFMP008 h+ otrR(Sphl)::ura4 ura4 DS/E This study (transfor-
leul-32 ade6-M210 pFMP503 mation of spFMP004)
[nmt1 Hrp3]

spFMP009 SpFMP009 h+ otrR(Sphl)::ura4 ura4 DS/E This study (transfor-
leul-32 ade6-M210 pFMP488 mation of spFMP004)
[nmtl s]

spFMPO010 SpFMP010 h+ otrR(Sphl)::ura4 ura4 DS/E This study (transfor-
leul-32 ade6-M210 pFMP505 mation of spFMP004)
[nmt1 Hrp3K406A]

spFMP011 spFMP011 h90 mat3::ura4+ ura4-DS/E leul- This study (transfor-
32 ade6-M210 pFMP501 [nmtl mation of spFMP001)
Hrp3CDFLAG]

spFMP012 SpFMP012 h+ otrR(Sphl)::ura4 ura4 DS/E This study (transfor-
leul-32 ade6-M210 pFMP504 mation of spFMP004)
[nmtl Hrp3K406ACDFLAG]

SpFMPO013 SpFMP013 h90 mat3::ura4+ ura4-DS/E leul- This study (transfor-
32 ade6-M210 pFMP488 [nmtls] mation of spFMP001)

spFMP014 spFMP014 h90 mat3::urad+ ura4-DS/E leul- This study (transfor-

32 ade6-M210 pFMP502 [nmtl
CDFLAG]

mation of spFMP001)
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SpFMPO015 SpFMP015 h90 mat3::urad+ ura4-DS/E leul- This study (transfor-
32 ade6-M210 pFMP791 [nmtl mation of spFMP001)
Fft3CDFLAG]

spFMP016 spFMP016 h90 mat3::ura4+ ura4-DS/E leul- This study (transfor-
32 ade6-M210 pFMP792 [nmtl mation of spFMP001)
Fft3]

SpFMPO017 SpFMPO017 h90 mat3::ura4+ ura4-DS/E leul- This study (transfor-
32 ade6-M210 pFMP790 [nmtl mation of spFMP001)
FLAGCDFt3]

spFMP018 spFMP018 h+ otrR(Sphl)::ura4 ura4 DS/E This study (transfor-
leul-32 ade6-M210 pFMP790 mation of spFMP004)
[nmtl FLAGCDFHt3]

spFMP019 spFMP019 h+ otrR(Sphl)::ura4 ura4 DS/E This study (transfor-
leul-32 ade6-M210 pFMP792 mation of spFMP004)
[nmt1 Fft3]

SspFMP052 SpFMP020 h+ otrR(Sphl)::ura4 ura4 DS/E This study (transfor-
leul-32 ade6-M210 pFMP791 mation of spFMP004)
[nmt1 Fft3CDFLAG]

spFMP053 spFMP022 h90 mat3::ura4+ ura4-DS/E leul- This study (transfor-
32 ade6-M210 pFMP503 [nmtl mation of spFMP001)
Hrp3]

spFMPO055 SpFMP043 h+ otrR(Sphl)::ura4 ura4 DS/E This study (transfor-
leul-32 ade6-M210 pFMP795 mation of spFMP004)
[nmt41 Hrp3]

spFMP056 spFMP044 h+ otrR(Sphl)::ura4 ura4 DS/E This study (transfor-
leul-32 ade6-M210 pFMP796 mation of spFMP004)
[nmt81 Hrp3]

SpFMP057 spFMP045 h+ otrR(Sphl)::ura4 ura4 DS/E This study (transfor-

leul-32 ade6-M210 pFMP793

[nmt1 Hrp3FLAG]

mation of spFMP004)

3.1.2 List of Escherichia coli strains

Table 3.2. List of Escherichia coli strains used in this study.

Strain name Use Genotype Inherent  antibi- Manufacturer
otic resistance
Catalogue number
DH5a Cloning fhuA2 A(argF-lacZ)U169 phoA ginv44 None NEB
@80 A(lacZ)M15 gyrA96 recA1 relA1
( . ) ayr. recAtre 2087
endAl thi-1 hsdR17
BL21DE3 Protein ex- E. coli B F- ompT hsdS(rs~ mg™) dem* Tetracycline Agilent (Stratagene)
Gold pression Tet' gal A(DE3) endA Hte
230132
BL21 Star™ Protein ex- F ompT hsdSB (rs", mg’) galdcmrnel31 Chloramphenicol Invitrogen
DE3) pLysS ression DE3) pLysS (Cam®
(DE3)pLyss  p (DE3) pLysS (Camf) 602003
BL21-Codon- Protein ex- E.coliBF ompT hsdS(rg~ mg™) decm* Chloramphenicol, Agilent
Plus (DE3)- pression Tet" gal A(DE3) endA Hte [argU ileY Tetracycline 230245
RIL leuw Cam’]
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Rosetta™
(DE3)

Protein  ex-
pression

F ompT hsdSB(rs” mg’) gal dcm (DE3)
pPRARE2 (CamR)

Chloramphenicol Merck

71400-3

3.1.3 Oligonucleotide list

Table 3.3. List of PCR primers used for cloning.

Name

Sequence (5'->3')

Use

oFMP714

aggttctggatcaggcagtgactataaggaccacgacgga

3xFLAG amplification from pAc-sgRNA-
Cas9 with 5° (GS); overlap for Gibson as-
sembly of pFM502, fwd

oFMP715

cggggatcctgcggecgcattacttatcgtcategtetttgtaate

3xFLAG amplification from pAc-sgRNA-
Cas9 with pJR overlap for Gibson assem-
bly of pFM502, rev

oFMP716

ttgttaaattggcctcgaggtctggtageggttcaggtgagacagacgegga

ChplCD amplification from genomic DNA
with 5 (GS),s and pJR overlap for Gibson
assembly of pFM502, fwd

oFMP717

ctgcctgatccagaacctaactttttcegtttttccattttttaag

ChplCD amplification from genomic DNA
with added (GS); for Gibson assembly of
pFM502, rev

oFMP748

cctcgaggccaatttaacaaag

To open pFMP502 by inverse PCR for Gib-
son assembly of pFMP501, rev

oFMP749

ggatcaggttctggctctggtageggttcaggtg

To open pFMP502 by inverse PCR with
(GS)2.5 overlap for Gibson assembly of
pFMP501, fwd

oFMP753

agagccagaacctgatcccttcatcttttcatacatgctgate

Hrp3 amplification from genomic DNA with
added (GS).s and pJR overlap for Gibson
assembly of pFMP501, rev

oFMP755

agagccagaacctgatccatcatcgtcatcttcagcctce

Fft3 amplification from genomic DNA with
added (GS).s and pJR overlap for Gibson
assembly of pFMP791, rev

OFMP777

ttgttaaattggcctcgaggatggatggaaaaagaaaaatagagceatacc

Fft3 amplification from genomic DNA with
added pJR overlap for Gibson assembly of
pFMP791, fwd

oFMP784

ttgttaaattggcctcgaggatgagtacaagtgctatagcacttgct

Hrp3 amplification from genomic DNA with
added pJR overlap for Gibson assembly of
pFMP501, fwd

oFMP797

taatgcggccgeaggate

Deletes C-terminal cassette (CDFLAG) by
inverse PCR from pFMP501 and after reli-
gation pFMP503 forms

oFMP798

tgttaaattggcctcgaggatggactataaggaccacgacggag

3XxFLAG amplification from pFMP501 with
added start codon and pJR overlap for Gib-
son assembly of pFM790, fwd

oFMP799

acctgaaccgctaccagacttatcgtcatcgtctttgtaatcaatatc

3xXFLAG amplification from pFMP501 with
added (SG); overlap for Gibson assembly
of pFM790, rev

oFMP800

ctetatttttctttttccatcggagcecegctaccactgectgatccagaacctaactttttc

CD(GS)..s amplification from pFMP502 with
added (SG).s and Fft3 overlap for Gibson
assembly of pFM790, rev
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oFMP802

tcgtggtecttatagtccatcctcgaggcecaatttaacaaag

Amplification of pFMP792 by inverse PCR
with added start codon and FLAG overlap
for Gibson assembly of pFMP790, rev

oFMP803

cagtggtagcggctccgatggaaaaagaaaaatagagcatac

Amplification of pFMP792 with added
(SG).s overlap for Gibson assembly of
pFMP790, fwd

oFMP804

cttcatcttttcatacatgctgatcaag

Deletes C-terminal cassette (CDFLAG) by
inverse PCR from pFMP501 and after reli-
gation pFMP503 forms

oFMP812

ggagccgctaccactg

pFMP790 correction, anneals at linker re-
gion

oFMP813

atggatggaaaaagaaaaatagagcatac

pFMP790 correction, anneals at Fft3, adds
5 ATG

oFMP822

cgatgaaatgggtctcggtgcgacagtccaaactgtgge

Amplification of pFMP501, pFMP503 and
pFMP793 by inverse PCR with added
K406A mutation, after religation pFMP504,
pFMP505 and pFMP794 form

oFMP823

gccacagtttggactgtcgcaccgagacccatttcatcg

Amplification of pFMP501, pFMP503 and
pFMP793 by inverse PCR with added
K406A mutation, after religation pFMP504,
pFMP505 and pFMP794 form

oFMP1028

ggttctggatcaggcagtgactataag

Anneals to (GS)33xFLAG, inverse PCR of
pFMP501, religation forms pFMP793

oFMP1029

ccttcatcttttcatacatgctgatc

Anneals to Hrp3, inverse PCR of pFMP501,
religation forms pFMP793

oFMP1080

tcgtcatctttataatccatcgagtcgacctcgaggt

Amplification of pFMP488 by inverse PCR,
adds 5" FLAG overlap for a Gibson assem-
bly of pFMP790

oFMP1090

ctcgaggtcgacatgggttctggatcaggcagtgactataag

Amplification of 3xFLAG from pAc-sgRNA-
Cas9 with added start codon and pJR over-
lap for a Gibson assembly of pFMP790

Table 3.4. List of primers used for Sanger sequencing.

Name Sequence (5'->3") Use

oFMP705 tttcaatctcattctcactttctga Anneals to nmt promoter

oFMP706 gcttgaatgggcttccatag Anneals to pJR vector sequence after multiple cloning site (MCS)
oFMP707 aaaggaagaggaatcctggce Anneals to nmt promoter

oFMP708 taatatgcagcttgaatgggc Anneals to nmt terminator

oFMP787 actcctcttggaccacgt Anneals to fft3 sequence (binds at base position 898)
oFMP788 ctactagtaaggctgatcg Anneals to fft3 sequence (binds at base position 1493)
oFMP793 aacgtgcacgtcgtaaaatg

oFMP794 tttatgatgctatgccaacg Anneal to hrp3 sequence

oFMP795 caatgatacaccctccgaag

oFMP801 atttctatgatcagaggatc

oFMP816 gagcctgaacattcga Anneal to hrpl sequence
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oFMP817 agcggatgcacaagac
oFMP818 tcgtaccgctttccac
oFMP819 gtcagctatccttactc
oFMP820 ggtgcttctaatatgttcaag
oFMP821 actcacctgcatcgtg

Table 3.5. List of primers used for RT-qPCR in this thesis.

Name Sequence (5'->3') Transcript
OoFMP972 gattctcatggagcgtggtt actl
OoFMP973 cgctcgtttccgatagtgat

oFMP974 cagcaatatcgtactcctgaa ura4
oFMP975 atgctgagaaagtctttgctg

oFMP976 tgaatcgtgtcactcaaccc cen-dh
oFMP977 tgctctgacttggcttgtctt

oFMP978 ccctaacttggaaaggcaca

oFMP979 cgagaccccctaatgctttt mat3M
oFMP980 ccagggtacattttctgatgttg

oFMP981 atggtcgtcgcttcagaaattgc tih1/thl2
oFMP982 ctccttggaagaattgcaagcctc

oFMP985 ccaagcctaccaactacga tdhl
oFMP986 agagacgagcttgacgaa

oFMP987 aacgtcaagttcgaggaagtcc adhl
oFMP988 agagcgtgtaaatcggtgtgg

OoFMP983 acttttggccgaaggaggag hrp3
oFMP984 acgcgatccgccagaatatc

Table 3.6. List of primers used and/or designed for mononucleosome DNA synthesis by
large scale PCR in this thesis.

Fragment Primer 1 Primer 2
[sequence (5'->3')] [sequence (5'->3')]
oFMP838
oFMP839
Cy3- 0/60 [Cy3-CTGGA-
[GCTTGCATGCCTGCAGGTCG]
GAATCCCGGTGCCG]
oFMP864 oFMP839
0/60
[CTGGAGAATCCCGGTGCCG] [GCTTGCATGCCTGCAGGTCG]
oFMP886
oFMP864
0/0
ACAGGATGTATATATCTGACAC-
[CTGGAGAATCCCGGTGCCG] [

GTGCCTGG]
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oFMP864 oFMP887

0/40
[CTGGAGAATCCCGGTGCCG] [ACTCTAGAGATATCCCGAGAGGTCGC]
oFMP864 oFMP889

0/20
[CTGGAGAATCCCGGTGCCG] [GGTCGCTGTTCAATACATGCACAGG]
oFMP888 oFMP889

20/20
[GGACCCTATACGCGGCCG] [GGTCGCTGTTCAATACATGCACAGG]
oFMP1261 oFMP1260

[atto647N]-0/60-EcoRl

[atto647N-CTGGA-

[TAAGCAGAATTCGCTTGCATGCCTG-

GAATCCCGGTGCCG] CAGGTCG]
0oFMP1262
oFMP1264
[atto647N-GCTTGCATGCCTGCAGGTCG]
GAATCCCGGTGCCG]
oFMP1263
oFMP1264
EcoRI-20/60[-atto647N] [TAAGCAGAATTCG-
[atto647N-GCTTGCATGCCTGCAGGTCG]
GACCCTATACGCGGCCG]
OFMP864 OFMP1261
0/60-EcoRl
[CTGGAGAATCCCGGTGCCG] [atto647N-CTGGAGAATCCCGGTGCCG]

3.1.4 Plasmid list

Table 3.7. List of plasmids used and/or created in this thesis. Vector maps of all plasmids
created as part of this thesis are available in the Appendix A.

Plasmid Common name Description Source
pFMP488 pJR1-3xL (Moreno et al., 2000) Dr. Mario Hali¢
pFMP489 pJR41-3xL (Moreno et al., 2000) Dr. Mario Hali¢
pFMP490 pJR81-3xL (Moreno et al., 2000) Dr. Mario Hali¢
pFMP501 pJR1-3xL Hrp3CDFLAG Hrp3 (S. pombe) C-terminally fused with  This study
Chpl (S. pombe) chromodomain (residues
15-76) and 3xFLAG under nmt1 promoter
pFMP502 pJR1-3xL CDFLAG Chpl (S. pombe) chromodomain (residues  This study
15-76) 3xFLAG on its C-terminus under
nmtl promoter
pFMP503 pJR1-3xL Hrp3 Hrp3 (S. pombe) under nmtl promoter This study
pFMP504 pJR1-3xL Hrp3 (S. pombe) K406A (ATPase dead mu-  This study
tant) C-terminally fused with Chpl (S.
Hrp3K406ACDFLAG . .
pombe) chromodomain (residues 15-76)
and 3xFLAG under nmtl promoter
pFMP505 pJR1-3xL Hrp3 (S. pombe) K406A (ATPase dead mu-  This study
tant) under nmt1 promoter
Hrp3K406A
pFMP790 pJR1-3xL Fft3 (S. pombe) N-terminally fused with  This study
Chpl (S. pombe) chromodomain (residues
FLAGCDFft3

15-76) and 3xFLAG under nmt1 promoter
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pFMP791 pJR1-3xL Fft3CDFLAG Fft3 (S. pombe) C-terminally fused with  This study
Chpl (S. pombe) chromodomain (residues
15-76) and 3xFLAG under nmt1 promoter
pFMP792 pJR1-3xL Fft3 Fft3 (S. pombe) under nmt1 promoter This study
pFMP793 pJR1-3xL Hrp3FLAG Hrp3 (S. pombe) C-terminally fused with  This study
3xFLAG under nmtl promoter
pFMP794 pJR1-3xL Hrp3K406FLAG  Hrp3 (S. pombe) K406A (ATPase dead mu-  This study
tant) C-terminally fused with 3xFLAG under
nmtl promoter
pFMP795 pJR41-3xL Hrp3 Hrp3 (S. pombe) under nmt41 promoter This study
pFMP796 pJR81-3xL Hrp3 Hrp3 (S. pombe) under nmt81 promoter This study
pFMP210 ISWI expression 6xHis-TEV-dmISWI in pProExHT
pFMP244 ISWIGFP expression 6xHis-TEV-dmISWI-3C-STREP- sfGFP in Dr. Ameli Lentz
pProExHT
pFMP248 GFP expression GST-sfGFP Dr. Zeynep Okten
pFMP110 ISWIE257Q expression 6xHis-TEV-dmISWIE257Q in pProEX-Htb
pFMP128 H2A expression Codon optimized dmH2A in pET15b
pFMP129 H2B expression Codon optimized dmH2B in pET15b
pFMP186 H3 expression dmH3 in pET3c
pFMP187 H4 expression dmH4 in pET3c
pFMP269 H2AK119C expression dmH2AK119C in pET15b Dr. Johanna Ludwigsen
pFMP270 H3C111A expression dmH3C111A in pET3c Dr. Johanna Ludwigsen
pFMP268 HA4T1C expression dmHA4T1C in pET3c Dr. Johanna Ludwigsen
pFMP213 Mononucleosome DNA 1x197 bp 601 in pUC18, Amplification of Dr. Nicola Hepp
mononucleosome DNA
pFMP232 25mer 25 consecutive copies of 197 bp with modi-  Dr. Nicola Hepp
fied 601 sequence in pUC18
pFMP233 25mer 25 consecutive copies of 197 bp with modi-  Dr. Nicola Hepp
fied 601 sequence in pUC18
pFMP226 13mer 13 consecutive copies of 197 bp with modi-  Dr. Nicola Hepp

fied 601 sequence in pUC57

3.1.5 Enzymes and kits

Table 3.8. List of enzymes used for experiments presented in this thesis (alphabetically).

Enzyme Manufacturer (catalogue number)
Apyrase New England BioLabs (M0398S)
Asel New England BioLabs (R0526M)
BamHI-HF New England BioLabs (R3136S)
Benzonase Merck Millipore (1016540001 100000)
BsiWI-HF New England BioLabs (R3553S)

Dpnl New England BioLabs (R0176S)
EcoRI-HF New England BioLabs (R3101M)
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Hincll New England BioLabs (RO103L)

Kpnl New England BioLabs (R3142L)

MNase Sigma (N5386-500UN)

Notl-HF New England BioLabs (R0189S, R3189S)

Phusion High-Fidelity DNA Polymerase

New England BioLabs (M0530S, M0530L)

Proteinase K

Bioline (BIO-37039)

Pyruvate kinase/lactate dehydrogenase Sigma (P0294)
RNase A Sigma (R4875)
Sall New England BioLabs (R0138S)
Spel New England BioLabs (R0O133L)

T5 exonuclease

New England BioLabs (M0363S)

Taq ligase

New England BioLabs (M0208S)

Xhol

New England BioLabs (R0146S)

Zymolyase 100T

Gerbu Biotechnik (07665)

Table 3.9. List of kits used for experiments presented in this thesis (alphabetically):

Kit

Manufacturer (catalogue number)

Freeze 'N-Squeeze DNA Gel Extraction

Biorad (7326166)

NEBNext Ultra Il DNA Library Prep kit for lllumina

New England BioLabs (E7645L)

NucleoSpin Gel and PCR Cleanup

Macherey-Nagel (740609.250)

NucleoSpin Plasmid EasyPure

Macherey-Nagel (740727.250)

Plasmid DNA purification kit Nucleobond® PC 10000

Macherey-Nagel (740593)

Superscript Il kit

Thermo Fisher (18080093)

Fast SYBR Green Master Mix

Life technologies (4385612)

TURBO DNA-free Treatment and Removal kit

Ambion (M1907)

Qubit dsDNA HS Assay Kit

Thermo Fisher Scientific (Q32854)

3.1.6 Antibodies

Table 3.10. Antibodies used for experiments presented in this thesis.

Antibody Dilution used Manufacturer (catalogue number)
a FLAG (mouse IgG M2) 1:1000 monoclonal Sigma (F3165)
a Mouse (goat IgG) 1:10000 IRDye 680 Li-Cor (926-68070)

3.1.7 Chemicals and consumables

Table 3.11. The list of chemicals used for experiments presented in this thesis (alphabeti-

cally).

Chemical

Manufacturer (catalogue number)

1 kb DNA Ladder

New England BioLabs (N3232S)
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5-fluoroorotic acid monohydrate (5-FOA)

Biozol (F59500)

100 bp DNA Ladder

New England BioLabs (N3231S)

Acrylamide/bisacrylamide solution

Rotiphorese Gel 30 (37.5:1) Carl Roth GmbH & Co

Adenine

Sigma (A8626)

Agarose universal

Bio&SELL (BS20.46.500)

Agencourt AMPure XP beads

Beckmann Coulter (A63882)

Ampicillin Roth (K029.2)
AMP-PNP Sigma (A2647)

Aprotinin Genaxxon (M6361.0100)
ATP Sigma (A2754)

Atto-565 maleimide

Atto-tec (AD 565-41)

Bactoagar

BD Biosciences (214010)

Bromophenol Blue

Sigma (B0126-25G)

BSA

New England BioLabs (B9000)

Calcium Chloride

Sigma (C3306)

Chloroform

VWR Chemicals (22711.324)

cOmplete™, EDTA-free protease inhibitor tablets

Roche (04693132001)

DMSO Roth (A994.2)

dNTPs New England BioLabs (N0447S)
EMM-glucose Formedium (PMDO0405)

EDTA Pan Reac Appli Chem (131669.1210)
EGTA Roth (3054.3)

EtOH 96% - low quality

CLN GmbH (N-1196.9025)

EtOH 100% - high quality

Sigma (32205-2.5L-M)

FITC-dextrans

Sigma (FD4, FD10S, FD20S, FD40S, FD70S, FD250S,

FD500S, FD2000S)

Formaldehyde

Sigma (47608)

Gel Loading Dye, Purple (6X)

New England BioLabs (B7024S)

Gel Loading Dye, Purple (6X), no SDS

New England Biolabs (B7025S)

Glucose monohydrat

VWR (1.08342.1000)

Glycerol VWR (1.04092.2500)

Glycogen Sigma (10901393001)

HEPES VWR Chemicals (1.10110.1000)
Imidazole Carl Roth GmbH & Co

IPTG Carl Roth GmbH & Co

Isopropanol (propan-2-ol)

Sigma (34863-2.5L-M)

Histidine VWR (1.04351.0100)
KoHPO,*3H,0 VWR (1.05099.1000)
KCI Sigma (P9541)
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KH,PO, VWR (1.04873.1000)
Leucine Sigma (L8000)
Leupeptin Genaxxon (M6100.0100)

Low-melt agarose

Biozym (850070)

Lysine hydrochloride Sigma (L5626)
Methylenblau Roth (A514.1)
MgCl, VWR (25108.295)

Milk Powder (Bio Magermilchpulver)

ReformKontor (3030)

NaCl Serva (30183.01)

NaOH Neolab (LC-4994.2)
Orange G Sigma (0-1625)

PEG 8000 Promega (V3011)
Pepstatin Genaxxon (M6359.0100)

Phenol:Chloroform:lsoamyl alcohol (25:24:1)

Roth (A156.1)

PMSF (Phenylmethanesulfonylfluoride)

Sigma (P7626)

Potassium acetate

VWR (1.04820.1000)

Sodium deoxycholate

Sigma (D6750)

Sodium dodecyl sulfate (SDS)

Serva Electrophoresis (20765.03)

SP-supplements

Formedium (PSU0210)

TBE, 5x liquid concentrate

VWR (J885-4L)

TCA (Trichloroacetic acid)

Sigma (T0699)

Thioflavin T (ThT))

Sigma (T3516)

Triple Color Protein Standard Il

Serva (39257.01)

Triple Color Protein Standard Ill

Serva (39258.01)

Tris ultrapure

Diagonal (A1086.1000)

TRIsure Bioline/Meridian bioscience (BIO-38033)
Triton X-100 Sigma (T8787)

Tween-20 Sigma (P9416)

Uracil Sigma (U0750)

Urea Life technologies (15505027)

UTP Sigma (U6750)

Yeast extract

BD Biosciences (212750)

B-Mercaptoethanol

Sigma (M6250)

Table 3.12. The list of consumables used for experiments presented in this thesis (alpha-

betically):

Consumable

Manufacturer (catalogue number)

384 well plate

Greiner (781101)
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384 Well Lightcycler Plate, white

Sarstedt (72.1985.202)

Amicon Ultra-4 centrifugal filter units, 10 and 30 kDa
MWCO

Merck Millipore

Bottle Top Filter 500 ml

VWR (734-5067)

Coverslips

Paul Marienfeld GmbH (0107242)

Dialysis membranes MWCO: 4000-6000

Roth (E658.1)

Double-sided tape

Willy Heckmann (420.014)

Glass slides

Carl Roth (H879.1)

Haemocytometer

Fischer Scientific (11314052)

HisTrap HP column, 5 mL

GE Healthcare (Cytiva)

HiTrap SP column, 5 mL

GE Healthcare (Cytiva)

HiTrap Q column, 5 mL

GE Healthcare (Cytiva)

Magnetic Rack

GE Healthcare (28948964)

Mono S 5/50 GL column, 1 mL

GE Healthcare (Cytiva)

Nitrocellulose filter

Roth (A014.1)

SDS-PAGE gel, NuPAGE Bis-Tris Protein Gel, 10%, 12%,
and 8-16%

Serva (0043266.01, 0043280.01, 0043263.01)

Slide-A-Lyzer Mini7K, 0,1 ml

Life technologies (69562)

Spectra/Por dialysis tubing, 3500, 7000, 6000-8000 and
12000-14000 Da MWCO

Spectrum

Superdex 200 HiLoad 16/60 column

GE Healthcare (Cytiva)

u-Slide VI®S Glass Bottom

Ibidi (80607)

gPCR foll

Sarstedt (95.1994)

Zirconia beads 0.5mm diameter

Biospec (11079105z)

3.1.8 Buffers and solutions

Table 3.13. The list of buffers and solutions used for experiments presented in this thesis

(alphabetically):

Description Components

6x0range G gel loading buffer 0.1% Orange G, 60% (v/v) glycerol in TE buffer

1xTBE buffer 89 mM Tris-HCI, 89 mM boric acid, 0.2 mM EDTA; pH 8.3

1.33X Gibson Reagent Mix 117 mM Tris-HCI pH 7.5, 6.5% (v/v) polyethylene glycol (PEG) 8000, 13 mM

MgCl,, 13 mM DTT, 0.26 mM dNTPs, 1.3 mM nicotinamide adenine dinucleotide
(NAD), 0.005 U/uL T5 exonuclease, 0.033 U/uL Phusion polymerase, and 5.3

U/uL Taq ligase

ATP regeneration system 6 mM phosphoenolpyruvate, 15.5 U/mL pyruvate kinase/lactate dehydrogenase,
1mMDTT
CES buffer 50 mM citrate phosphate buffer pH 5.6, 40 mM EDTA pH 8.0 1.2 M sorbitol, 10

mM B-mercaptoethanol

EX50 10 mM Hepes—KOH pH 7.6, 50 mM KCI, 1.5 mM MgCl,, 0.5 mM EGTA

GF buffer 50 mM Hepes KOH pH 7.6, 0.2 mM EDTA pH 8.0, 200 mM KOAc, 10 mM DTT
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High salt buffer

2 M NacCl, 10 mM Tris-HCI pH 7.6, 1 mM EDTA pH 8.0, 1 mM DTT

HisA 50 mM Tris-HCI pH 7.4, 300 mM NacCl, 0.5 mM DTT supplemented with 20 mM
imidazole pH 7.4, 1 tablet complete-EDTA free protease inhibitors (Roche), as
well as leupeptin (1 mg/L), pepstatin (0.7 mg/L) and aprotinin (1 mg/L)

HisB 50 mM Tris-HCI pH 7.4, 300 mM NacCl, 400 mM imidazole

HU buffer 200 mM phosphate buffer pH 6.8, 8 M urea, 5% w/v SDS, 1 mM EDTA pH 8.0,

100 mM DTT, bromophenol blue

Low salt buffer

50 mM NacCl, 10 mM Tris-HCI pH 7.6, 1 mM EDTA pH 8.0, 1 mM DTT

MND buffer 1.2 M sorbitol, 10 mM CacCl,, 100 mM NaCl, 1 mM EDTA pH 8.0, 50 mM Tris—
HCI pH 8.0, 0.075% NP-40, 14 mM B-mercaptoethanol, 5 mM spermidine, 1 mM
PMS

Mono2000 2 M KCI, 20 mM Tris-HCl pH 7.7, 0.1 mM EDTA pH 8.0, 1 mM DTT

MonoO 20 mM Tris-HCI pH 7.7, 0.1 mM EDTA pH 8.0, 1 mM DTT

MonoS A 15 mM Tris-HCI pH 7.4, 1 mM DTT

MonoS B 15 mM Tris-HCIl pH 7.4, 2 M NaCl, 1 mM DTT

Phase separation buffer (PSB)

25 mM Hepes-KOH pH 7.6, 0.1 mM EDTA, 50 mM NaCl, 10% glycerol, 1 mM
DTT, 0.2 g/L BSA) supplemented with 1 mM MgCl, (PSB1) or 5 mM MgCl,
(PSB5).

Refolding buffer

10 mM Tris-HCI pH 7.5, 2 M NaCl, 1 mM EDTA pH 8.0, 5 mM -mercaptoethanol

Remodeling buffer (RB)

25 mM Hepes pH 7.6, 0.1 mM EDTA pH 8.0, 50 mM NacCl, 10% (v/v) glycerol, 0.2
mg/mL BSA

SA buffer

40 mM NaOAc pH 5.2, 1 mM EDTA pH 8.0, 10 mM lysine

SDS loading buffer

50 mM Tris-HCI pH 6.8, 2% (w/v) SDS, 0.02% (w/v) bromophenol blue, 10% (v/v)
glycerol, 0.1 M DTT

TE buffer

10 mM Tris—HCI pH 8.0, 0.1 mM EDTA pH 8.0

Unfolding buffer

20 mM Tris-HCI pH 7.5, 7 mM guanidinium-HCI, 20 mM DTT

3.1.9 Growth media

Table 3.14. The list of growth media used for experiments presented in this thesis.

Description Components

YES 5 g/L yeast extract, 30 g/L glucose, 225 mg/L adenine,
225 mg/L histidine, 225 mg/L leucine, 225 mg/L uridine,
225 mgl/L lysine

EMM 1 g/L EMM-Gluc, 1 g/L SP Supplements, 20 g/L glucose
hexahydrate
Added as needed: 225 mg/L leucine, 225 mg/L uridine, 1
g/L 5-FOA (plates)

LB 10 g/L trypton, 5 g/L yeast extract, 10 g/L NaCl

3.1.10 Machines and equipment

Table 3.15. The list of machines and devices used for experiments presented in this thesis.

Description

Manufacturer

FPLC systems AKTA FPLC, AKTApurifier, and AKTA Pure GE Healthcare Life Sciences (Cytiva)
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Peristaltic pump, MINIPULS Evolution Gilson

Sonicator, Sonifier S-250 D digital Branson Ultrasonics
Lyophilizer Alpha 1-2 and connected pump RZ 2.5 Christ, Vacuubrand
Gradient Master BioComp

Plate reader Biotek PowerWave HT
Microfluidizer LM10 Microfluidics
Lightcycler Roche

Precyllis24 Peglab

3D Cell Explorer-fluo equipped with dry objective (60x mag- Nanolive
nification, 0.8 numerical aperture) and low power laser
(A=520 nm, sample exposure 0.2 mW/mm2)

Sp5 confocal microscope equipped with Argon 488 nm and Leica
DPSS 561 nm lasers

dual-trap C-Trap Lumicks, Amsterdam

TCS SP8 X FALCON confocal head mounted on an DMi8 Leica Microsystems
confocal microscope

UV-Crosslinker Bio-Link 365

3.2 Methods

Experiments described in sections 3.2.19 to 3.2.40 were performed as described in a manuscript
under review Vizjak et al. The text is marked in italic font.

3.2.1 Polymerase chain reaction (PCR)

Unless otherwise stated, PCR reaction contained as follows: 1x Phusion HF buffer, 200 yM
dNTPs, 0.5 yM forward primer, 0.5 yM reverse primer, 1 ng template DNA, 20 U/mL Phusion
DNA polymerase. The mastermix was aliquoted into 20 or 50 uL aliquots in PCR tubes and reac-
tion was ran in thermocycle with initial denaturation at 98°C for 30 s; 35 cycles of denaturation at
98°C for 10 s, primer annealing for 30 s and DNA synthesis at 72°C for 30 s per kb; final extension
at 72°C for 5 min; hold at 10°C. Annealing temperature was determined with NEB Tm calculator
(https://tmcalculator.neb.com). PCR product was analyzed on agarose gel electrophoresis and
unless otherwise stated, purified with PCR purification kit. DNA concentration was calculated from
measured absorbance at 260 nm and extinction coefficient 50 (ug/mL)1cm-1. If needed, digestion
of a parental plasmid was performed by addition of 1 uL of Dpnl (stock concentration 10 U/uL)
followed by incubation at 37°C for 1 h. The enzyme was then inactivated by incubation at 80°C
for 20 min.

3.2.2 Agarose gel electrophoresis

Agarose (0.49-0.77 g for 0.7-1.1% gel) was dissolved in 70 mL or 120 mL of 1xTBE buffer by
heating in microwave with occasional swirling. EtBr solution was added to final concentration 0.1
pg/mL and poured into a casting chamber. Samples were mixed with 1/5 volume of 6x gel loading
dye. After the agarose gel polymerized, it was transferred into gel running chamber and covered
with 1XTBE, or other buffer identical to buffer with which the gel was prepared. Samples were
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loaded into the wells alongside a DNA ladder and the gel was run at ~120 V for 40-120 minutes.
DNA bands were visualized with Peqglab Vilber Gel Documentation imaging system with the help
of UV light.

3.2.3 Cloning

S. pombe genes were amplified from its genomic DNA (kept at 4°C) obtained from Korber group.
Plasmids were linearized by digestion with two different restriction enzymes (Sall and Spel; Xhol
and Notl). Dpnl digest was performed as described above and the digestion products were sep-
arated on agarose gel and the band corresponding to linearized plasmid was cut out from the gel
and DNA purified with NucleoSpin Gel and PCR Cleanup gel extraction kit. Inserts were sub-
cloned into opened vectors by Gibson assembly cloning method (Gibson et al., 2009). PCR was
used to amplify inserts by using primers that contained homology region to insert site in a vector
sequence. Molarity of inserts and vector were calculated and they were mixed in molar ratio
1:2/1:3 (vector:insert) in a volume of 10 pL (volume was made up with water). In negative controls,
insert was omitted and equivalent volume of water was added instead. 10 uL of Gibson master
mix was added and the mixture was incubated in PCR machine at 50°C for 30-60 minutes and
transformed into chemically competent DH5a E. coli cells (see 3.2.5). Plasmid was isolated (see
3.2.6) and the sequence verified by DNA sequencing (see 3.2.7).

3.2.4 Growing E. coli

All liquid LB media and media for agar plates was autoclaved (121°C, 15 minutes). Solid media
had the same composition as liquid media except bactoagar (final concentration 1.5% (w/v)) was
added. After autoclaving and before agar polymerization, media was supplemented with antibiotic
(100 pg/mL ampicillin and/or 34 pg/mL chloramphenicol) and poured in plates.

3.2.5 E. coli transformation

Aliquot of competent cells (stored at -80°C) was thawed on ice for 20-30 minutes. Agar plates,
containing LB and an appropriate antibiotic, were removed from +4°C and left to warm up to room
temperature or preincubated at 37°C in incubator. One pL of DNA solution was added to 50 pL
of competent cells in an Eppendorf tube and gently mixed by flicking the bottom of the tube with
finger a few times. The mixture was incubated on ice for 20-30 minutes (this step was omitted
when transforming small, closed plasmids from stocks). Mixtures were then heat shocked in ther-
moblock at 42°C for 45 seconds and immediately put back on ice for two minutes. 250 pL of LB
media without antibiotic was added to the bacteria and put in 37°C shaking incubator for 30-45
minutes (this step was performed only following the cloning, it was omitted while transforming a
closed plasmid). With the help of inoculation loop bacteria were spread onto a 10 cm LB agar
plate containing the appropriate antibiotic. Plates were incubated overnight at 37°C or at room
temperature for two days.

3.2.6 Plasmid purification

Single colony was inoculated into 15 mL Falcon tube containing 5 mL LB media with appropriate
antibiotic and incubated at 37°C with shaking overnight or alternatively for eight hours. The plas-
mid was isolated with NucleoSpin Plasmid EasyPure kit. Plasmid concentration was calculated
from measured absorbance at 260 nm and extinction coefficient 50 (ug/mL)tcm?.
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3.2.7 Sanger sequencing

Purified plasmids and linear DNA fragments were sequenced by using TubeSeq service provided
by Eurofins Genomics. For each primer used for sequencing, 15 uL of plasmid diluted to 50-100
ng/uL was mixed with 2 pL of 10 uM primer. The samples were bar coded and submitted for
sequencing. Obtained sequencing results were compared with a reference sequence of interest
with NCBI Blast  (https://blast.ncbi.nlm.nih.gov)  and Expasy translate  tool
(https://web.expasy.org/translate/).

3.2.8 Growing fission yeast

All liquid media and buffers were filter sterilized while for agar plates the media was autoclaved
(121°C, 15 minutes). After autoclaving, 50% glucose sterile solution in water was added. Glycerol
stocks were made by mixing equal volumes of liquid culture and 50% glycerol in cryotube. Stocks
were flash frozen in liquid Na.

3.2.9 Plasmid transformation into fission yeast

Ten mL of liquid culture was grown ideally to ODesoo<1. Cells were pelleted at room temperature
for three minutes at 3000 rpm and resuspended and washed once with autoclaved water. Pellet
was then resuspended in five mL of LiAc-TE. Suspension was spun down (3000 rpm, three
minutes, room temperature) and supernatant removed. Pellet was resuspended in residual liquid
and cells were divided equally into two Eppendorf tubes. A carrier DNA (2 mg/mL salmon sperm
DNA) was heated in thermoblock for five minutes at 95°C and immediately put on ice. Ten pL of
carrier DNA was added to fission yeast cells in each Eppendorf tube. In one tube 1 pg of plasmid
was added and into another one equal amount of water, to serve as a negative control. Tubes
were flicked with finger to mix and left on room temperature for ten minutes, followed by addition
of 260 uL of LiAc-TE-PEG. Cells were gently mixed with a pipette and incubated at 30°C 30-60
minutes. DMSO was preheated to 30°C and 43 uL was added to cells and flicked with finger to
mix. Yeast was heat-shocked at 42°C for five minutes, pelleted (five minutes, room temperature),
washed with one mL of autoclaved water (resuspension followed by pelleting), resuspended in
250 uL of autoclaved water and plated on EMM-Leu plates. Plates were incubated at 30°C for
three days.

3.2.10 Spot assays

Precultures were grown as described above. Cells were pelleted (room temperature), washed
twice in EMM without supplements and resuspended in 500 pL. To measure ODsoo, cells were
diluted 100x in water (10 uL of cell suspension + 990 uL of water) and the measurements were
blanked with water. Cells were diluted to ODeoo=2 in EMM in total volume 1000 pL. 10x dilution in
water was prepared (100 pL of cell suspension + 900 pL of water) and ODeoo Was measured
again. Serial dilutions of ODso0o=2 cell suspension were prepared in 96-well plate and transferred
to different plates with the help of a frogger. Plates were left to dry next to an open flame followed
by incubation at 30°C or 32°C for three to four days and imaged.

3.2.11 Methylene blue staining

10 pL of each fission yeast culture was mixed with 10 pL of 0.1% methylene blue solution (w/v in
water). The mixture was loaded after 5 five minutes into Neubauer counting chamber
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(hemocytometer) and total and dead cells were counted under the microscope. Dead cells were
distinguished by blue color.

3.2.12 Protein isolation under denaturating conditions

Equivalent of 1 ODsoo fission yeast culture was transferred into a 1.5 mL Eppendorf tube and
harvested by centrifuging (3000 rpm, 5 min, 4°C). Supernatant was removed, pellet frozen in
liquid N2 and stored at -80°C. The pellet was resuspended in 1 mL ice-cold water and 138.75 pL
2 N NaOH and 11.25 uL B-mercaptoethanol were added to each sample. The mixture was incu-
bated on ice for 15 minutes with occasional vortexing. 150 pL TCA (trichloroacetic acid, 55% w/v
in H20) was added to each sample and the mixture was incubated on ice for 15 minutes with
occasional vortexing. The samples were centrifuged (maximal speed, 20 min, 4°C) and the su-
pernatant was discarded. The pellet was centrifuged again briefly (maximal speed, 1 min, 4°C)
and the remaining supernatant was carefully removed. Pellet was resuspended in 50 pL HU
buffer. In case the color turned yellow due to some residual TCA in the solubilized protein pellet,
10-20 uL 1 M Tris pH 6.8 were added. The protein samples were heated in thermoblock at 65°C
for 10-15 minutes, spun briefly and 5-10 pL (corresponding to 0.1-0.2 ODsoo of yeast cells) were
analyzed on SDS-PAGE.

3.2.13 Protein isolation under native conditions

The culture containing 2x108 S. pombe cells was harvested by centrifuging (3000 rpm, 5 min,
4°C). Supernatant was removed and pellet resuspended in ice-cold lysis buffer (25 mM MOPS
pH 7.2, 15 mM MgClz, 10 mM EDTA, 1% Triton, 1 mM DTT, 1 mM PMSF, 20 ug/mL leupeptin,
10 pug/mL pepstatin A) and transferred into a screw-cap microcentrifuge tube. Cells were pelleted
by centrifugation (16000g, 15 sec, 4°C), supernatant was removed and the pellet frozen in liquid
N2. The pellet was resuspended in 200 pL and 500 pL of dry volume of glass beads were added.
The cells were disrupted by three 30 seconds blasts of vigorous vortexing, interspersed with 5
minutes rest on ice. The bottom of the screw-cap tube was then pierced with a hot needle and
the perforated screw-cap tube was inserted into 1.5 mL Eppendorf tube. The supernatant was
collected by centrifugation (400g, 2 min, 4°C). The collected supernatant was spun again to get
rid of carry-over beads and precipitates (16000g, 15 min, 4°C). The cleared supernatant was
transferred into a fresh 1.5 mL Eppendorf tube and further analyzed by SDS-PAGE and Western
Blot. Supernatant was frozen in liquid N2 and stored at -80°C.

3.2.14 Western Blot analysis

Concentration of proteins was measured using NanoDrop and required quantity of protein extract
was mixed with SDS loading buffer, denaturated for 3 minutes at 95°C, vortexed and loaded on
8% polyacrylamide gel to run at 180 V until completion. Then, samples were transferred onto a
nitrocellulose membrane using semi-dry blotting system for 1 hour at 250 mA. After 1 hour of
membrane incubation in blocking solution (5% milk in PBS) the membrane was incubated with
anti-Flag M2 antibodies diluted 1:1000 in 5% milk-PBST overnight at 4°C. Then, the membrane
was washed three times with 5% milk in PBST and incubated with secondary infrared antibodies
(dilution 1:10 000 in 5% milk-PBST) for 1 hour. After three washes with 5% milk-PBST, a signal
from the membrane was detected with Odyssey imaging system.
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3.2.15 RNA extraction

Strains were streaked out from glycerol stocks on EMM - Leu + thiamine plates and incubated for
two to three days at 30°C. Colonies were scooped from the plate with an inoculation loop and
resuspended in a sterile Eppendorf tube in 1 mL EMM-Leu by pipetting up and down. To deter-
mine ODeoo, aliquot of 20 pL was diluted 50 times. Suspension was inoculated into 50 mL of EMM-
Leu to reach ODe0o=0.5 and supplemented with 300 pL of 10 mM thiamine (final concentration 60
HM). ODeoo was checked and the culture incubated overnight at 30°C with shaking. Most of the
culture was harvested for RNA and protein isolation (+thiamine sample) as described later. To
induce the promoter, two aliquots of 2 mL culture were transferred into two 2 mL sterile Eppendorf
tubes, centrifuged (3000 rpm, 5 min, room temperature), pellets were washed twice with 1 mL
EMM-Leu each and pooled together. Final suspension volume was 2 mL. 1 mL was used to
measure ODsoo. Suspension was then inoculated in 50 mL of EMM-Leu media. ODsoo was
checked and the culture incubated overnight at 30°C with shaking. The culture was harvested for
RNA and protein isolation (-thiamine sample) as described later.

The culture was transferred into a 50 mL Falcon tube and harvested between ODe0o=0.4-0.8
(3000 rpm, 5 min, 4°C). A cell pellet was resuspended in cold miliQ water by gentle shaking,
centrifuged and the supernatant was decanted. The pellet was resuspended in a residual water
by pipetting up and down and transferred into 1.5 mL screw cap tubes. Tubes were labeled both
on the lid and on the side and centrifuged (2000 rpm, 5 min, 4°C). Supernatant was removed,
pellet frozen in liquid N2 and stored at -80°C.

During RNA extraction and all other work involving RNA, only filter tips were used. Pellets were
thawed on ice and resuspended in 1 mL TRIsure. Two scoops (i.e., a small PCR tube ~250 pL
volume equivalent) of zirconia beads were added to each sample. Screw cap tubes were tightly
sealed and cells disrupted in Precyllis24 three times for 30 seconds (program 1: 6800) with 5 min
rest on ice in between. Tubes were spun (12000g, 4°C, 10 min) and the cleared lysate was trans-
ferred to 1.5 mL Eppendorf tube to which 200 pL of chloroform was added before. The samples
were immediately vortexed for 15 seconds each, incubated at RT for 10 min and spun (12000g,
4°C, 10 min). The aqueous phase was transferred to 1.5 mL Eppendorf tube to which 500 pL of
chloroform was added before. The samples were briefly vortexed and immediately spun (12000g,
4°C, 10 min). The aqueous phase was transferred to 1.5 mL Eppendorf tube to which 500 pL of
isopropanol was added before. The samples were briefly vortexed, incubated on ice for 15 min
and spun (12000g, 4°C, 10 min). Supernatant was removed and pellets were washed twice with
1 mL 75% ethanol (prepared with RNase-free water). Samples were vortexed so the pellet de-
taches from a wall of an Eppendorf tube and spun at 9600 rpm for 5 min. The supernatant was
removed and the pellets dried in speed vac briefly and without heat for 5-10 min and resuspended
in 100 uL RNase-free water. To make sure that the RNA is totally dissolved, the samples were
incubated at 55°C for 30-45 min with occasional flicking or pipetting. RNA was stored at -80°C
and thawed on ice before the next step. The RNA concentration was determined using the
Nanodrop and 20 pug RNA was diluted in RNase-free water to total volume of 36 pL (final RNA
concentration 0.2-0.5 pg/uL). Each sample was supplemented with 4 uL TURBO DNA-free 10x
buffer and 0.5 pL TURBO DNA-free DNase | and incubated at 37°C for 30 min when 0.5 pL more
of DNase | was added and the samples were incubated at 37°C for another 30 min. TURBO
DNase inactivation reagent was thoroughly resuspended and 6 uL was added to each sample.
Samples and the inactivation reagent were mixed well and incubated at RT with occasional mixing
for 2 min, followed by centrifugation (10000g, 1.5 min) and transferring of 20-30 pL of supernatant
into a fresh Eppendorf tube.
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3.2.16 cDNA synthesis (reverse transcription)

In a PCR-strip, for each sample was mixed 11 pL TURBO DNase treated RNA (~5 ug), 1 pL of
oligo-(dT)20 primers (50 uM stock concentration) and 1 pL of 10 mM dNTP mix. To denature
RNA, tubes were incubated at 70°C for 10 min and then incubated on ice for another 10 min. To
each sample, 7 pL of enzyme mix (all components are included in Superscript Il kit; 4 pL 5x
First-Strand buffer, 1 uL 0.1 M DTT, 1 uL RNAseOUT, 0.75 puL RNAse-free H20 and 0.25 uL
SuperScript 11l or 0.25 pL RNAse-free H20 for no enzyme (-RT) control) was added. Tubes were
incubated at 50°C for 30-60 min followed by heat inactivation of reverse transcriptase at 70°C
for 15 min. For degrading RNA:DNA hybrids, 0.5 pL RNase H was added to each sample and
incubated at 37°C for 30 min (this step is optional and it can be omitted). Samples were stored
at -20°C.

3.2.17 Quantitative PCR (qPCR)

Different cDNA dilutions were prepared for different genomic regions analysed: 1:1000 or 1:2000
cDNA dilutions were used for analysing euchromatic genes, 1:25 cDNA dilutions for heterochro-
matic single-copy genes (reporters), 1:50 cDNA dilutions for heterochromatic repeats (dg/dh) and
1:25 cDNA dilutions were used for -RT control samples irrespective of transcripts. All samples
were measured in triplicates in a 384 well plate. One reaction mixture contained: 5 pL of cDNA
dilution made in the step above, 2.5 pL of forward/reverse primer mix (1.5 uM) and 7.5 pL 2xSYBR
mix. The primers used are listed in Table 3.6. The 384 plate was sealed with a folium and the
analysis was run in Lightcycler machine with a program: polymerase was activated at 94°C for 3
min and the following cycle was repeated 35 times: 94°C for 20 s, 50°C for 20 s, 72°C for 40 s,
73°C 1 s to obtain reading. After gPCR was finished a melting curve was recorded from 70°C to
90°C. A serially diluted RNA sample (1:20, 1:200 and 1:2000) untreated with DNAse was used
for constructing standard curves for each primer pair and determining efficiency of amplification.
The C: (concentration threshold) values were exported as .txt file and data were further analysed
in Excel. C: values of technical triplicates were averaged and the relative quantification of a ge-
nome region of interest against a housekeeping gene was determined using Livak method (Livak
& Schmittgen, 2001).

3.2.18 MNase-seq

3.2.18.1 Spheroplast preparation and chromatin digestion with MNase

Strains were streaked out from glycerol stocks on EMM - Leu + thiamine plates and incubated for
two days at 30°C. Cells were then scraped from the plate with inoculation loop and resuspended
in one mL EMM — Leu media, pelleted (3000 g, five min, RT), washed one more time with one mL
EMM - Leu, finally resuspended in one mL EMM — Leu and ODeoo was measured. Suspension
was inoculated into 150 mL EMM — Leu to ODs00=0.02 and grew with gentle shaking at 30°C for
16 h or until ODs00o=0.75 was reached. 50 mL of culture was taken into a preweighted Falcon tube
and ten pL of culture was stained with methylene blue. The experiment was further performed as
published previously (Cam and Whitehall, 2016). To the rest of the culture (100 mL) 2.7 mL of
36.5% formaldehyde was added and incubated in shaker for 30 min. Crosslinking reaction was
quenched by adding five mL of 2.5 M glycine and incubating for five minutes at 30°C in shaker.
Cells were harvested into a preweighted Falcon tube by centrifugation for two min at 1000 g in a
benchtop centrifuge and the supernatant was discarded. The procedure was repeated second
time to pool pellet from the entire 100 mL culture into the same Falcon tube. Falcon tube with the
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pellet was weighted and the mass of the pellet calculated. Pellet was washed in 10 mL CES buffer
followed by centrifugation for two min at 1000 g in a benchtop centrifuge. Supernatant was dis-
carded, pellet resuspended in 0.5 mL CES buffer, transferred into an Eppendorf tube and supple-
mented with 50 L freshly prepared 10 mg/mL Zymolyase 100T suspension followed by incuba-
tion up to one hour at 30°C with gentle shaking on a rotating platform. To test if spheroplasting
was complete, five pL aliquots were sampled at 20 min intervals, mixed with 5 pL of 2% SDS on
a microscope slide and observed under a microscope. Spheroplasted cells lose refractivity and
appear as “ghosts” when examined under a microscope (they do not have well defined rim). When
80-90% of cells were spheroplasted, they were pelleted (800 g, 2 min, 4°C) and supernatant
discarded. One mL of ice cold 1.2 M sorbitol was added on the pellet. The pellet was not resus-
pended but the position of the spine of the tube in the centrifuge was rotated by 180°, centrifuged
(800 g, two min, 4°C) and the supernatant discarded. Quickly but gently spheroplasts were re-
suspended by pipetting up and down in 1 mL of MND buffer. In five 1.5 mL Eppendorf tubes, 300
pL MND buffer was added containing the following amounts of MNase (stock concentration 5
units/pL in EX50 buffer): 0, 2 L (final concentration during digestion will be 0.02 U/uL), 6 uL (0.06
U/uL), 10 pL (0.1 U/uL) and 20 pL (0.2 U/uL). Tubes were incubated in a thermoblock at 37°C,
200 pL of the spheroplasts were added to each tube and incubated for ten min at 37°C. The
MNase digestion was stopped by adding 55 pL of 0.5 M EDTA and 11 pL of 10% SDS. Samples
were supplemented with proteinase K (stock concentration 10 mg/mL, 22 L) and RNase A (stock
concentration 10 mg/mL, 1 L) and incubated overnight at 65°C.

3.2.18.2 DNA purification and library preparation

Next day, tubes were allowed to cool down to room temperature. Samples were extracted twice
with an equal volume of phenol:chloroform. DNA was precipitated with 0.1 volume of 3 M sodium
acetate and 2 volumes of 100% ethanol, incubating at -20°C for at least 1 h and centrifuging for
15 min at 16000 g at 4°C. Supernatant was discarded and pellet washed with cold 70% ethanol.
Speedvac was used to dry the pellet (settings for alcoholic solution concentrator temperature
60°C) and it was then dissolved in 40 pL of miliQ water. One pL of RNase A was added and
incubated for 30 min at 37°C. DNA was then mixed with orange G dye and resolved on 1.5% low
melting agarose gel for 3-4 hours in TBE buffer. Mononucleosome band was cut out from the gel
and extracted with the help of freeze and squeeze tubes. DNA was precipitated with 0.1 volume
of 3 M sodium acetate and 2 volumes of 100% ethanol in a presence of glycogen, incubating at -
20°C for at least 1 h and centrifuging for 15 min at 16000 g at 4°C. Supernatant was discarded
and pellet washed with 1 mL cold 70% ethanol. Speedvac was used to dry the pellet (settings for
alcoholic solution concentrator temperature 60°C) and it was then dissolved in 30 puL of miliQ
water. Concentration was measured with Qubit and 50 ng of DNA was used to prepare sequenc-
ing libraries by using a kit and following instructions provided by manufacturer. Final libraries were
visualized using the Agilent 2100 Bioanalyzer on a High Sensitivity DNA chip, purified from aga-
rose gel as described above and submitted for sequencing.

3.2.18.3 Sequencing and data analysis

The libraries were sequenced at the Laboratory for Functional Genome Analysis (LAFUGA),
Gene Center, LMU on lllumina HiSeq 1500 for 50 bp in the paired-end mode. Paired-end se-
quencing reads were aligned to the reference genome Schizosaccharomyces pombe
(ASM294v2) using bowtie2 (version 2.2.9). Reads were filtered by mapping quality using
samtools (version 1.9) with the parameter -q 2. Fragment coordinates were extracted by sorting
the reads by name using samtools and converting bam to bed format using bedtools2 bamtobed
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command (version 2.28.0) with the parameter -bedpe. Subsequent analysis was performed in R
(version 3.6.1). Fragments were filtered for chromosomes |, Il and Il and a fragment size less
than 500 bp. Fragments were converted to dyad coverages using the bed2dyad function with
parameters type = "PAIRED” and width = 50 from the tsTools package (version 0.1.2; source:
https://github.com/musikutiv/tsTools). Dyad coverages were normalized by the total coverage and
multiplied by a million. Array regularity was computed by cross-correlation analysis (Ocampo et
al., 2016; Singh et al., 2021) using the ocampo3 function from the tsTools package. Parameters
were set to beforeRef = 100, afterRef = 1000, smoothingWindow = 100, spacing.low = 100, spac-
ing.high = 300, shift.low = -75, shift.high = 75, sigma_scaled = TRUE, lowess_f = 0.15. For this
analysis, TSS +1 nucleosome positions served as reference, which were determined by the nu-
cleR package (version 2.16.0) and the gene annotation ASM294v2.37. Plots were generated by
R base graphics. Code is available upon request. Bigwig files were visualized in Integrative Ge-
nomics Viewer (IGV, Broad Institute).

3.2.19 Expression and purification of ISWI, ISWI-GFP and ISWI E257Q

As mentioned in the introduction to the methods in section 3.2., experiments here and further
below (sections 3.2.19 to 3.2.40) were performed as described in a manuscript that is currently
under review (Vizjak et al.). The text is cited here and is recognizable by the use of quotation
marks and italic font.

“Corresponding plasmids containing D. melanogaster ISWI (pFMP210 for 6xHis-TEV-ISWI,
pFMP244 for 6xHis-TEV-ISWI-3C-STREP- sfGFP, pFMP110 for 6xHis-TEV-ISWI E257Q) were
freshly transformed into BL21 Star E. coli and plates were incubated at 37°C overnight. The bac-
terial lawn from one plate was harvested and used to inoculate two litres of LB media. Cultures
were grown (37°C, 130 rpm) until ODeggo 0.5-0.6 when they were induced with 1 mM IPTG. The
expression went overnight at 18°C with shaking. The bacterial cultures were harvested (6000xg,
10 min, 4°C). Pellets were gently rinsed with cold water and stored at -80°C. Cells were thawed
in a palm of a hand with occasional vortexing and resuspended in HisA buffer supplemented with
20 mM imidazole pH 7.4, 1 tablet complete-EDTA free protease inhibitors, as well as leupeptin (1
mg/L), pepstatin (0.7 mg/L) and aprotinin (1 mg/L). Benzonase (5 pul per litre of culture) and lyso-
zyme (tip of a spatula) were added and suspension was sonicated on ice (6x10 seconds on, 10
seconds off, amplitude 25%). The homogenized bacteria were then cracked with six runs on Mi-
crofluidizer LM10 at 1200 bar. Lysates were centrifuged (19000 rpm, JA25.50 rotor, 4°C, 30 min),
supernatants filtered through 0.45 pm syringe filter and loaded onto His Trap equilibrated with 5%
HisB buffer. The column was washed with 10 column volumes (CV) 5% HisB, then with 6 CV 10%
HisB and 1 CV 20% HisB. ISWI was then eluted with 20-100% HisB gradient over 10 CV. ISWI
containing fractions were pooled, TEV protease added (0.1 mg for every 8 mg of ISWI) and the
mixture was dialyzed (Spectra/Por dialysis membrane, cutoff 12000-14000 kDa) overnight
against dialysis buffer (15 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM DTT). To remove His-tagged
TEV protease, cleaved-off 6xHis-tag and uncleaved 6xHis-TEV-ISWI, a second nickel-affinity
chromatography was performed (His Trap, equilibrated in 10% HisB buffer). Sample was loaded
and unbound protein further washed out with 10% HisB. The flowthrough was pooled and its
conductivity reduced by slow dilution with two volumes of 2% MonoS B buffer, which was diluted
with MonoS A and filtered through 0.2 pm syringe filter. A MonoS column was equilibrated with
2% MonoS B. After loading, the protein was eluted with 2-30% MonoS B (10 CV) and 30-100%
MonoS B (4 CV). Fractions containing ISWI were pooled together, concentrated and loaded onto
the HiLoad Superdex200 size exclusion column equilibrated with GF buffer. ISWI-containing
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fractions were pooled and protein was concentrated to ~5 mg/mL. Molar concentration was de-
termined by using calculated extinction coefficient (Expasy Protparam tool). Proteins were ali-
quoted, frozen in liquid nitrogen and stored at -80°C.”

3.2.20 Expression and purification of histones

“Codon-optimized D. melanogaster histones were expressed and purified as previously described
(Klinker et al., 2014). Corresponding plasmids (pFMP128 for H2A, pFMP129 for H2B, pFMP186
for H3, pFMP187 for H4, pFMP269 for H2AK119C, pFMP270 for H3C111A, pFMP268 for H4T1C)
were freshly transformed into BL21 Star E. coli and incubated at 37°C overnight. Bacterial lawns
from one plate were then used to inoculate two litres of LB media. Cultures were grown (37°C,
130 rpm) until OD reached 0.5-0.6 when they were induced with 1 mM IPTG. The expression
went for three hours at 37°C with shaking. The bacterial cultures were spun down (6000xg, 10
min, 4°C). Pellets were gently resuspended in cold water and transferred to a 15 ml Falcon tube.
Samples were centrifuged and the pellets stored at -80°C. Cells were thawed in a palm of a hand
with occasional vortexing and resuspended in SA buffer supplemented with 6 M urea, 200 mM
NaCl, 1 mg/mL aprotinin, 1 mg/mL leupeptin, 1 mg/mL pepstatin, 1 mM PMSF and 5 mM g-
mercaptoethanol. Benzonase (5 ul per liter of culture) and lysozyme (tip of a spatula) were added
and suspension was sonicated on ice (15 seconds on, 30 seconds off, amplitude 30%, effective
sonication time 20 minutes). The homogenized bacteria were then cracked with six runs on Mi-
crofluidizer LM10 with 1200 bar. Lysates were centrifuged (19000 rpm, JA25.50 rotor, 4°C, 30
min), supernatant filtered through 0.45 um syringe filter and loaded onto a HiTrap Q HP column
that was stacked on top of a SP column equilibrated with 20% buffer B (buffer A: 40 mM NaOAc
pH 5.2, 1 mM EDTA pH 8.0, 10 mM lysine, 7.5 M urea, 5 mM DTT; buffer B: 40 mM NaOAc pH
5.2, 1 mM EDTA pH 8.0, 10 mM lysine, 7.5 M urea, 5 mM DTT, 1000 mM NacCl). Samples were
applied to the stacked columns. The columns were washed with 20% buffer B (1 CV). The Q
column was removed and SP column further washed with 25% buffer B (3 CV) and 30% buffer B
(3 CV). Histone was eluted with 30-40% buffer B gradient (5 CV), 40-80% buffer B gradient (7
CV), 100% buffer B (3 CV). Pooled fractions were dialyzed (SpectraPor MWCO 3,500 kD) three
times against 5 L of miliQ water. Purity was analysed on SDS-PAGE and concentration deter-
mined from Azgo absorption. Histones were aliquoted (1 mg per aliquot), flash frozen in liquid
nitrogen and stored at -80°C or -70°C. Histones were lyophilized before use. Lyophilized histones
were stored at -20°C.”

3.2.21 Assembly and purification of octamers

“Lyophilized histone aliquots were dissolved in unfolding buffer to 4 mg/ml for 10 minutes in a
thermoblock (24°C, 600 rpm). Solutions were spun down in a table top centrifuge (10 minutes,
full speed, 4°C), and supernatants transferred to fresh tubes and kept on ice until dialysis. Histone
concentrations were remeasured in unfolding buffer by measuring OD2go and corrected for purity
as assessed from SDS-PAGE gel. Histones were mixed in molar ratio
H2A:H2B:H3:H4=1.4:1.4:1:1. The histone mixture was transferred into dialysis membranes (Roth
E658.1 MWCO: 4000-6000) which were soaked in water for one hour and rinsed with refolding
buffer. The mixture was then dialyzed three times against 1 L of refolding buffer, with the second
dialysis step being overnight. Lastly, octamers were purified by size exclusion chromatography
(HiLoad 16/60 Superdex 200 prep grade), concentrated to 4 mg/mL (Amicon 15 mL 30 kDa),
aliquoted, flash frozen in liquid nitrogen and stored at -80°C or -70°C.”
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3.2.22 Histone labeling (H2AK119C-atto565, H4T1C-cy3, H2AR71C-4-MBP)

“Lyophilized histone aliquots were dissolved in a labeling buffer (7 M guanidinium-HCI, 20 mM
Tris-HCI pH 7.5, 5 mM EDTA pH 8.0, 0.7 mM TCEP) to a final concentration 0.2 mM and incu-
bated two hours to reduce all cysteines. Cyanin-3-maleimide (Lumiprobe) was dissolved in DMSO
to final concentration 100 mM and added to the solution in a 5.7-fold excess. 4-(N-maleinimido)-
benzophenon (4-MBP) was dissolved in DMF to final concentration 100 mM and added to solution
in 57-fold excess. Atto-565 maleimide (Atto-tec) was dissolved in DMF to final concentration 100
mM and added to solution in 13.2-fold excess. Histones were incubated with the dye for 14 hours
(3 hours for cy3 and 4-MBP labeling) on rotating wheel at room temperature covered with alumin-
ium folium. To stop the labeling reaction, B-mercaptoethanol was added to final concentration 340
mM. For cy3 labeling, reaction was stopped by adding DTT to final concentration 20 mM. Unre-
acted dye was partially removed by several rounds of ultrafiltration (15 mL 10K Amicon, Millipore)
and successive dilutions with labeling buffer (this step was omitted for Cy3 and 4-MBP labeling).
The labeling efficiency was assessed with SDS-PAGE and fluorescence imaging. The labeled
histones were assembled into octamers as described in section 3.22.2, but H3C111A was used
instead of H3.”

3.2.23 Preparation of DNA for nucleosome arrays

“25mer and 13mer nucleosome arrays were prepared as published previously (Ludwigsen et al.,
2018). Briefly, plasmids carrying 25 (pFMP232, pFMP233) or 13 (pFMP226) consecutive copies
of 197 bp with modified 601 sequence were transformed into DH5a E. coli strain and purified from
four litres of culture by using plasmid DNA purification kit. Three mg of the plasmid were digested
with EcoRI HF (0.25 U/ug DNA) and Hincll (0.6 U/ug DNA) in CutSmart Buffer at 37°C for 3 h.
When the digest was complete, restriction enzymes were heat-inactivated by incubation at 65°C
for 20 min. Tubes were put on ice before Asel was added (0.5 U/ ug DNA) and then incubated at
37°C for four h. After digest was complete, DNA was purified via phenol/chloroform extraction
and ethanol precipitated in presence of NaOAc. Finally, it was resuspended in TE buffer and
stored at -20°C.”

3.2.24 Preparation of DNA for mononucleosomes

“‘DNA fragments containing the 601 sequences were amplified by large-scale PCR (Yang &
Narlikar, 2007). Primers were obtained from Sigma. For primer sequences, see Table 3.6. The
PCR was cleaned up by precipitating the plasmid template by addition of ¥z of volume 30% PEG
8000 (w/w) in 30 mM MgCl.. The PCR product was then precipitated by adding the same volume
of propan-2-ol. The pellet was washed with 70% (v/v) cold ethanol, resuspended in TE buffer and
stored at -20°C.”

3.2.25 Chromatin assembly and purification

3.2.25.1 Assembly of 25- and 13mer arrays

“The optimal molar octamer:601 ratio was identified by performing small scale test assemblies,
where purified octamers were titrated to 7.5 pg digested plasmid (Ludwigsen et al., 2018). Pre-
parative assembly contained 100-500 pg digested plasmid (700 ng/uL of 601-array DNA, which
corresponds to 150 or 200 ng/uL of total digested plasmid containing 25mer or 13mer,
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respectively). It also contained corresponding amounts of purified octamers, 2 M NaCl, 10 mM
Tris-HCI pH 7.6, 1 mM EDTA pH 8.0, 1 mM DTT. Reactions were transferred into dialysis mem-
brane and underwent salt gradient dialysis: 3 L of low salt buffer were pumped into 1 L of high
salt buffer containing the dialysis bag over a period of 24 hours. To maintain the constant volume,
buffer was simultaneously pumped out with the same speed. Assemblies were then dialyzed
against 1 L of low salt buffer before they were precipitated by addition of equal volume of precip-
itation buffer (10 mM Tris—HCI pH 7.6, 7 mM or 10 mM MgClI; for 25mer or 13mer, respectively).
Pellets were resuspended in TE buffer (10 mM Tris-HCI pH 7.6, 1 mM EDTA pH 8.0) and quality
controls of chromatin array were performed as described (Ludwigsen et al., 2018) (Fig. 2.14.B).
Chromatin concentrations were approximated by UV assuming that 1 OD at 260 nm equals 50
ng/uL of DNA.”

3.2.25.2 Mononucleosomes

“The optimal molar octamer:DNA ratio was first identified by titrating octamers to DNA. Prepara-
tive assemblies contained DNA (200 ng/uL), purified octamers, 2 M KCI, 20 mM Tris-HCI pH 7.7,
10 mM DTT. Reactions were transferred into Slide-A-lyzer 7k Mini and underwent salt gradient
dialysis in 200 mL of Mono2000 buffer to which 1 L of MonoO buffer was pumped over 24 hours.
To maintain constant volume, buffer was simultaneously pumped out with the same speed. As-
semblies were dialysed against MonoO buffer and purified over 10-30% (w/w) glycerol gradient.
Concentrations were determined as above for arrays.”

3.2.26 Quality controls of assembled nucleosome arrays

3.2.26.1 Agarose gel of nucleosome arrays

“200 ng of arrays before and after Mg-precipitation was analysed by agarose gel electrophoresis
(0.7%).”

3.2.26.2 Notl digestion of nucleosome array

200 ng of arrays was digested in EX50 buffer with Not1 (20 U/uL) in total volume of 15 pL for
three hours at 26°C. Digestion was analysed on 1.1% agarose.”

3.2.26.3 BsiWI digestion of nucleosome array

“250 ng of an arrays was digested in buffer (25 mM Hepes—KOH pH 7.6, 0.1 mM EDTA, 50 mM
NaCl, 10% glycerol, 2 mM MgCl,) with BsiWl (10 U/uL) for 1 hour at 26°C in total volume of 20
pL. The digestion was stopped with addition of SDS (final concentration 0.4%) and EDTA (final
concentration 20 mM) followed by Proteinase K (1 mg/mL) treatment in total volume of 30 pL for
three hours at 65°C or overnight at 37°C. DNA was ethanol precipitated and analysed on 1% gel.”

3.2.27 Analytical ultracentrifugation

“Sedimentation velocity (SV) experiments of purified, reconstituted arrays were conducted at
20°C in a Beckman Coulter Optima XL-I analytical ultracentrifuge (Palo Alto, CA) using an An-50
Ti rotor. Samples contained 21.6 ng/pL (6.9 nM) of 25mer and were dissolved in buffer (1 mM
Tris-HCI pH 8.0, 0.01 mM EDTA pH 8.0, 0.01 mM DTT, 50 mM NaCl, 0.2 mM or 1.7 mM MgCly).
Samples (360 ul) were loaded into 12 mm charcoal-filled epon double sector centerpieces. A rotor
speed of 22,000 rpm was selected and absorbance optics scans at a wavelength of 258 nm were
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collected every second until sedimentation was complete. Data were analysed using the c(s)
model in SEDFIT which directly models the sedimentation boundary as a continuous distribution
of discrete, non-interacting species (Schuck, 2000). Buffer density and viscosity as well as sample
partial specific volumes were calculated using UltraScan Il (Demeler & Gorbet, 2016).”

3.2.28 Negative stain electron microscopy

“Quantifoil R2/1 Cu200 C2 grids were plasma cleaned for 20 s at 20 mA (GloCube, Quorum). 3.5
pL of sample containing 1-4 ng/uL (0.3-1.3 nM) of 25mer in buffer (3 mM Tris-HCI pH 8.0, 0.03
mM EDTA pH 8.0, 0.03 mM DTT, 50 mM NacCl, 0.2/1.7 MgCl,) was applied, incubated 30 s, then
hand blotted. Grids were negative stained with 2x 3.5 pL of 2% uranyl acetate, and hand blotted
after 30 s for each stain application. Images were collected using an FEI Morgagni 100 keV TEM
with a SIS Megaview Il 1k CCD, at a nominal magnification of 56,000x.”

3.2.28.1 Analysis of electron micrographs

“Outlines of single particles were determined with a trainable Weka segmentation in ImageJ (Fiji).
Feret's diameter (the maximum distance between two parallel tangential lines), and circularity
were calculated for this outline using equation 1.”

4rr+area

circularity = -
y perimeter?

(Eq. 1)

3.2.29 Restriction based nucleosome sliding assay

“‘Remodeling assays contained 4 nM 25mer arrays (100 nM total nucleosome concentration), 200
nM ISWI, ATP regeneration system, indicated magnesium concentration and 5 uM Mg-ATP in
remodeling buffer RB. Beforehand, chromatin arrays were dialyzed overnight into 10 mM Tris pH
7.6 at 4°C. The reaction was started with addition of ISWI and incubated at 26°C. At different time
points, 20 uL aliquots were taken and remodeling was quenched with apyrase (50 mU, 1 min,
26°C). The Mg?* concentration was supplemented to a final concentration of 1.7 mM MgCl; for all
samples. Samples were digested with 10 U/125 ng array of BamHI for 90 min at 26°C. The di-
gestion was stopped with addition of 20 mM EDTA and 0.5% SDS, followed by Proteinase K (final
concentration 0.5 mg/mL) treatment for three hours at 37°C. Samples were ethanol precipitated
and separated on an agarose gel (0.7% to 0.9% in 0.5xTBE, 20 cm). Gels and running buffers
contained 0.5 pg/mL EtBr. The bands were analysed with AIDA Image Analyzer Software and the
percentage of Cut-DNA calculated. The dependence of percentage of Cut-DNA versus time was
fitted in R into to a single exponential function (Eq.2):”

%Cutz%cutmax*(l'e-kObs*t)(Eq . 2)

3.2.30 ATPase assay

“An NADH-oxidation coupled ATPase assay was performed as described (Mueller-Planitz et al.,
2013). Briefly, 30 pL reactions were assembled on a 384-well plate, containing 100 nM ISWI and
0.1/0.5/1.33 pM mononucleosomes (ON60) in remodeling buffer supplemented with ATP-regen-
eration system and 0.6 mM NADH. Each sample was measured in technical triplicates. Reactions
were started by addition of 1 mM Mg-ATP and NADH absorbance was monitored at 340 nm in a
plate reader (Biotek PowerWave HT) at 26°C. Absorbance readings between ten and 20 minutes
were fit to a linear function.”
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3.2.31 Phase separation of nucleosome arrays and imaging of formed
chromatin condensates

“All phase separation experiments were performed in phase separation buffer (PSB) supple-
mented with 1 mM MgCl, (PSB1) or 5 mM MgCl, (PSB5). Phase separation was induced by mix-
ing equal volumes of nucleosome arrays diluted in TE buffer pH 7.6 with 2xPSB. The formed
chromatin condensates (4-10 yL of sample) were incubated at room temperature for a minute
and then loaded onto the imaging chamber made of double-sided tape. Double-sided tape was
pierced with a hole puncher beforehand, and sample was deposited into the hole. Cover slips
were pre-treated with 20 pL of BSA solution (25 mM Hepes-KOH pH 7.6, 0.1 mM EDTA, 50 mM
NaCl, 10% glycerol, 1 mM DTT, 100 mg/mL BSA) for one minute. The imaging chamber was
sealed with nail polish, and unless stated otherwise, spun onto the cover slip (1 min, 1000g, room
temperature). Samples were then imaged on a widefield microscope (Zeiss Axiovert).”

3.2.31.1 Analysis of phase diagram

“Condensates were detected by Trainable Weka segmentation in ImageJ, their surface was cal-
culated as a percentage of a total field of view surface and plotted in form of a heatmap in R.”

3.2.32 Confocal imaging

“Confocal and FLIM images were performed with a TCS SP8 X FALCON confocal head (Leica
Microsystems, Wetzlar, Germany) mounted on an inverted microscope (DMi8; Leica Microsys-
tems). For confocal imaging, a white light laser was used as excitation source (561 nm or 633 nm
as necessary). Single photons were collected through a 40x/1.3 NA oil-immersion objective and
detected on Hybrid Detectors (HyD) (Leica Microsystems) with a 570 — 610 nm, and 650 — 707
nm spectral detection window as necessary. Sequential excitation was performed to avoid poten-
tial crosstalk between the fluorophores.”

3.2.33 FITC-dextran partitioning in chromatin condensates

“Condensates were formed in a solution containing 100 nM 13mer (final concentration 90 nM),
PSB2 supplemented with 2.5 mM DTT and incubated for five minutes at room temperature when
the FITC-dextrans diluted in water were added to final concentration of 0.1 mg/mL. Samples were
prepared as described above and imaged on Leica laser scanning confocal microscope after 1 h
incubation at room temperature.

Images were analyzed in ImageJ, where the dextran partitioning coefficient was determined for
individual condensates as a ratio of fluorescence inside the condensate and background fluores-
cence. Molecular weights of dextrans were converted into Stokes radii with an online tool
(https://www.fluidic.com/toolkit/hydrodynamic-radius-converter/).”

3.2.34 ISWI colocalization experiment

“Chromatin and ISWI colocalization experiment was performed with 40 nM of unlabeled 25mer,
10 nM of 25mer-Cy3 and 1.125 pM ISWI-GFP/GFP-GST in PSB5. Condensates were induced by
adding Mg?* (5 mM) either after or before addition of GFP-GST or ISWI-GFP.

A standard curve for mean Gray value dependence on ISWI-GFP concentration was obtained
from ISWI-GFP dilutions in PSB5. Different microscope settings were used to image lower and
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higher dilutions. ISWI-GFP concentration was then determined inside condensates and in a sur-
rounding solution for 90 nM 13mer, 234 nM ISWI-GFP, 1 mM Mg-ATP, ATP-regeneration system,
PSB1 and for 45 nM 25mer, 125 nM ON60 mononucleosomes, 625 nM ISWI-GFP, 1 mM Mg-
ATP, ATP-regeneration system, PSB5.”

3.2.35 Restriction enzyme accessibility nucleosome sliding assay adapted
to chromatin condensates

“A Kpnl site was used to compare nucleosome sliding in 25mer arrays fully dissolved or after
condensate separation. A remodeling assay contained 15 nM 25mer, 750 nM ISWI, ATP regen-
eration system and 1 mM Mg-ATP in PSBO0.2/5, in total reaction volume of 20 pyL. Reaction was
started with 2 pL of ISWI or ATP and incubated at 26°C. Before the reaction was started, 6 pL of
the reaction mixture were checked under the microscope for chromatin condensates. At different
time points, 1 uL of reaction was quenched with 45 pL of quenching solution (10 mU/uL apyrase
in apyrase reactions buffer, containing 1.8 pL 2 mM MgCl. for low magnesium reactions), incu-
bated at 26°C for 15 min and after that kept on ice. After all time points were quenched, the
reaction mixture was again checked under the microscope for the presence of condensates. To
each tube, 2.5 pL of Kpnl was added and incubated at 26°C for 30 min. Cleavage was detected
as above for the restriction-based nucleosome sliding assay, except that ImageJ was used for
quantification.”

3.2.36 FLIM-FRET

3.2.36.1 Slide preparation

“For end point assays (Fig. 2.19.E), 45 nM 25mer (1125 nM nucleosome concentration), 125 nM
labeled mononucleosomes, 625 nM ISWI, ATP regeneration system and 1 mM Mg-ATP were
mixed in PSB5 in total volume of 10 pL. Samples were incubated at room temperature for 15
minutes, 6 UL was transferred on a slide (see above for slide preparation), spun as above, and
imaged after four hours. For time lapse assays (Fig. 2.20.A), 40 pL of the reaction mixture was
loaded into the channel of imaging chamber (Ibidi u-Slide V1°° Glass Bottom 80607). The imaging
chamber was spun down and mounted on the microscope. Lifetimes were measured for two min
before addition of nucleotides. Then, 120 pL of 1 mM Mg-ATP or 1 mM Mg-AMPPNP solution,
dissolved in identical buffer and supplemented with ATP regeneration system, was filled into one
of the reservoirs without removing the chamber from the microscope or stopping the imaging.
Nucleotide solution then replaced solution above the condensates by gravity flow. Time lapses
were recorded for two h. Finally, time lapses in Fig. 2.20.B-D contained 1125 nM unlabeled mon-
onucleosomes or 45 nM 25mer, 125 nM FRET mononucleosomes and ATP regeneration system
in PSB5 in total volume of 18 pL. Two pL of 10x Mg-ATP solution were added to a final concen-
tration 1 or 5 mM, the mixture was loaded into a channel of the imaging chamber and imaged two
to four min after ATP addition.”

3.2.36.2 Image acquisition

“For FLIM, the same system described in “Confocal Imaging” was used. The white light laser
delivered 80 MHz repetition rate at 561 nm. Arrival time of single photons was measured with the
included FALCON module. The FLIM acceptor photobleaching image kept the same parameters
as the confocal one with 12 frames accumulations instead. The other FLIM images and movies
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size was set to 256 x 256 pixels. A 3-fold zoom factor was applied, giving a pixel size of 0.380
um and an image size of 97 x 97 um. Pixels number was decreased to favor imaging speed in
the time-lapses. Because the statistical determination of the distribution of single photon arrival
times requires a minimum number of photons, 60 frames were acquired at 2.34 Hz for each
TCSPC recording, for a total time of around 26 s. Corresponding to a scanning speed of 600 Hz.
Time-lapses were recorded for at least 15 min with a time point every 2 min.”

3.2.36.3 Analysis

“FLIM image analyses were performed in the LAS X software and with a home-made MatLab

code (available on request). Lifetime calculations were based on the Phasor approach (Digman

et al., 2008). Phase and modulation lifetimes were calculated using the Fourier sine and cosine

transforms of the lifetime images. The FRET efficiency (Errer) Was calculated according to Eq. 3:
Epper =1 — b4 (Eg. 3)

2)]

where 1pa is the lifetime of the donor-acceptor sample, and 1o is the lifetime of the donor alone.
Results were expressed as mean + SD. Lifetimes images shown were done using the phasor
approach to maximize the number of photons while keeping a good image resolution. For the time
lapse, the linear part of lifetime changes was fitted to a linear function to obtain initial velocity.”

3.2.37 Holotomography

“Slide with 25mer condensates containing ISWI in PSB5 buffer was prepared as described above.
Refractive index images were collected on 3D Cell Explorer-fluo (Nanolive) equipped with dry
objective (60x magnification, 0.8 numerical aperture) and low power laser (A =520 nm, sample
exposure 0.2 mW/mm?2). 96 slices were collected for a field depth of 30 um. Software Steve
v.1.6.3496 (Nanolive) was used to collect, view and export images. Data were exported as tiff
files (floating values of RI) and further processed in ImageJ (Fiji). Eq. 4 was used to calculate
chromatin mass concentration in condensates, where n = refractive index, ¢ = mass concentration
and dn/dc is a refractive index increment. We assumed Ccondensate >> Csolution &Nd dn/dc to be 0.185
mL/g.“

dn
Ncondensate = Nsolution = I * (Ccondensate - Csolution) (EQ. 4)

3.2.38 ISWI-GFP and 25mer-Cy3 FRAP

“Four uL of 2.5x mixture of unlabelled chromatin, labelled chromatin and ISWI-GFP were mixed
with six pL 1.7xPSB5 containing 1.7xnucleotide. Final experimental conditions were: 76 nM
25mer, 1.75 nM Cy3-25mer, 1 pM ISWI-GFP, 0.77 mM Mg-nucleotide, PSB5, ATP regeneration
system (Fig. 2.21.C); 15 nM 25mer-Cy3, 375 nM ISWI-GFP, PSB5, 1 mM Mg-ATP/no nucleotide
(Fig. 2.21.B); 100 nM 25mer, 4.5 nM 25mer-Cy3, 1.3 pM ISWI-GFP, PSB5, ATP regeneration
system, 1 mM Mg-ATP (Fig. 2.21.A). The sample was incubated for 1 min and then loaded onto
the slide, spun, sealed as above and imaged within 30 minutes of preparation.

Images were acquired at 26°C with a 63X glycerol immersion objective on a Leica Sp5 confocal
microscope equipped with Argon 488 nm and DPSS 561 nm lasers. For ISWI-GFP FRAP, 10
frames (512x512 pixel) at 1.2 s intervals were taken as a pre-bleach reference, followed by a
single 1.2 s bleaching pulse targeted to a circular region within = 3 droplets at once. After bleach-
ing, 89 frames were taken at 1.2 s intervals to measure fluorescence recovery. For H4-Cy3 FRAP,
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10 frames (512x512 pixel) at 1.2 s intervals were taken as pre-bleach reference, followed by four
1.2 s bleaching pulses targeted to a circular region within = 3 droplets at once. After bleaching,
20 frames were taken at 30 s intervals to measure fluorescence recovery. For both cases, bright-
field images were also collected in parallel.

All images were processed using Fiji (Schindelin et al., 2012). First, drift was corrected using
MultiStackReg package (https://biii.eu/multistackreg) by calculating transformation matrices from
brightfield images (code available on request). Bleach, control (within droplet but outside the
bleached region) and background Region Of Interest (ROIs) were manually defined, and average
fluorescence intensity was measured. Intensities were normalized using the easyFRAP web tool
(Koulouras et al., 2018) to generate FRAP curves with full scale normalization. Normalized FRAP
curves from different droplets within the same experiment were considered as technical repli-
cates. FRAP curves from different experiments were averaged and reported together with stand-
ard error of the mean (SEM). Plots were generated using R — version 4.2.1 (https://www.R-pro-
ject.org/) (R Core Team, 2022).”

3.2.39 Controlled condensate fusion with optical tweezers

“Four pL of chromatin ISWI mixture (225 nM 13mer, 585 nM ISWI, volume was made up with TE
pH 7.6) was gently mixed with 6 L 1.7xPSB1 containing 1.7xnucleotide. Final experimental con-
ditions were: 90 nM 13mer, 234 nM ISWI, 1 mM Mg-nucleotide and ATP regeneration system in
1xPSB1. Data on fusion velocity with different ISWI concentrations were collected in 1XPSB1
supplemented with 5 mM DTT. Of note, with an ATP-regeneration system present, slow fusion
was detected with AMPPNP and ADPBeFx, presumably due to ADP contamination present in
nucleotide preparations. Samples were incubated for 1 min and then loaded onto prepared slides.
Optical tweezer experiments were carried out on a dual-trap C-Trap (Lumicks, Amsterdam). For
controlled fusion of condensates, a single condensate was trapped in each of the optical traps at
minimal laser power. The traps were approached in 20 nm steps until the condensates touched
and fusion started which was determined by observation of the force signal. During fusion, the
trap distance was then held constant. Fusion was further monitored by brightfield microscopy.

Analysis was performed using custom written code for the IGOR Pro 8 software (WaveMetrics,
USA). Fusion velocity was determined by fitting a generalized logistic function (Eq. 5) to the dif-
ferential force data along the x-axis. With F(start) and F(finish) the differential forces before fusion

onset and after finished fusion, respectively.
F(start)—F(finish)
AR (Eq. 5)

1+e( T

F(x) = F(finish) +

The force was then normalized so that F(start)=0 and F(finish)=1. The fusion velocity was deter-
mined as the slope of the tangent fitted to the normalized force data at the inflection point of the
fitted function. As the fusion velocity is inversely proportional to the size of the condensates, the
obtained velocity was normalized using the mean size of the two fused condensates which was
obtained using radial profiling of the brightfield videos pre-fusion. For comparison between con-
ditions velocities were transformed into the log10-fold change relative to the mean of the chroma-
tin only condition. Statistical significance of the velocity changes was determined by t-test. Data
is visualized in boxplots showing the median * quartiles, with whiskers indicating the 9" and 91st
percentile.”


https://www.r-project.org/
https://www.r-project.org/
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3.2.40 ThT fluorescence measurement

“ThT fluorescence intensity was measured with increasing ISWI concentrations with 90 nM 13mer
in modified PSB (supplemented with 2 mM MgClz, 2.5 mM DTT and 40 uM ThT).”

3.2.41 Side-specific Crosslinking

ISWI and nucleosomes were mixed in 20 mM Tris-HCI pH 7.7, 0.1 mM EDTA pH 8.0, 0.5 mM
MgClz (added only if the nucleotide was used), 140 mM KCI, 3 mM DTT with or without nucleotide.
At first the enzyme was thawed, mixed well, spun (15 min, 13200 rpm, 4°C) and transferred in a
new tube. 30 pL of crosslinking reaction was prepared for each type of nucleosome. Components
are pipetted in the following order: MonoO, Mono2000 (to set KCI concentration), DTT, MgClz,
ISWI, nucleosomes and Mg-ADP or Mg-AMPPNP. For Mg-ADPBeFx or Mg-ADPAIF4, ADP was
added first (final concentration 0.5 mM). Then after short incubation, BeSO4 (final concentration
0.6 mM) or Alx(SO4)s (final concentration 0.3 mM) were added, respectively. Few minutes was
allowed for ions to bind to nucleotide and then NaF was added (final concentration 2.5 mM). For
the experiment where 1.5 mM of ADP was used, triple final concentrations of BeSO4 (1.8 mM),
Al2(SO4)3 (0.9 mM) and NaF (7.5 mM) were added. The mixture was mixed well and 15 pL was
pipetted in wells of a 384 plate, crosslinked on ice for 120 min in the UV crosslinker (wavelength:
365 nm). After crosslinking, acidic protein precipitation was performed as follows to remove nu-
cleotides. Samples (15 pL) were transferred into Eppendorf tubes and to each sample were
added: 185 pL MonoO buffer, 20 uL of 1% sodium deoxycholate and 40 uL of 50% TCA. Samples
were mixed and incubated at room temperature for 15 min followed by centrifugation (15 min,
13200 rpm, 4°C). Supernatant was discarded and 200 pL acetone was added to the pellet, incu-
bated 15 min at -20°C followed by centrifugation (15 min, 13200 rpm, 4°C). Supernatant was
removed and the pellet was dissolved in 10 uL MonoO and 15 uL 5xSDS loading buffer. Samples
were boiled and analyzed by SDS-PAGE.

3.2.42 Data visualization

Affinity lllustrator was used to prepare figures presented in this thesis.
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pFMP488 (pJR1-3xL) (8833 bp)

BseYI,BspQI, SapI PvuIl
ALwNI Pf1FI, Tth111I
BsrGI
AhdI BfuAl,BspMI, EcoNI
Bsal BpmI
BpmI EcoRV

BstXI

Fspl Xeml

BbsI
EcoNI
Agel,+2
BsmFI,+3
BstEII
AatIl
Zral PpuMI
Sacll
+1
pFMP488 (pJR1-3xL) Hpal
" 8833 bp Jael
+2 +3
+2 PstI
+3 SbfI
KasI Bpul@l
Fspl
Pvull PshAT
MLul
AlwNI
BstXI
BsmI Bsgl
Afel AhdI
Bael,BstZ171 PaeR71,PspXI, T1iI, XhoI,+17
BsaBI, Swal,Eco53kI, Sacl

BsaAl
PmlI,BstZ171,Pacl
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pFMP489 (pJR41-3xL) (8829 bp)

BseYI,BspQl, Sapl Pvull
A1wWNI Pf1FI, Tth111I
BsrGI
AhdI BfuAl,BspMI, EcoNI
Bsal BpmI
BpmI EcoRVY

BstXI

Fspl Xeml

BbsI

EcoNI
Agel, +2
BsmFI,+3
BstEII
AatII
Zral PpuMI
SacII
+1
pFMP489 (pJR41-3xL) Hpal
+1 Bael
1 8829 bp 4
BtgZl +3
+2 PstI
+3 ShfI
KasI Bpul@dl
Fspl
Pvull PshAI
Mlul
ALwNI
BstXI
BsmI
Blpl
BsmI Bsgl
Afel AhdI
Bael,BstZ171 PaeR71,PspXI, T1iI, XhoI, +17
BsaBI, Swal,Eco53kI, Sacl BsaAl

Pml1,BstZ171,Pacl
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pFMP490 (pJR81-3xL) (8826 bp)

BseYI,BspQI, SapI Pvull
Pf1FI,Tth111I
BsrGI
BfuAI, BspMI, EcoNI

AlwNI
AhdI
Bsal BpmI
EcoRV
BstXI
XemI

BpmI
BbsI

Fspl
EcoNI
Agel,+2
BsmFI,+3
BstEII
AatIl
Zral PpuMI
SacIl
+1
pFMP490 (pJR81_3XL) Hpal
a 8826 bp g Jael
BtgZl § +2
:ﬂ é? v :?hl
KasI ~ Bpulol
FspI
Pvull PshAI
ALwNI

BstXI

Mlul

BsmI
BlpI
BsmI BsgI,AhdI
Afel PaeR71
PspXI,T1iI, XhoI, Sall, +16
BsaAl

Bael,BstZ171
BsaBI, Swal,Eco53kI, Sacl
PmlI,BstZ171,Pacl
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pFMP501 (13256 bp)

BseYI Pf1FI, Tth111l
Bsal,Ahdl BsrGI
Bgll EcoNI
Xcml
EcoNI
Agel,Acc651,Kpnl
AatIl BstEII
Zral PpuMI
Sacll
Hpal
Dralll KasI, +3
Banll Sph1
NgoMIV,+1 PstI,+1
KasI,+3 Bpul@I
Bgll PshAL
BsmI
BlpI pFMP501
13256 bp Bsgl
Bsml AhdI
+1
Sacl +4
BanII Nrul
Eco53kI
Swal Hpal
BsaBI PacI
BsrGI
Sall
Pacl
PmlT Agel
NotI,BamHI, +3 Bsal
Eagl

NdeI
PpuMI,BglII, Acc65I,Kpnl
BglILl PmlI

BmgBI,BlpI
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pFMP502 (9072 bp)

BseYI,BspQI, Sapl

PvuIl
ALWNI Pf1FI, Tth111I
BsrGI
BfuAL, BspMI, EcoNI
AhdI BpmI

BpmI,Bsal EcoRV

Bgll BstXI
Fspl Xcml

BbsI

EcoNI
Agel, +2
BsmFI,+3
BstEII
AatIl
Zral +2
+1 SacII
+1
Hpal
a pFMP502 Bael
3 9072 bp :g
*3 Sph1
+4 +2
Bgll +1
Fspl
Pvull PshAT
Mlul
AlwNI
BstX1
BsmI
BlpI
BsmI Bsgl
Afel AhdI
BstZ171
Eco53kI,Banll, Sacl,Bael

PaeR71,PspXI, T1iI, XhoI,+1

Eagl,NotI,BamHI, TspMI, +2
BsaBI, Swal

BsaAl
PmlI,BstZ171,Pacl
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pFMP503 (12959 bp)

BseYI Pf1FI, Tth1l1lI
AhdI BsrGI,EcoNI
Bsal EcoRV
XemI

BglI
EcoNI
Agel,Acc651,KpnI
AatIl BstEII
Zral PpuMI
Sacll
Hpal
DraIll KasI,+3
NgoMIV, +2 Sphl
KasI,+3 PstI,+1
Bgll Bpulel
PshAI
BsmI pFMP503
Blpl 12959 bp
Bsgl
BsmI AhdT
+1
Sacl +4
BanIl Nrul
Eco53kI
Swal Hpal
BsaBI Pacl
BsrGI
Sall
Pacl
PmlI Agel
NotI,BamHI,+3 Bsal
Eagl
Ndel
Acc65I,KpnI
BglII BmgBIL
EcoRV

BglIl,PpuMI
PmlI,BmgBI,Blpl
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pFMP504 (13256 bp)

Appendix A: Vector maps of all plasmids created as part of this thesis

PFIFI, Tth1111
BsrGI
EcoNI
Xeml

Bae%1
Bsal, AhdI
Bgll
EcoNI
Agel, AccEST, KpnT
BstETT
PpUMT
sacll
Hpal

Kasl,+3
Sphl
Pl +1
Bpulal
Pshal

Aatll
Zral

Dralll
BanII
NgeMIV, +1
KasI,+3
Bgll
Baml
BlpI pFMP584
13256 bp Bsgl
Bsml AhdT
+1
Sacl 44
BanII Mrul
Eco53kI
Swal Hpal
BsaBl Pacl
Bsrizl
Sall
Pacl
Fml1 . Agel
Motl,BamHl,+3 R Bsal
Eagl
BmgBEI
PmlIL

NdeT

PpUMI, BELIT, AccEST, Kpnl
BElII

BrgBI,B1pI
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pFMP790(11902 bp)

AlWNI , BseYT,BspQl, Sapl PFIFI, Tthllll
BsrGI
Bsal EcolI , BpmI
Bpml BstXI
¥eml
BhsI
Ecoml ,agel,+2
B=mFI,BeplI,+1
BStEII

AatII
Zral Sacll
Y Hpal,+1
Dralll W KasI
BtgZl d b NarI,+2
+2 & Sphl
42 = +2
Warl % 41
KasI [ -;""93.' PshaT
MiuL pFMP79@ :
11902 bp a
BlpI | 7/
Y-
.": _-"-ér Bsgl
A= PaeRTI
Afel A PSpiT
BstZ171 TIAI,+1
Bael Mool
Eco5ikl,+1
Swal Mrul
B5aBT Bsgl
Pacl B=eY1
Prill, BetZ171 BglII, BmgBl
Apal, 51T, 5acTT, Mool +7 BelI
Mscl,BspQl,Sapl, Nrul AscT,+3 EcoS3kD,%acl,BtgZl,Paqil,+1
Hpal

BsthPT,Bsral , Bhsl, Bspil, £1al,+2
Spel, PshAT, KemT MLl hel , BT
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pFMP791(11893 bp)

PF1FI, Tth111l

AW, BseYT,BspQl, Sapl
BsrGI
Ahdl EcolI, BpmI
Bpml , Bsal BstXI
¥eml
BhsI
Econl ,Agel,+2
B=mFI,BeplI,+1
BStEII

Sacll

AAtTI
Zral
Hpal,+1
Dralll KasI
BLgZI NarT,+2
+2 sphl
+2 +2
Narl +1
KasI PshaT
Mlul pFMP791
+1
11893 bp Wl
BlpI
Bsgl
AhdI
AfeT PaeRTI,+3
BstZ171 Nrul
Bael Bsgl
Ecob3kI,+1
Swal
B5aBI
BseY1
Bglll
Pacl BmgBI
PmllI,BstZ171 BelI,Eco53kI, 5ac
5fi1, 52011, Moo, Spel , +6 BLRZI,PaqlT,BsnFT
MUl AscI,BssHIT, NSiT,+2 Hpal,5pel, Pshal
XcmI

BspDI, C1al, NgoMIV, Nael Mscl, +2
MIuT,Nhel, Bt T, BstAPT, BsrGl, Bhsl
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pFMP792 (11602 bp)

AlWNI,BseYT,BspQI,Sapl PFIFI,Tthilll
AhdI BsrGL
Bsal EcoNI, BpmL
BpmI BstXI
XemT
BbsI

EcoNI
Agel, Acce51,+4
BStEII

AatIl
Zral PpuMl
Sacll
Hpal
DraIll Bael
Btgz1 Kasl,+3
+2 Sphl
+3 +2
KasI +1
+1
Mlul
+1
BStXI
BlpI
BsgI
Ahd1
Afel PaeR71,+3
BstZ171 Nrul
Bael Bsgl
Eco53KI, SacT
Swal
BsaBl BseYl
Pacl BglII,BmgBI
BstZ171 Bell
PmlI Eco53kT, SacI,BtgZl
Neul,AscI,BssHII,Nsil,+12 PaqCl,BsmF I, Hpal , Spel
BbsI,BspDI,C1al,NgoMIV,Nael,+3 Pshal

XonI,Miul,Nhel,BatI,BstAPT, BsrGI
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pFMP793 (13046 bp)

BseYI Pf1FI, Tth111I
BsrGI, EcoNI
EcoRV
Xeml

AhdI
Bsal
Bgll

EcoNL
Agel, Acc65I,Kpnl
AatIl BstEII
Zral PpuMI
Sacll

Hpal
KasI

Dralll NarlL,+2
NgoMIV,+2 Sphl
KasI,+3 PstI,+1
Bgll BpuloI
PshAI
BsmI
BlpI pFMP793
13046 bp Bsgl
AhdI
BsmI +1
PspXI
Sacl T1il, +2
BanII Nrul
Ecob53kI Hpal
Swal
BsaBI Pacl, +1
Sall
PacI
PmlI Agel
NotI,BamHI,+3 Bsal
Eagl
NdeI
Acc65I,Kpnl BmgBI
EcoRV

BgllT,PpuMI,Bglll
Pmll,BmgBI,Blpl
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pFMP794 (13046 bp)

BseYI Pf1FI, Tth111I
BsrGI,EcoNI

EcoRV
XemI

AhdI
Bsal
BglI

EcoNI
Agel, Acc65I,Kpnl
AatIl BstEII
Zral PpuMI
Sacll

Hpal
KasI

DralIll NarI,+2
NgoMLV,+2 Sphl
KasI,+3 PstI,+1
BglI Bpul@l
PshAI
Bsml
BLpT pFMP794
13046 bp Bsgl
AhdI
BsmI +1
PspXI
Sacl T1iI, +2
BanII Nrul
Eco53kI Hpal
Swal
BsaBI Pacl,+1
Sall
PacI
Pm1I Agel
NotI,BamHI,+3 Bsal
Eagl
Ndel
Acc65I,Kpnl BmgBI
EcoRV

BglII,PpuMI,BglII
PmlI,BmgBI,BlpI
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pFMP795 (12955 bp)

BseYI Pf1FI, Tth111I
AhdI BsrGI,EcoNI
Bsal EcoRV
BglIl Xeml
EcoNI

Agel,Acc65I,Kpnl
AatIIl BstEII
Zral PpuMI

Sacll

Hpal
Dralll KasI,+3
NgoMIV,+2 SphI
KasI,+3 PstI,+1
Bgll Bpul@l
PshAI
BsmI pFMP795
Blpl 12955 bp
Bsgl
BsmI AhdI
+1
Sacl +4
BanlI Nrul
Eco53kI
Swal Hpal
BsaBI Pacl,+1
Sall
PacI
Pml1I Agel
NotI,BamHI,+3 Bsal
Eagl
NdeI
Acc651,Kpnl
BgllI BmgBI
BglII,PpuMI EcoRV

PmlI,BmgBI,BlpI
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pFMP796 (12952 bp)

BseYI Pf1FI, Tth1l1lI
AhdI BsrGI,EcoNI
Bsal EcoRV
XemI

BglI
EcoNI
Agel,Acc65I,Kpnl
AatII BstEII
Zral PpuMI
SacII
Hpal
Dralll KasI,+3
NgoMIV, +2 Sphl
KasI,+3 PstI,+1
Bgll Bpulel
PshAI
BsmI pFMP796
Blpl 12952 bp
Bsgl
BsmI AhdI
+1
SacI +4
BanIl Nrul
Eco53kI
Swal Hpal
BsaBI Pacl,+1
Sall
PacI
Pmll Agel
NotI,BamHI,+3 Bsal

Eagl
Ndel
Acc65I,Kpnl
BglII BmgBI
EcoRV

BgllI,PpuMl
Pm1I,BmgBI,BlpI
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