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1. Summary

The degree of compaction and the structure of chromatin, the protein-deoxyribonucleic
acid (DNA) complex in the nucleus of eukaryotic cells, is vital to regulate the access to
DNA by all factors involved in DNA-templated processes. Nucleosomes constitute the
smallest packing unit of chromatin (Kornberg, 1974; Luger et al., 1997a) and molecular
machines and enzymes that act on nucleosomes are extremely versatile. Amongst them,
so-called adenosine triphosphate (ATP)-dependent chromatin remodelers ensure proper

nucleosome organization on DNA (Krietenstein et al., 2016; Narlikar et al., 2013).

The present thesis investigates in vitro nucleosome remodeling by the multi-subunit
chromatin remodeler INO8O from Saccharomyces cerevisiae (Sc); ‘INO8O’ recalls its
identification through inositol auxotroph yeast mutants (Ebbert et al., 1999). So far, only
a limited number of mechanistic studies are available for the INO80 complex. This thesis
brings together biochemical and single-molecule approaches to advance the current
understanding of INO80 mediated catalysis on single nucleosomes. Such insights have
been missing, especially in the light of thorough investigations of different chromatin

remodeler subfamilies and homologues in vivo and in vitro during the last decades.

This study establishes a platform for experiments with a minimal functional catalytic
system of purified components, that is, the 19 subunit INO80 complex and single
nucleosomes, to enable concomitant characterization with well-established ensemble
biochemical methods and single-molecule Forster resonance energy transfer (smFRET).
The first part of this thesis focuses on biochemical approaches to reconstitute
homogenous nucleosome samples and to characterize the ScINO80 complex, mostly with
respect to effective nucleosome repositioning. I developed these results further to enable
smFRET applications that overcome ensemble averaging and that provide unprecedented
mechanistic insights into the INO80-nucleosome interplay. First, the INO80 complex is a
processive enzyme that performs a number of mechano-chemical cycles before releasing
the nucleosome. Second, the results presented in this work are in favor of a regulatory
impact of histone tails on INOS8O nucleosome remodeling. Histone tails constitute
terminal extensions of histones with tremendous effects on chromatin organization
(Jenuwein and Allis, 2001; Strahl and Allis, 2000). The approaches developed in this
thesis are expanded to mutant nucleosome substrates that are lacking all histone tails and

that reflect an altered nucleosome recognition step by INOS0.






2. Introduction

2.1 Genome organization in the course of evolution

Life is encoded by the genetic blueprint of every cell and organism. All processes of life
rely on transcription of the genetic information to RNA by polymerases and subsequent
translation of this information to proteins by ribosomes. This is also known as the central
dogma of molecular biology, devised in Crick (1958) and in Crick (1970) (Cobb, 2017).
As an immediate consequence, cell metabolism and homeostasis fundamentally depend
on the accessibility of DNA for factors that regulate transcription. Analogously,
accessibility of DNA is a prerequisite for factors that ensure genome integrity (in
response to DNA damage) and for factors that accomplish genome replication (prior to

cell division). However, genome organization partially counteracts DNA accessibility.
2.1.1 Genome organization in eukaryotes

In eukaryotes, chromosomes are compact structures found in the nucleus of cells. Early
studies described interphase nuclei to be composed of decondensed regions of the
genome (euchromatin, loose DNA packing) and of regions containing tightly packed
DNA (heterochromatin), where DNA condensation is comparable to mitotic cells
(Allshire and Madhani, 2018; Heitz, 1928; Straub, 2003; Zacharias, 1995). Much later,
the packing of eukaryotic chromatin was suggested to be mediated by its repeating unit
that consists of the histone protein octamer and DNA (Kornberg, 1974), termed
nucleosome (McGhee and Felsenfeld, 1980; Olins and Olins, 2003; Oudet et al., 1975).
The nucleosome core particle (NCP) contains 145-147 bp DNA that wrap the protein
complex of two copies of each H2A, H2B and H3, H4 approximately 1.7 fold (Luger et
al., 1997a; Makde et al., 2010; Richmond and Davey, 2003) (section 2.3). Indeed,
chromatin’s primary compaction has been described as “particles on a string” with the
advent of chromatin research (Olins and Olins, 1974), now known as 10 nm fiber
composed of NCPs that are interconnected by linker DNA (Maeshima et al., 2014).

Work by Roger Kornberg (Lorch et al., 1987) and others (Almer et al., 1986; Han and
Grunstein, 1988) established the nucleosome as general transcriptional repressor (Hughes
and Rando, 2014; Kornberg, 1999, 2007). This led to the paradigm that DNA access is
universally restricted in eukaryotes (Kornberg, 1999, 2007). So-called chromatin
remodelers have originally been identified as trans-acting factors with pleiotropic effects

on the transcriptional activation of a number of unrelated genes in yeast genetic screens



(Neigeborn and Carlson, 1984; Peterson and Herskowitz, 1992; Winston and Carlson,
1992); yeast denotes Saccharomyces cerevisiae, Sc, if not specified otherwise. This was
established for the switch/sucrose non-fermentable (SWI/SNF) complex, that influences
mating type switch genes and sucrose metabolism genes amongst others (Korber and
Barbaric, 2014; Neigeborn and Carlson, 1984; Peterson and Herskowitz, 1992; Winston
and Carlson, 1992). Likewise, the INO80 complex alters expression of, for example,
phospholipid biosynthesis genes and phosphate metabolism genes (Ebbert et al., 1999;
Korber and Barbaric, 2014). ATP-dependent chromatin remodelers in general play an
important role in moving nucleosomes on DNA, in repositioning them in the context of
nucleosomal arrays and in reconfiguring nucleosomes, in terms of histone variant

exchange or nucleosome disassembly (Clapier et al., 2017; Narlikar et al., 2013).

Bona fide transcriptionally repressed chromatin domains, designated as heterochromatin
nowadays, pose a yet more compact barrier to transcription (Allshire and Madhani, 2018).
Heterochromatin can be designated by specific nucleosome modifications (such as
epigenetic marks, that is for example posttranslational methylation of histone H3) or by
additional recruitment of silencing systems (such as the silent information regulator (SIR)
in yeast or Polycomb in metazoans) that together convey different degrees of chromatin
folding (Allshire and Madhani, 2018).

On a molecular level, hindrance by compaction is exemplified for the tetranucleosome
structure, a more compact organization of arrays of nucleosomes, in the presence or
absence of the linker histone H1 (Schalch et al., 2005; Song et al., 2014). Still, dynamic
exchange of the tetranucleosome stacking register observed on a single-molecule level in

vitro might favor accessibility for regulatory factors to some extent (Kilic et al., 2018).

The assumption that further DNA compaction requires chromatin fibers with a diameter
of around 30 nm is challenged nowadays (Fussner et al., 2011; Krzemien et al., 2017;
Maeshima et al., 2014; Travers, 2014) although motivated by early experimental evidence
that put forward a periodic chromatin fold beyond the 10 nm fiber (Finch and Klug, 1976;
McGhee and Felsenfeld, 1980; Woodcock et al., 1984). Rather, large-scale chromatin
interactions within the whole nucleus form regions of chromatin that are found in close
proximity in 3D (topologically associated domains, TADs), as identified by various
chromosome conformation capture methods (Gonzalez-Sandoval and Gasser, 2016;
Maeshima et al., 2014) in metazoan interphase cells (Lieberman-Aiden et al., 2009; Nora
et al., 2012; Rao et al., 2014; Sexton et al., 2012) and recently also in yeast (Eser et al.,
2017). Many TADs have been associated with both actively transcribed genes and early



replication timing or, in contrast, silent genes and late replication timing (Gonzalez-
Sandoval and Gasser, 2016; Maeshima et al., 2014; Nora et al., 2013).

Another layer of control for the initiation of transcription in eukaryotes directly acts on
the transcription machinery, that is the recruitment of a set of general transcription factors
that associate with RNA polymerases as well as the integration of regulatory cues
encoded by enhancer elements (Kornberg, 1999, 2007).

2.1.2 The regulatory impact of genome organization

Genome organization differs greatly in bacteria, archaea and eukaryotes. The circular
bacterial genome forms a supercoiled nucleoid that is further topologically constrained by
nucleoid-associated proteins (Dame, 2005; Travers and Muskhelishvili, 2005, 2007).
Bacterial genes are generally poised for transcription (Dame, 2005). Archaea are
prokaryotes, still their circular genome features some characteristics of eukaryotic
genome organization (Reeve, 2003). Most archaea have simple histones that share their
histone fold domain with their eukaryotic homologues and are involved in the regulation
of gene expression, likely due to organizing DNA similar to canonical eukaryotic
nucleosomes (with the notable difference that a variable number of archaeal histone
dimers oligomerize to scaffold DNA) (Henikoff and Smith, 2015; Mattiroli et al., 2017).
Considering transcription, the archaeal transcription machinery is mostly homologue to
its eukaryotic counterpart (Gehring et al., 2016). Its regulation is however simpler, as for
example transcription initiation does not rely on a general transcription factor that
consumes ATP for DNA unwinding (Nagy et al., 2015).

Taken together, gene regulation in eukaryotes has the highest level of complexity within
the three domains of life and reaches beyond the regulatory mechanisms conferred by the
transcription machinery per se. The trade off between DNA compaction and DNA
accessibility is balanced by a sophisticated network of processes. The degree of
compaction of nucleosomal arrays and the position of nucleosomes substantially restrict

all DNA-templated cellular processes in eukaryotes.

2.2 Chromatin remodelers as organizers of eukaryotic genes

Genome wide maps for nucleosomes that represent the nucleosome positions and
occupancies of cell populations with reference to a genomic locus such as the

transcriptional start site (TSS) revealed that genic nucleosomes mostly reside at distinct



positions (Jiang and Pugh, 2009b; Lai and Pugh, 2017). In particular, a distinct
nucleosome spacing and pattern is found at the vicinity of TSSs and at the nearby part of
gene bodies in yeast (Jansen and Verstrepen, 2011; Mavrich et al., 2008; Yuan et al.,
2005) and in higher eukaryotes (Hughes and Rando, 2014; Jiang and Pugh, 2009b) in

Vvivo.

In yeast, a characteristic nucleosome free region (NFR), bounded by a
well-positioned -1 and +1 nucleosome, forms upstream of the nucleosome array at the
beginning of gene bodies and the +1 nucleosome partially occludes the TSS (Albert et al.,
2007; Jansen and Verstrepen, 2011; Jiang and Pugh, 2009a; Yuan et al., 2005). Likewise,
histone variants or histone modifications have been associated with distinct regions of
transcribed genes (Jiang and Pugh, 2009b; Liu et al., 2005; Narlikar et al., 2013); a
prominent example is the enrichment of histone variant H2A.Z at -1 and +1 nucleosomes
(Albert et al., 2007; Raisner et al., 2005).

Chromatin remodelers are major players organizing nucleosomes across eukaryotic genes
(Lai and Pugh, 2017). Their universal role in nucleosome array formation was
demonstrated in two seminal studies, establishing that in vitro reconstituted yeast
chromatin reflects the in vivo nucleosome pattern only after addition of cellular factors
and ATP, on the level of a single gene (Korber and Horz, 2004) as well as in a
genome-wide assessment (Hughes and Rando, 2014; Zhang et al., 2011). Still, DNA
sequence can favor or disfavor the bending constraints imposed by nucleosomes (Hughes
and Rando, 2014; Lai and Pugh, 2017; Segal et al., 2006; Segal and Widom, 2009) and
also general regulatory factors such as Rebl or Abfl in yeast or CTCF in mammals
influence the position of nucleosomes (Hughes and Rando, 2014; Krietenstein et al.,
2016; Lai and Pugh, 2017; Wiechens et al., 2016).

2.2.1 Phylogenetic classification of chromatin remodelers

Chromatin remodelers share a Swi2/Snf2-type ATPase that belongs to the superfamily 2
(SF2) of ‘helicase and NTP driven nucleic acid translocase’ (Bartholomew, 2014; Flaus et
al., 2006; Hopfner et al., 2012; Singleton et al., 2007). The ATPase features a catalytic
domain, composed of two RecA-like domains (ATPase lobe 1 and ATPase lobe 2), and
subfamily-specific additional motifs and/or domains (Bartholomew, 2014; Clapier et al.,
2017; Hopfner et al., 2012) and is also referred to as ‘main ATPase’ in this work. The
CHD subfamily (chromodomain helicase DNA binding protein 1, Chdl, in yeast) or
ISWI subfamily (imitation switch, ISW1la, ISW1b and ISW2 in yeast) of chromatin



remodelers consist of the main ATPase, or of the main ATPase and only few accessory
subunits, respectively (Clapier and Cairns, 2009; Clapier et al., 2017). In contrast,
chromatin remodelers that belong to the SWI/SNF subfamily (SWI/SNF and remodels the
structure of chromatin, RSC, in yeast) or to the INO80 subfamily (INO80 and SWRI1 in
yeast) are large multisubunit molecular machines (Clapier and Cairns, 2009; Clapier et
al., 2017; Flaus et al., 2006).

2.2.2 Functions of INO80 and of other chromatin remodelers

Different chromatin remodelers have specific functions, albeit partially redundant
(Krietenstein et al., 2016). RSC (SWI/SNF subfamily) and INO80 have key functions in
promoter architecture, but only INOSO is able to properly establish +1 nucleosome
positioning in genome-wide in vitro assays de novo in the absence of other factors
(Krietenstein et al., 2016). In turn, RSC establishes the NFR with physiological width in
vitro (Krietenstein et al., 2016). Such remodeler specializations relate back to the ability
of INOS8O to evenly space tri-nucleosome substrates in vitro (Udugama et al., 2011), in
contrast to RSC that both slides and disassembles/ejects nucleosomes (Clapier et al.,
2016; Lorch et al., 2006). ISWI subfamily members and Chdl, however, are crucial for
the formation of regularly spaced nucleosome arrays in genome wide studies
(Gkikopoulos et al., 2011; Krietenstein et al., 2016; Lieleg et al., 2015; Ocampo et al.,
2016). The Chdl chromatin remodeler contributes to nucleosome stability and/or
reassembly in the wake of transcription, likely in the presence of histone chaperones (Lee
et al.,, 2012; Simic et al., 2003; Torigoe et al., 2013). Of note, bona fide histone
chaperones assure proper nucleosome formation during DNA replication (Akey and
Luger, 2003; Hammond et al., 2017).

The previously described periodic nucleosome arrangement at the beginning of genic
regions was verified across species, exploiting technologic advances in high-throughput
genomics (Hughes and Rando, 2014; Jiang and Pugh, 2009b). Chromatin remodelers that
are conserved from fungi to mammals (Flaus et al., 2006) have a key role in establishing

and maintaining this nucleosome organization (Figure 1).
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Figure 1. Impact of chromatin remodelers on the organization of nucleosomes in eukaryotes.

(left) Simplified scheme of a eukaryotic cell with its nucleus that contains chromatin. Chromatin forms TADs
with different properties (see text) illustrated by the red and green shadings. (right) Simplified scheme of a
regular nucleosome pattern at the 5’-end of a eukaryotic gene, exemplified here for yeast, with nucleosomes that
are well positioned across genes in a population of yeast cells (solid grey balls), or less well positioned (shaded
grey balls). The four chromatin remodeler subfamilies that contribute to nucleosome organization are indicated.
For details see text. The representation is motivated by concepts outlined in Gonzalez-Sandoval and Gasser
(2016), Krietenstein et al. (2016), Clapier et al. (2017) and in Jansen and Verstrepen (2011).

2.2.3 Implication of the INO80 subfamily in cellular functions

The SWRI1 complex (INO8SO subfamily) is a histone variant exchange factor that
promotes the incorporation of histone variant H2A.Z (Hong et al., 2014; Lin et al., 2017;
Luk et al., 2010; Ranjan et al., 2015). It is currently under debate whether the INO8O
complex catalyzes the reverse reaction, which is removing H2A.Z/H2B from
nucleosomes while introducing H2A/H2B (Brahma et al., 2017; Wang et al., 2016;
Watanabe and Peterson, 2016; Watanabe et al., 2013). INO80’s contribution to H2A.Z
removal at yeast promoters in vivo might be marginal, as in this case transcription
initiation is sufficient for H2A.Z turnover (Tramantano et al., 2016). In metazoans, the
histone chaperone YL1 is an integral part of SWRI1-homologues that assist H2A.Z
incorporation (Latrick et al., 2016; Liang et al., 2016) and the H2A.Z specific histone
chaperone ANP32E has a dominant role in H2A.Z eviction and redistribution in
metazoans (Mao et al., 2014; Obri et al., 2014). The general impact of INO80 on H2A.Z
turnover in vivo therefore remains elusive, given the described redundant pathways. Still,
INOS8O clearly has functional significance in removing H2A.Z as prearrangements for
DNA repair and homologous recombination, both in yeast and human cells (Alatwi and
Downs, 2015; Lademann et al., 2017).

INOBSO has been associated to DNA double-strand (ds)-break repair in yeast because it is
enriched in the vicinity of ds-breaks (Morrison et al., 2004; van Attikum et al., 2004).



INOS8O localizes to the same genomic regions as phosphorylated H2A (which marks
ds-breaks and signals DNA damage) (Morrison et al., 2004; van Attikum et al., 2004).

INOSO has also been implicated in assisting DNA replication in yeast and human cells, in
particular with respect to the recovery of halted replication forks (Papamichos-Chronakis
and Peterson, 2008; Shimada et al., 2008; Vassileva et al., 2014). One possibility for
hindered DNA replication, ultimately leading to cell-cycle checkpoint activation, is the
interference of the transcription and the replication machinery, on the same DNA
molecule (Poli et al., 2017; Poli et al., 2016). The observation that INO80 contributes to
efficient release of ultimately stalled RNA polymerase II (RNAPII) from chromatin
(Lafon et al., 2015) is therefore an intriguing idea of how INO8O could be involved in
DNA replication recovery in vivo (Lafon et al., 2015; Poli et al., 2017; Poli et al., 2016).

Beyond its roles in DNA replication and repair, INO80 has originally been identified as
transcriptional co-regulator in yeast (Ebbert et al., 1999; Shen et al., 2000) (section 2.1.1).
As such, INOSO has both activating as well as repressing impact on gene expression and
is involved in the suppression of non-coding transcripts (Alcid and Tsukiyama, 2014;
Conaway and Conaway, 2009; Ebbert et al., 1999; Klopf et al., 2017; Poli et al., 2017;
van Attikum et al., 2004). Intriguingly, most +1 nucleosomes in a population of yeast
cells recruit INO80 (Yen et al., 2013). INO8O is the only known chromatin remodeler
that, as such, is sufficient to actively organize gene promoter regions in vitro (section
2.2.2) (Krietenstein et al., 2016). These observations reflect INO80’s ability to influence
transcription, in all likelihood by means of nucleosome remodeling (Krietenstein et al.,
2016; Yen et al., 2013).

2.3 The nucleosome core particle as packing unit

High-resolution structures of the nucleosome revealed the symmetric arrangement of
histones and the periodic arrangement of DNA around the octamer core (Davey et al.,
2002; Luger et al., 1997a) (section 2.1.1). Briefly, DNA-protein contacts stabilize the
DNA bent at each minor groove that faces the octamer, denoted superhelical locations
(SHLs) 0.5, 1.5, 2.5 (contacts with the H3/4 tetramer), SHLs 3.5, 4.5, 5.5 (contacts with
the H2A/B dimers) and SHL 6.5 (contacts with H3) (Bowman, 2010; Davey et al., 2002;
Luger et al., 1997a; McGinty and Tan, 2015); unless specified further, SHLs denoted in
this work refer to any side of the nucleosome. In this nomenclature, SHLO denotes the
base pair that aligns with the nucleosome dyad (Bowman, 2010; Davey et al., 2002;
Luger et al., 1997a; McGinty and Tan, 2015). Minor grooves pointing away from the



octamer are located at integer SHLs and are positioned ideally to accommodate a
chromatin remodeler, as Swi2/Snf2-type ATPases are assumed to track along the DNA
minor groove (Diirr et al., 2005; Hopfner et al., 2012; Hopfner and Michaelis, 2007).

Histone proteins are well conserved among eukaryotes and crystal structures of
nucleosomes composed of yeast, fly, frog, mouse or human histones overall do not depart
from the basic scheme described above (Clapier et al., 2008; Luger et al., 1997a;
McGinty and Tan, 2015; Tsunaka et al., 2005; Ueda et al., 2017; White et al., 2001).
However, DNA stretching that compensates one base pair less, for example around SHL2
or around SHL5 on one or on both sides of the nucleosome, has been described for
nucleosome structures in the context of different DNA sequences, indicating that
145-147 bp wrap the octamer core (Chua et al., 2012; Davey et al., 2002; Luger et al.,
1997a; Makde et al., 2010; McGinty and Tan, 2015; Richmond and Davey, 2003; Tan
and Davey, 2011; Tsunaka et al., 2005; Vasudevan et al., 2010).

2.3.1 Modes of nucleosome core particle dynamics

Due to their key regulating functions in vivo, nucleosomes are not expected to be static
building blocks. Indeed, it was demonstrated that transcription factors could bind to a
primarily wrapped part of DNA, which was attributed to inherent thermally driven
conformational changes of nucleosomes that allow for DNA access (Anderson and
Widom, 2000; Li et al., 2005; Li and Widom, 2004). Later, smFRET studies confirmed
partial DNA unwrapping near the entry or exit site termed DNA breathing (Buning and
van Noort, 2010; Koopmans et al., 2007; Koopmans et al., 2009). Such assays also
revealed reversible, partial H2A/B dimer splitting off the H3/4 tetramer (Bohm et al.,
2011) (section 2.4.3) and DNA gaping between both DNA gyres (one DNA gyre being
defined as the DNA between either DNA entry/exit site and the dyad, respectively) (Ngo
and Ha, 2015) as alternative modes of the intrinsic nucleosome dynamics (Fierz, 2016;
Ordu et al., 2016). The compilation of the studies described below consolidates the
nucleosome as dynamic packing unit, in particular with respect to thermal fluctuations of

the DNA at the nucleosome entry or exit sites.
2.3.2 Nucleosome modifications associated with altered nucleosome plasticity

Many physiological relevant substrates show altered nucleosome stability. This suggests
that the plasticity of the nucleosome is itself an important aspect to influence DNA
accessibility. In that respect, smnFRET assays that probe DNA release (e.g. at elevated salt

concentrations, ultimately resulting in nucleosome disassembly) (Bonisch et al., 2012; Di
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Cerbo et al., 2014; Gansen et al., 2009a; Gansen et al., 2009b; Neumann et al., 2009)
and/or DNA conformational changes (Kim et al., 2015; Lee et al., 2011; Neumann et al.,
2009) revealed that specific histone tail acetylation (Lee et al., 2011), specific acetylation
of the compact histone fold (Di Cerbo et al., 2014; Kim et al., 2015; Neumann et al.,
2009), unspecific stochastic histone acetylation (Gansen et al., 2009a) or incorporation of
histone variants (Bonisch et al., 2012) either decrease nucleosome stability or increase the

conformational heterogeneity with respect to nucleosomal DNA.

In particular, force spectroscopy experiments unambiguously related DNA unpeeling to
nucleosome destabilization (Hall et al., 2009; Mihardja et al., 2006). For example, the
DNA wrap that forms contacts with the H2A/B dimers represents a region of strong
protein-DNA interactions, while such interactions are stronger close to the dyad, but very
weak at the DNA entry/exit site (Hall et al., 2009; Killian et al., 2012). Further, the
energy barrier that kinetically traps the outer DNA wrap (DNA that contacts the entry/exit
sites and histones H2A/B) is on the order of thermal energy (Mihardja et al., 2006), as
expected from the equilibrium accessibility assessments of nucleosomal DNA described
above (Anderson and Widom, 2000; Li et al., 2005; Li and Widom, 2004).

A central hub that mediates the versatility of nucleosomes are the histone tails that extend
the histone fold domains in eukaryotes (located at the N-terminus of all four core histones
and additionally at the C-terminus of H2A) and protrude from the compact NCP with a
contour length of up to ca. 10 nm (Davey et al., 2002; Iwasaki et al., 2013; Luger et al.,
1997a; Luger et al., 1997b) (Figure 2). Multiple combinations of post-translational
modifications on histone tails, introduced by specialized chromatin modifying enzymes,
characterize regions of chromatin and prime them for specific ‘reader’ enzymes (histone
code theory) (Jenuwein and Allis, 2001; Strahl and Allis, 2000). Still, histone tails per se
sustain nucleosome stability, in particular histone tails H3 and H2B (Ferreira et al.,
2007b; Iwasaki et al., 2013). Histone tail deletion considerably facilitates DNA
unwrapping of the outer DNA wrap as inferred from single-molecule force spectroscopy
(Bintu et al., 2012; Brower-Toland et al., 2005). This is in agreement with decreased
DNA coordination at the DNA entry/exit sites of nucleosomes in the absence of histone
tail H3 (Ferreira et al., 2007b).

2.3.3 Impact of a strong positioning sequence on nucleosome flexibility

Differential nucleosome stability was also observed for histone octamers derived from

different species and for varying DNA positioning sequences (Gansen et al., 2009a; Téth
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et al., 2013). The best-studied nucleosome positioning sequence (Figure 2) is the Widom
601-sequence (601-seq) that has been generated by systematic evolution of ligands by
exponential enrichment (SELEX, similar to Irvine et al. (1991)) (Lowary and Widom,
1998). For the canonical non-palindromic 601-seq, the gyre containing 10 bp separated
TA-steps across the H3/4 surface is energetically more stable than the other side of the
nucleosome (Chua et al., 2012; McGinty and Tan, 2015) and also favors hexasome
formation (formation of a nucleosome-subcomplex that lacks one H2A/B dimer) with the
remaining dimer at this nucleosome side (Levendosky et al., 2016). Interestingly, DNA
unwrapping of nucleosomes (outer DNA wrap of one gyre only) in the presence of forces
in the pico-Newton range is clearly favored at the opposite gyre (Ngo et al., 2015). An
elegant combination of force spectroscopy and smFRET applied to single nucleosomes
revealed this asymmetric unwrapping behavior (Ngo et al., 2015). As further derived
from cryo-electron microscopy (cryoEM) single particle class averages, this effect has
been attributed to subtle conformational changes that are transmitted via the histone
octamer core and cause H3-DNA contacts to be tightened on one gyre, when DNA
coordination by H3 is partly released around SHL6.5 from the opposite gyre (Bilokapic et
al., 2018).

7N66 Q
1sob

DNA H3 tail (N)
dyad H4 tail (N) H2B tail (N)

H3/4 tetramer
flanking H3/4 tetramer

H2A/B contacts DNA

Figure 2. Schematic representation of nucleosomes with flanking DNA and histone tails.

(a) Histone octamer position on a 220 bp fragment of the 601-seq used in the present study. The histones form
distinct contacts to the DNA and a 7 bp exit side linker and a 66 bp entry side linker protrude from the NCP.
The exact DNA sequence is summarized in Figure 12. The underlying concepts have been described by Lowary
and Widom (1998), Vasudevan et al. (2010) and McGinty and Tan (2015). (b) Schematic overview of the histone
tail extensions of the NCP. N-terminal tails of H2B, H3 and H4 are long (=20 residues) and H2A N- and
C-terminal tails are shorter (> 10 residues). For clarity, entry and exit side flanking DNA (brown) are included
in the left depiction, the NCP DNA is depicted in black. Nucleosome structures that motivated this
representation have been described in Davey et al. (2002), Iwasaki et al. (2013), Vasudevan et al. (2010) and
Luger et al. (1997a).
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2.4 Models for nucleosome remodeling

Chromatin remodelers are functionally diverse (section 2.2.2) but their Swi2/Snf2-type
ATPases might share a common mechanism that guides DNA translocation across the
octamer surface (Clapier et al., 2017). Nucleosome remodeling in all likelihood relates
back to ATP-dependent translocation of DNA that involves a ratcheting movement of the
two lobes of the ATPase domain, when the remodeling enzyme resides at a fixed position
relative to the octamer core (Bartholomew, 2014; Bowman, 2010; Clapier et al., 2017;
Hopfner and Michaelis, 2007; Mueller-Planitz et al., 2013a; Wigley and Bowman, 2017).
Recent structural evidence of substrate-bound remodelers outlined that the
nucleosome-bound ATPase of the yeast SWI/SNF complex (Snf2), the
nucleosome-bound single-subunit yeast Chdl remodeler and the nucleosome-bound
minimal functional INO80 complex composed of 11 subunits (INO80“™**?, here from
Chaetomium thermophilum, Ct) pump DNA at SHL2, proximal (Liu et al., 2017) or distal
(Farnung et al., 2017; Sundaramoorthy et al., bioRxiv: 10.1101/290874; Sundaramoorthy
et al., 2017) to the nucleosome flanking DNA, or at SHL6 near the DNA entry site of the
nucleosome (Eustermann et al., 2018), respectively. Assuming DNA minor groove
tracking (Dtrr et al., 2005; Hopfner et al., 2012; Hopfner and Michaelis, 2007),
chromatin remodelers potentially both translocate and transiently twist DNA (Clapier et
al., 2017). Still, major variations between remodeler subfamilies could occur, given their
different modes of engaging the nucleosome with respect to the translocation site on
DNA and with respect to the complementary interactions that anchor the ATPase on the
nucleosome (Ayala et al., 2018; Eustermann et al., 2018; Farnung et al., 2017; Liu et al.,
2017; Sundaramoorthy et al., bioRxiv: 10.1101/290874; Sundaramoorthy et al., 2017)
(section 2.5.2).

Evidence for DNA translocation by remodelers from the CHD, ISWI, SWI/SNF and
INO8O subfamily was first derived from bulk in vitro investigations that make use of
nucleosomes wrapped by DNA with a single gap (Brahma et al., 2017; McKnight et al.,
2011; Ranjan et al., 2015; Saha et al., 2005; Schwanbeck et al., 2004; Zofall et al., 2006).
Those substrates interrupt translocation and in agreement with complementary
crosslinking studies locate the site of translocation to an internal nucleosome site (around
SHL2) for the ISWI remodeler subfamily (Dechassa et al., 2012; Schwanbeck et al.,
2004; Zofall et al., 2006), for Chdl (McKnight et al., 2011) and for the SWI/SNF
remodeler subfamily (Dechassa et al., 2012; Saha et al., 2005; Zofall et al., 2006). For

INOS8O, elegant crosslinking, footprinting and remodeling assays with nucleosomes
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revealed for the first time that the ATPase interacts with DNA close to SHL6 near the
DNA entry site (Brahma et al., 2017); still the ATPase of the INO80-subfamily member
SWRI1 requires interaction with DNA around SHL2 for histone variant exchange (Ranjan
et al., 2015).

Some remodelers tolerate single DNA nicks in the nucleosomal DNA that prevent
potential twist accumulation and/or twist diffusion (Léngst and Becker, 2001; Saha et al.,
2005; Zofall et al., 2006), especially if the nick is not introduced in the vicinity of the
translocation site initially (Brahma et al., 2017; Zofall et al., 2006). This phenomenon has
been described in the context of INO80 and of an ISWI subfamily homologue (Brahma et
al., 2017; Zofall et al., 2006). In case of INOSO, torsional strain might therefore be
required for initiation of remodeling, but probably twist is only marginally contributing to
continued nucleosome sliding (that is, when a distant DNA nick is being moved to the

translocation site during remodeling without major interferences) (Brahma et al., 2017).
2.4.1 Evidence for incremental sub-steps by chromatin remodelers

Swi2/Snf2-type ATPase mediated incremental movement of DNA with a step-size of ca.
1 bp has been inferred from early structure guided models (Hopfner and Michaelis, 2007)
that hold true given recent structural insights into the nucleosome bound Chdl (in an
activated ground state, induced by a nucleotide analogue) and the nucleosome bound Snf2
(Farnung et al., 2017; Liu et al., 2017; Wigley and Bowman, 2017) and in particular agree
with DNA translocation snapshots and the DNA translocation behavior of a related SF2
enzyme (Gu and Rice, 2010; Myong et al., 2007; Wigley and Bowman, 2017). Indeed, for
chromatin remodelers ISWI and RSC, 1 bp and 1-2 bp elementary steps, respectively,
have been identified on a single molecule level (Deindl et al., 2013; Harada et al., 2016;
Sirinakis et al., 2011). The elegant smFRET approach applied to this end probes the
conformational changes of surface-tethered nucleosomes with a donor-labeled octamer
and an acceptor labeled DNA moiety upon remodeling (Deindl et al., 2013; Harada et al.,
2016). When the exiting DNA carries the acceptor label, a stepwise increase in label
distance (decrease in FRET efficiency) is equivalent to remodeling; alternative relative
label positions have been used to increase mechanistic insights (Deindl et al., 2013;
Harada et al., 2016).

Any sequential histone-DNA contact release-recapture mechanism, that at the same time
stabilizes the histone octamer core, may enable a global shift of the DNA with respect to

the octamer core; still, models herein differ systematically but are not mutually exclusive
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(Bartholomew, 2014; Bowman, 2010; Clapier et al., 2017; Mueller-Planitz et al., 2013a;
Narlikar et al., 2013). The contributions of (i) DNA twisting, (ii)) DNA looping and

(ii1) octamer deformation are outlined in the following.
2.4.2 Relevance of DNA twisting by chromatin remodelers

Intact nucleosomes that feature DNA stretching (section 2.3) accommodate slightly fewer
bp/turn in some DNA segment, compared to nucleosomes that have 1bp more
(Richmond and Davey, 2003; Tan and Davey, 2011). This motivated the idea of stable
twist-defect intermediates in nucleosome remodeling (Richmond and Davey, 2003). If
such a twist-defect is propagated to the next DNA segment and ultimately beyond the
outmost histone-DNA contact, net DNA translocation occurs (Bartholomew, 2014;
Bowman, 2010; Clapier et al., 2017; Mueller-Planitz et al., 2013a; Narlikar et al., 2013).

The recent Snf2 and Chdl structures suggest movement of DNA from SHL2 in direction
of the nucleosome dyad (SHLO) (Farnung et al., 2017; Liu et al., 2017). This implies
transient DNA gain (and possibly undertwisting) ahead of the translocation site (SHL2) in
direction of the nucleosome dyad. Interestingly nucleosome-based smFRET experiments
revealed that active remodeling by ISWI complexes introduces a chronic DNA deficit of
4-7 bp between the nucleosome entry site and the ATPase translocation site (Deindl et al.,
2013). This model implies DNA stretching (and possibly overtwisting) between the
translocation site and the nucleosome entry site and DNA compression (and possibly
undertwisting) ahead of the ATPase in direction of the dyad. As a rational, including the
possibility of DNA bulge formation in the vicinity of the translocation site (section 2.4.4),
this has been proposed earlier as ‘wave-ratchet-wave’ model for the main ATPase of RSC
(SWI/SNF subfamily) (Saha et al., 2005) and is in agreement with Snf2 and Chdl
structural models (Farnung et al., 2017; Liu et al., 2017). With respect to the nucleosome
remodeling mechanism, the nucleosome-based smFRET data of ISWI remodeling support
transient DNA deformation (Deindl et al., 2013) and point out the possibility of octamer
rearrangements that could accommodate DNA strain (Clapier et al., 2017; Deindl et al.,
2013; Mueller-Planitz et al., 2013a).

2.4.3 Relevance of octamer plasticity for chromatin remodelers

While nucleosome crystal structures did not indicate histone octamer plasticity, this
mechanistic option for chromatin remodeling receives growing attention owing to studies
based on smFRET (Bohm et al., 2011), nuclear magnetic resonance (NMR) (Sinha et al.,
2017) and single-particle cryoEM (Bilokapic et al., 2018) that do not impose structural

15



rigidity. In case of nucleosome dimer splitting, DNA opening actually reflects a
reversible release of DNA-bound H2A/B dimers from the tetramer-dimer interface
(Bohm et al., 2011) (section 2.3.1). Likewise, the H3/4 tetramer might asymmetrically
rearrange within the octamer to respond to DNA unwrapping (Bilokapic et al., 2018)
(section 2.3.3). Importantly, NMR-data on nucleosomes in the presence of an ATPase of
the ISWI subfamily in an activated ground state (induced by a nucleotide analogue)
suggest alterations of the H3/4 interface (Sinha et al., 2017). Such H3/H4 interface
flexibility has been shown to be a prerequisite for efficient nucleosome remodeling by
different ISWI homologues and by RSC (but explicitly not for INO80 nucleosome
sliding) (Sinha et al., 2017). Given those insights, histone octamer conformational
adaptations certainly need to be considered for remodeling mechanisms (Clapier et al.,
2017; Mueller-Planitz et al., 2013a; Narlikar et al., 2013) but a concerted swiveling
reorientation of the entire octamer involving the breakage of many histone-DNA contacts

at a time (Bowman, 2010) seems unlikely.
2.4.4 Relevance of DNA looping by chromatin remodelers

Translocation-induced DNA loop formation can explain nucleosome remodeling
(Bartholomew, 2014; Bowman, 2010; Clapier et al., 2017; Mueller-Planitz et al., 2013a;
Narlikar et al., 2013). When linker DNA is enzymatically forced to shift onto the octamer
core, a loop or bulge, involving the transient breakage of some histone-DNA contacts,
could form (Bartholomew, 2014; Bowman, 2010; Clapier et al., 2017; Mueller-Planitz et
al., 2013a; Narlikar et al., 2013). Upon propagation of this loop or bulge through the
nucleosome, in this case maybe even without changing the rotational phasing of the DNA
per se, nucleosomes ultimately end up at a new position when the DNA loop is released
at the nucleosome exit site (Bartholomew, 2014; Bowman, 2010; Clapier et al., 2017;
Mueller-Planitz et al., 2013a; Narlikar et al., 2013). This model is attractive for the
multisubunit SWI/SNF subfamily remodelers, as inferred from biochemical data
(Kassabov et al., 2003; Liu et al., 2011) and from single-molecule force spectroscopy
experiments that investigate either nucleosomes engaged by SWI/SNF subfamily
remodelers (Zhang et al., 2006) or DNA engaged by RSC or a subcomplex thereof
(Clapier et al., 2016; Lia et al., 2006; Sirinakis et al., 2011). However, only small DNA
loops of 1-2 bp are supported by smFRET data on RSC mediated nucleosome sliding
(Harada et al., 2016). Interestingly, looping DNA off the octamer core is now put forward
to explain the mechanism of INO80™™*¢ due to recent structural insights (Ayala et al.,
2018; Eustermann et al., 2018) (section 2.5.2).
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Taken together, the ATP-dependent DNA distortions introduced by chromatin remodelers
may twist and/or loop DNA on the octamer surface, which might also entail octamer
deformations to some extent (Bartholomew, 2014; Bowman, 2010; Clapier et al., 2017;
Mueller-Planitz et al., 2013a; Narlikar et al., 2013).

2.5 The modular architecture of the INO80 complex

2.5.1 Conservation of INO80 submodules

The INO80 complex has been described for Saccharomyces cerevisiae (Sc),
Schizosaccharomyces pombe (Sp), Homo sapiens (Hs) and Drosophila melanogaster
(Dm) (Chen et al., 2011; Conaway and Conaway, 2009; Ebbert et al., 1999; Hogan et al.,
2010; Jin et al., 2005; Klymenko et al., 2006; Shen et al., 2000). Its core is composed of a
set of highly conserved subunits, but the INO80 complex features also species-specific
subunits (Conaway and Conaway, 2009; Hogan et al., 2010). The modular organization
of subunits by main ATPase binding regions is similar for HsINO80 and ScINOS80 as
inferred from biochemical, crosslinking and structural analysis (Chen et al., 2011; Chen et
al., 2013; Tosi et al., 2013; Watanabe et al., 2015). Here, the central ATPase is not only
the catalytic core, but also has a scaffolding role to arrange the submodules of the
complex (Chen et al., 2011; Chen et al., 2013; Schubert et al., 2013; Szerlong et al., 2008;
Tosi et al., 2013; Watanabe et al., 2015).

Most actin-related proteins (Arps) and actin associate with the helicase SANT associated
domain (HSA-domain) of the main ATPase (ARP-module, Actin, Arp4, ArpS,
complemented by TATA-binding protein-associated factor 14, Taf14 and the INO eighty
subunit 4, Ies4, in S. cerevisiae) (Chen et al., 2011; Gerhold et al., 2012; Shen et al.,
2003; Szerlong et al., 2008; Tosi et al., 2013). The RuvB-like 1/2 (Rvb1/2) hexamer
associates with the INO80-subfamily specific insertion of the main ATPase and further
bridges Arp5 and les6 with the main ATPase (Chen et al., 2011; Chen et al., 2013;
Jonsson et al., 2004; Tosi et al., 2013; Zhou et al., 2017). Species-specific subunits
associate with the N-terminus of the main ATPase (species-specific submodule, or
NHP10-module with Iesl, Ies3, Ies5 and non-histone protein 10, Nhp10, in S. cerevisiae)
(Chen et al., 2011; Tosi et al., 2013; Zhou et al., 2018). Deletion of the NHP10-module,
resulting in the loss of subunits Iesl, Ies3, Ies5 and NhplO does not impair in vitro
nucleosome sliding per se (Tosi et al., 2013; Zhou et al., 2018). However, this submodule
is required for nucleosome binding (Tosi et al., 2013) and is crucial to tune INO80’s

activity in response to flanking DNA length (section 2.6.3) (Zhou et al., 2018). In that
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respect, the yeast species-specific NHP10-module confers the requirement for long
overhang DNA (60 bp or more) for efficient INO80 nucleosome sliding (Udugama et al.,
2011; Zhou et al., 2018). Potentially the NHP10-module therefore has in vivo relevance
because INO80 has been mapped near the +1 nucleosome and the NFR, which has
approximately the same DNA length (Yen et al., 2012; Yen et al., 2013). Furthermore,
efficient recruitment of INO80O to DNA ds-breaks depends on Nhpl0 (Morrison et al.,
2004).

2.5.2 Features of the conserved INO80 subcomplex

Recent cryo-EM structures provided insights into the conformations of INO80™™**® jn
the absence (Aramayo et al., 2018) or presence of the nucleosome (Ayala et al., 2018;
Eustermann et al., 2018), comprising the INO80 ATPase, les2, ArpS, les6, the
heterohexameric Rvb1/2 and Actin, Arp4, Arp8 in case of the HsINO80™"*! (Aramayo
et al.,, 2018; Ayala et al., 2018) and 11 different subunits in case of the fungal
CANO80“ ™™ (including additionally the S. cerevisiae homologues of Taf14 and Ies4)
(Eustermann et al., 2018). The INO80 core complex (comprising the Ino80 main ATPase,
Ies2, Arp5, Ies6 and the heterohexameric Rvb1/2, INO80) forms extensive contacts
with the DNA gyre proximal to the entry DNA (Ayala et al., 2018; Eustermann et al.,
2018). For CAINO80" additional contacts have been identified on the molecular level
between CfINO80™ and the octamer disk surface on the same nucleosome side as the
entry side DNA gyre, as well as between C/INO80°" and DNA and histones on the
opposite side of the nucleosome (Eustermann et al., 2018) (section 2.6.2). A key finding
is the docking of the ATPase onto nucleosomal DNA at SHL6 near the nucleosome entry
site (for CAINO80“™; SHL6-7 for HsINO80“ in an activated ground state, induced by a
nucleotide analogue) and the counter-grip by Arp5 on the same DNA gyre (Ayala et al.,
2018; Eustermann et al., 2018). In particular these interactions contributed by the Ino80
main ATPase and Arp5 with nucleosomal DNA point to a putative remodeling
mechanisms that relies on transient DNA looping off the octamer surface; this would then
disturb the contact sites of the H2A/B dimer with the DNA, on the DNA gyre proximal to
the entry DNA (Ayala et al., 2018; Eustermann et al., 2018). This mechanistic model is
also supported by earlier observations that the Arp5/les6 submodule is absolutely
required for productive nucleosome sliding (Ayala et al., 2018; Eustermann et al., 2018;
Shen et al., 2003; Tosi et al., 2013; Watanabe et al., 2015; Willhoft et al., 2016; Yao et
al., 2015).
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The three nucleosome interaction platforms (i) histone tails, (ii) DNA and (iii) the
octamer disc surfaces (McGinty and Tan, 2015) contribute to very different extents to the
anchoring of the main ATPase of chromatin remodelers, as exemplified when comparing
the nucleosome-bound ATPase of the yeast SWI/SNF complex (Snf2), the
nucleosome-bound single-subunit yeast Chdl remodeler, the HsINO80°™™*! and the
CINO80™™**d (Ayala et al., 2018; Eustermann et al., 2018; Farnung et al., 2017; Liu et
al., 2017; Sundaramoorthy et al., bioRxiv: 10.1101/290874; Sundaramoorthy et al.,
2017). Anchoring of any remodeler ATPase is a prerequisite for a presumably uniform
DNA ratcheting principle (section 2.4) (Clapier et al., 2017) and the multi-facetted
interaction of the CAINO80“™™*? complex with DNA and histones on both sides of the

nucleosome is unique in that respect (Eustermann et al., 2018).

Rvb1,2
NHP10-module

les2

Figure 3. Simplified schemes of the organization of INO80 modules by the Ino80 main ATPase and of the
interaction of INO80" with the NCP.

(a) The Ino80 main ATPase, the subunits Ies2, Ies6 and ArpS as well as the heterohexameric Rvbl,2, the
ARP-module (5 subunits) and the NHP10-module (4 subunits) form the ScINO80 complex, for details see text.
(b) INO80“" interactions with the NCP and the entry side DNA gyre. The ARP-module is not displayed and the
NHP10-module is missing. For details see text. The simplified representation of the INO80 topology in (a) has
been motivated by studies from Bao and Shen (2011), Tosi et al. (2013), Watanabe et al. (2015) and Aramayo et
al. (2018). The simplified representation of the INO80-nucleosome interaction in (b) has been motivated by
studies from Eustermann et al. (2018) and Ayala et al. (2018).

The Rvb1/2 heterohexamer stabilizes the relative orientation of the Arp5/les6 module and
the INO80 main ATPase upon nucleosome engagement (Ayala et al., 2018; Eustermann
et al., 2018). Interestingly, parts of the Ino80 main ATPase are engaged by the Rvb1/2 in
a chaperone-like manner, that is, the large INO80-subfamily specific main ATPase insert
is enclosed by the cavity in-between the oligonucleotide- and oligosaccharide binding
folds (OB-folds) of the Rvbl/2 hexamer (Aramayo et al., 2018; Ayala et al., 2018;
Eustermann et al., 2018). Rvb1/2 belong to the family of AAA" ATPases (ATPases
associated with a variety of cellular activities) and have been suggested to promote the
assembly of the multisubunit INO80O complex by taking charge of the INO80-subfamily
specific ATPase insert (Zhou et al., 2017).
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2.5.3 The ARP-module within the conserved INO80 subcomplex

Implications of the ARP-module in INO80 mediated nucleosome remodeling remain
enigmatic on the molecular level, since the ARP-module as part of the INO0c™ Ve
forms a bulky extension to the nucleosome-bound INO80°”* that does not qualify for high
resolution refinement in the described cryoEM derived structures (Ayala et al., 2018;

Eustermann et al., 2018).

Of note, also the INOS8O-subfamily member SWR1 and the SWI/SNF subfamily
complexes contain actin and/or Arps that are nucleated by a homologues HSA domain of
the respective main ATPase (Cao et al., 2016; Schubert et al., 2013; Szerlong et al.,
2008). The SWR1 ARP-module and the SWI/SNF ARP-module also share their overall
architecture on the molecular level (actin and one Arp or two Arps bound to the HSA
domain, respectively) (Cao et al., 2016; Schubert et al., 2013), suggesting a similar
ARP-module for INO8O (Bartholomew, 2013). Still the INO80O ARP-module features
actin and two Arps (Gerhold et al., 2012; Szerlong et al., 2008).

The ARP-module of the SWI/SNF subfamily remodeler RSC is required for efficient
nucleosome ejection and to a lesser extent for nucleosome sliding, likely because in the
presence of Arps, ATPase activity is coupled to translocation more efficiently than for the
isolated main ATPase (Clapier et al., 2016). Genetic evidence suggests that the
ARP-module directly affects the main ATPase of RSC and thereby regulates nucleosome
sliding and ejection (Clapier et al., 2016; Szerlong et al., 2008). The ARP-module’s
impact is functionally integrated by two distinct ATPase motifs, namely a small
N-terminal post-HSA domain and a subfamily-specific insertion of one ATPase lobe
(Clapier et al., 2017; Clapier et al., 2016; Szerlong et al., 2008). Still, a global large-scale
conformational rearrangement of the ARP-module may be a prerequisite for the
formation of a SWI/SNF conformation that engages the nucleosome in a remodeling

competent state (Zhang et al., 2018).

Given the importance of the ARP-module in SWI/SNF-subfamily remodelers, functional
implications of the INO80 ARP-module are likely. Indeed, the ARP-module contributes
to binding of DNA, nucleosomes and histones (Gerhold et al., 2012; Kapoor et al., 2013).
Its deletion impairs both, INO80 ATPase and sliding activity (Tosi et al., 2013; Watanabe
et al., 2015).
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2.6 Regulation of chromatin remodelers

In order to respond to specific environmental or substrate-associated cues, chromatin
remodelers that share homologues of the Swi2/Snf2-ATPase, have evolved auxiliary
domains (or elements) or auxiliary subunits (or modules of several subunits) that provide
means of regulation and contribute to their functionally distinct roles (Clapier et al.,
2017).

2.6.1 Nucleosome-remodeler crosstalk established for ISWI

With respect to regulation, the ISWI subfamily of remodelers has been studied
thoroughly. The ISWI subfamily ATPase elements AutoN and NegC inhibit both ATP
hydrolysis and coupling to productive translocation, respectively, in the resting state
(Clapier and Cairns, 2012; Clapier et al., 2017; Yan et al., 2016). Upon substrate
commitment, the histone H4 tail relieves autoinhibition of the ATPase by AutoN in an
allosteric manner (Racki et al., 2014), interacting with a binding interface located on the
surface of one of the two ATPase lobes (Ludwigsen et al., 2017; Yan et al., 2016).
Conversely, the ISWI C-terminal DNA-binding domain HAND-SANT-SLIDE (HSS)
senses nucleosome flanking DNA (Mueller-Planitz et al., 2013b) and influences
nucleosome sliding via the adjacent NegC element (Clapier and Cairns, 2012; Hwang et
al., 2014; Leonard and Narlikar, 2015). If HSS favorably engages with the nucleosome,
this transiently relieves the negative regulatory NegC interaction with the ATPase core
(Mueller-Planitz et al., 2013a; Yan et al., 2016). Nucleosome-based single-molecule
FRET studies of ISWI subfamily remodelers (introduced in sections 2.4.1 and 2.4.2)
convincingly demonstrated that the sensing of nucleosomal epitopes (H4 tail and
overhang DNA) by the ISWI homologue ATP-dependent chromatin-assembly factor
(ACF) occurs during regulatory pauses that stochastically interrupt active nucleosome
sliding (Hwang et al., 2014). Both inhibitory elements, AutoN and NegC, have been
shown to cooperate with the histone octamer acidic patch motif upon activation of an
ATPase homologue of the ISWI subfamily (Gamarra et al., 2018). The so-called acidic
patch is formed on either octamer disk surface by H2A/B and features negatively charged
residues that qualify as interaction hot-spot (McGinty and Tan, 2015). The importance of
the aforementioned regulatory pauses for ISWI mediated nucleosome sliding (Hwang et
al., 2014) has been underlined by a follow-up single-molecule FRET study that
introduces a weak nucleosome acidic patch mutant (Gamarra et al., 2018). In agreement

with the corresponding bulk data, this nucleosome mutant prolongs such regulatory pause
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phases of enzymatic nucleosome sliding and also reduces the distance the remodeler can

progress in phases of active translocation (Gamarra et al., 2018).

Mono-nucleosome centering by the ISWI homologue ACF likely involves monitoring of
nucleosome flanking DNA on both sides of the nucleosome by two remodelers bound to
the nucleosome (Blosser et al., 2009; Leonard and Narlikar, 2015; Racki et al., 2009).
ACF moves nucleosomes back and forth on DNA in a processive manner as inferred from
nucleosome-based smFRET experiments (Blosser et al., 2009). This is probably achieved
by two remodelers with opposing directionality (Blosser et al., 2009; Leonard and
Narlikar, 2015; Racki et al., 2009). Such a mechanism is supported by structural data on
the nucleosome-bound main ATPase of an ACF homologue that cooperatively associates
to both sides of the nucleosome (Racki et al., 2009). Nucleosome sliding by one ACF
protomer at a time might be gated by the nucleosome flanking DNA that allows for
favorable interactions with HSS und thus productive translocation by the remodeler’s
main ATPase (Leonard and Narlikar, 2015). In that way, both remodelers could take turns
in sliding and therefore center nucleosomes (Leonard and Narlikar, 2015; Racki et al.,
2009).

2.6.2 Generalization of key principles of the nucleosome-remodeler crosstalk

Motifs of the main ATPase of different remodelers that interact with the H4-tail form a
conserved binding patch for the ISWI-subfamily ATPase, for Chdl and for the SWI/SNF-
subfamily ATPase (Farnung et al., 2017; Liu et al., 2017; Yan et al., 2016). Still, the
H4-tail’s regulatory impacts differ, depending on the remodeler, and are further
diversified in the presence of site-specific histone tail modifications (Clapier and Cairns,
2012; Ferreira et al., 2007a; Hauk et al., 2010; Liu et al., 2017; Yan et al., 2016). Of note
and in contrast to Chdl and ISWI subfamily remodelers, histone tails negatively regulate
nucleosome sliding by the INO80 complex (Ayala et al., 2018; Clapier and Cairns, 2012;
Hauk et al., 2010; Udugama et al., 2011; Yan et al., 2016). Histone tail removal facilitates
INOS8O nucleosome sliding, an effect observed for histone H2A tail removal (Udugama et
al., 2011) (ScINOSO0) or H3 tail removal (Ayala et al., 2018) (HsINO80°™"*Y) and also
in the absence of all histone tails (ScINO80) (Udugama et al., 2011). The underlying
mechanism for increased ATPase and remodeling rates of ScINOS8O in the absence of

histone tails (Udugama et al., 2011) needs to be clarified.

A negative influence on remodeling has so far been observed for members of all

remodeler subfamilies when mutating the H2A/B acidic patch (Dann et al., 2017;
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Eustermann et al., 2018; Gamarra et al., 2018; Levendosky et al., 2016). Strikingly,
CANO80“ ™™ nucleosome sliding is completely abrogated upon octamer acidic patch
disruption (Eustermann et al., 2018). This observation has been explained by the
perturbation of important interactions of INO80 subunits Arp5 and les2 with the acidic
patch of the octamer disk surface on the same nucleosome side as the entry side DNA

gyre and with the acidic patch on the opposite nucleosome side, respectively (Eustermann
et al., 2018).

2.6.3 Comparison of nucleosome centering mechanisms of remodeler subfamilies

Mononucleosome substrates with DNA overhangs are centered on DNA by some
chromatin remodelers in vitro (Chdl, ISWla, ISW2, INO80) (McKnight et al., 2011;
Schwanbeck et al., 2004; Stockdale et al., 2006; Udugama et al., 2011), while other
remodelers move mono-nucleosomes towards the short DNA end (SWI/SNF, RSC,
ISW1b) (Kassabov et al., 2003; Liu et al., 2011; Stockdale et al., 2006). Strikingly, so far
two contrasting mechanisms for mono-nucleosome centering have been proposed based
on smFRET results that show bidirectional movement of a single nucleosome induced by
ACF or Chdl, respectively. While ACF probably acts as a dimer (Blosser et al., 2009;
Leonard and Narlikar, 2015; Racki et al., 2009) (section 2.6.1), Chdl probably works as a
monomeric remodeler (Nodelman et al., 2017; Qiu et al., 2017). Chdl may switch
between translocation sites (that is, the ATPase interacts in turn with different SHLs) for
bidirectional nucleosome sliding, without dissociating from the nucleosome (Qiu et al.,
2017). Two of the aforementioned studies rely on nucleosome-based smFRET
experiments and provide strong evidence for (i) two ACF remodelers per nucleosome
(using a third color for concomitant direct visualization of the labeled remodeler) (Blosser
et al., 2009) or (ii) one Chdl per nucleosome. Chdl was attached to the surface of the
microscope’s measurement chamber and binds labeled nucleosome; this reversed

tethering strategy assures investigation of one Chdl per nucleosome (Qiu et al., 2017).

Mono-nucleosome centering by INO80 has been investigated (Udugama et al., 2011;
Willhoft et al., 2017; Zhou et al., 2018) and may rely on yet another mechanism. Two
recent studies revealed that INO80 and INO80“™*™* respond to flanking DNA length
(Willhoft et al., 2017; Zhou et al., 2018), although different regulatory aspects apply. In
case of ScINO8O0, the species-specific NHP10-module conveys a switch-like response that
renders the remodeler almost invariant to nucleosomes with short flanking DNA but
highly processive if flanking DNA is long (section 2.5.1) (Zhou et al., 2018). Instead, in

case of HsINO80“™™ (which is lacking any species-specific submodule), an
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unprecedented dimer of remodeler complexes cooperates to move nucleosomes away
from either DNA end (Willhoft et al., 2017). Both, ScINO80 and HsINO80“™*** can
also redistribute centered mono-nucleosomes with long flanking DNA on both sides to
some extent (Willhoft et al., 2017; Zhou et al., 2018), indicating that the absolute length
of flanking DNA on either side independently guides INO80 (Willhoft et al., 2017). Still,
how DNA overhang length sensing is integrated by INO80 is not entirely clear.
Interestingly, tri-nucleosome spacing and in vitro nucleosome positioning has been
reported for the ScINO80 (Krietenstein et al., 2016; Udugama et al., 2011) but the
underlying mechanism remains enigmatic. Given that the architecture and topology of the
ScINO80-nucleosome complex (Tosi et al., 2013) and structures of the
CINOSO™*_nucleosome  complex (Eustermann et al, 2018) and the
HsINO80°™*™*!_nycleosome complex (Ayala et al., 2018) show a 1:1 stoichiometry,
both, a monomeric INO80 complex as well as a functional dimeric INO80 complex

(Willhoft et al., 2017) are conceivable for nucleosome sliding and positioning.

Taken together, the rearrangement of auxiliary domains or auxiliary subunits of
chromatin remodelers, mostly in response to specific substrate cues or upon substrate
commitment, as well as the efficacy of coupling enzymatic activity to DNA translocation,
both diversify the activity of chromatin remodelers (Clapier et al., 2017). With respect to
INOB8O, its modular architecture provides unique means of regulation (sections 2.5.1,
2.5.2 and 2.5.3). As outlined, only a limited number of studies is available for INOS0 that
address the functional integration of substrate-associated features, such as nucleosome
DNA overhang sensing with respect to nucleosome mobilization or the impact of histone

tails.
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3. Research aim

Significant insights into the mechanism of ISWI-subfamily chromatin remodelers and of
the chromatin remodelers RSC and Chdl have been obtained by single-molecule studies
that readout the conformational changes of the nucleosome substrate with FRET and
relate FRET efficiency changes back to regulated enzymatic activities (Deindl et al.,
2013; Gamarra et al., 2018; Harada et al., 2016; Hwang et al., 2014; Levendosky et al.,
2016; Sundaramoorthy et al., 2017; Treutlein, 2012). The overall goal of this thesis is to
develop an smFRET assay based on double-labeled nucleosomes to characterize the

multi-subunit chromatin remodeler INO8O from Saccharomyces cerevisiae.

The first aim of this thesis is to biochemically optimize the catalytic system composed of
the 19 subunit ScINO8O complex and the mononucleosome, contributing another
8 proteins and a DNA moiety. With respect to the nucleosome, this includes establishing
a reconstitution strategy that yields highly homogenous, labeled nucleosomes. With
respect to the ScINO80, an important aspect of this work is to validate its functionality,
that is, first, to test nucleosome repositioning (in particular since the purification
procedure operated in the group of Prof. Hopfner has been changed to a recombinant
expression system) and, second, to optimize the conditions for nucleosome repositioning.
A particularly relevant objective is to find appropriate storage conditions for the INO8O
complex. In summary, the detailed characterization and optimization of the

INO80-nucleosome interplay constitutes a crucial part of this study.

The second aim of this thesis constitutes the establishment of smFRET assays (based on
double-labeled nucleosomes) that overcome ensemble averaging and therefore infer
mechanistic properties of the INO80 complex. In the present thesis, two complementary
smFRET techniques are applied to labeled nucleosomes (in the presence or absence of
INOB8O0) that monitor either surface-tethered or freely diffusing nucleosomes, respectively.
In contrast, previous nucleosome-based smFRET studies of remodelers exclusively rely
on near-surface experiments (Deindl et al., 2013; Gamarra et al., 2018; Harada et al.,
2016; Hwang et al., 2014; Levendosky et al., 2016; Sundaramoorthy et al., 2017;
Treutlein, 2012). Therefore, major parts of this study aim to relate INO80’s interplay with
tethered nucleosomes (assayed by total internal reflection fluorescence microscopy,
TIRFM) to confocal spectroscopy measurements that monitor freely diffusing
nucleosomes or nucleosome*INOS0 complexes. TIRF microscopy allows observation of
a molecule for seconds or tens of seconds, while confocal spectroscopy interrogates a

molecule for milliseconds, and a central question is how to exploit both methods best.
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The third aim of this thesis is to gain insights into the mechanism of nucleosome
remodeling by INO80O with the help of a mutant nucleosome substrate. To this end,
nucleosomes that lack all histone tails are compared to wild-type nucleosomes in the
context of nucleosome recognition and repositioning. The developed biochemical
ensemble and smFRET procedures are applied to assay the INO80-nucleosome interplay.
This is a promising approach to better understand the function of the INO80 complex on
the molecular level, due to the known neat effects of histone tails on nucleosome stability
and DNA breathing behavior (Bintu et al., 2012; Brower-Toland et al., 2005; Ferreira et
al., 2007b; Iwasaki et al., 2013) and due to their known negative regulatory role in
conjunction with INO80 (Udugama et al., 2011). It is expected that histone tails directly
or indirectly affect any part of INO80’s chemo-mechanical cycle and the objective is to

find out more about their role in the context of the INO80-nucleosome interaction.
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4. Materials and Methods

All chemicals have been purchased from Merck (Darmstadt, DE or Sigma-Aldrich, now
Merck), Carl Roth (Karlsruhe, DE), VWR (Darmstadt, DE) or Thermo Fisher Scientific
(Waltham, US-MA or Invitrogen, Life Technologies, now Thermo Fisher Scientific)

unless stated otherwise. All buffers have been prepared from deionized or distilled water.

4.1 Molecular cloning and cell biology techniques

4.1.1 E. coli and S. cerevisiae strains

Escherichia coli (E. coli) strains were cultivated for plasmid DNA amplification (E. coli
XL1I-blue) or heterologous protein expression (E. coli BL21 DE3 or BL21 DE3 star) in
lysogeny broth (LB) medium, containing 0.5 % w/v NaCl, 1 % w/v tryptone,
0.5 % w/v yeast extract (both from Becton, Dickinson & Company), supplemented with
100 pg/ml ampicillin, at 37 °. For purification of endogenous proteins, S. cerevisiae
(INOS8O-Flag;)  was  cultured in medium  containing 2 % w/v peptone,
1 % w/v yeast extract (both from Becton, Dickinson & Company), 2 % w/v glucose,

50 pg/ml ampicillin (facultative), 10 pg/ml tetracycline (facultative), at 30 °.

E. coli and S. cerevisiae strains are summarized in Table 1. All media were autoclaved;
glucose solution was autoclaved separately and for culture plates 1-2 % w/v agar was
added. Bacterial and yeast cell cultures were grown in a shaker (Innova 44 incubator
shaker, New Brunswick Scientific, now Eppendorf, Hamburg, DE). INO80-Flag, yeast
cell cultures were occasionally grown in a fermenter similar to an established protocol
(Tosi, 2013) together with Stefan Benkert, Gene Center and Department of Biochemistry,
LMU Munich; the optical density (OD) of yeast cells at 600 nm did not exceed OD 7

upon harvesting the shaking cultures or the fermented cultures.

Cells were harvested by centrifugation (Rotanta 460R, Hettich, Tuttlingen, DE or
SLC-6000 rotor, Sorvall Evolution RC Superspeed centrifuge, depending on the scale of
the cultures), frozen in liquid nitrogen and stored at -20 © or -80 °. Yeast cells were
washed in INO-lysis/resuspension buffer supplemented with commercially available
protease inhibitors before freezing as described (Tosi, 2013) (section 4.2.1 and Table 5).
If dedicated for cryogenic grinding (section 4.2.2), yeast cells were instead washed and
resuspended with INO-lysis/resuspension buffer without any protease inhibitor and

dropped into a liquid nitrogen bath. These droplets were stored at -80 °.
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Table 1. List of bacterial and yeast strains.

organism strain genotype obtained from

E. coli XL1-blue recAl endAl gyrA96 thi-1 Stratagene, now Agilent
hsdR17 supE44 relAl lac (Santa Clara, US-CA)
[F’ proAB lacl’ZAM15
Tnl0(Tet')]

E. coli BL21 (DE3) star F ompT hsdSg (rg mg) gal | Invitrogen, now Thermo
dem rnel31 (DE3) Fisher Scientific

E. coli BL21 (DE3) F ompT hsdSg (rg mg) gal | Novagen, now Merck
dem (DE3)

S. cerevisiae | INO80-Flag, MATa INO80-FLAG; laboratory of Xuetong
his3A200 leu2A0 met15A0 | Shen (Shen et al., 2000)
trpl A63 ura3A0

4.1.2 Plasmids and oligonucleotides

Plasmids used for DNA amplification and protein expression are listed below (Table 3).
Globular histones that lack histone tails have been cloned, purified and provided by
Kevin Schall, Gene Center and Department of Biochemistry, LMU Munich and are
therefore not listed. The protein sequence of the wild-type and all tailless histones can be

found in the appendix 12.1.

Oligonucleotides are listed in Table 2. Some labeled primers (Table 2) have been
designed for nucleosome-based smFRET by Barbara Treutlein, Institute of Biophysics,
Ulm University (Sundaramoorthy et al., 2017; Treutlein, 2012), or are derived from
similar primers that have been designed in the same studies (Sundaramoorthy et al., 2017,
Treutlein, 2012). Internal dyes were attached to a thymine nucleobase via a flexible C6
linker by the manufacturer (Table 2). The sequence for the primers dedicated to the
147 bp competitor DNA (crDNA) amplification was provided by Dr. Andrew Routh.

The DNA sequence of the 147 bp crtDNA and of the 200 bp 601-seq DNA as well as of
the 220bp 601-seq DNA can be found in the appendix 12.1 and in Figure 12,
respectively. The 147 bp ctDNA and the 200 bp 601-seq DNA were of use for the
nucleosome assembly protocols described in section 4.3.2. Assays with INOSO rely on

nucleosomes assembled from the 220 bp 601-seq DNA.
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Table 2. List of oligonucleotides to modify or to amplify the 220 bp 601-seq or the 147 bp crDNA.
(Bio) denotes 5’-terminal biotin modification, (CyS) or (Cy3) denote the respective individual 5’-terminal
labeling, highlighted nucleotides are labeled with Alexa647 (red) or Tamra6 (green). Bold letters are sites
designed for restriction enzymes. Oligonucleotides were labeled (dyes), modified (biotin) and purified (desalted,
polyacrylamide gel electrophoresis (PAGE) purified or high pressure liquid chromatography (HPLC) purified)

by the manufacturer.

name 5’-3’-sequence purpose/ obtained
purity from
220bp_version2_fw_mod GCGAAGCTTCCTGGAGAATCCCGGT | modi- Metabion
GC fication/ (Martins-
) desalted ried, DE)
220bp_version2 rvl mod | TATCCGACTGGCACCGGCAAGGTCG
CTGTTCAATACATGCAC
220bp_version2 rv2 mod | GCCGCGAATTCTCTAGAGTGGGAGC
TCGGAACACTATCCGACTGGCACCG
GCAAG
220bp_version2 fw GGCCGCCCTGGAGAATCCCGGTGCC | preparative
GAGGC ampli-
. fication/
601competitor fw ATTCATTAATGCAGCTGGCACGACA | jesalted
GG
601competitor rv GCTCACAATTCCACACAACATACGC
GCC
220bp_version2_rv_Cy5 (Cy5)TCCTCTAGAGTGGGAGCTCGGA | preparative
ACAC ampli-
) fication/
601competitor rv_Cy3 (Cy3)GCTCACAATTCCACACAACATA | gpLC
CGCGCC purified
R-84A647 220bp bio (Bio)TCCTCTAGAGTGGGAGCTCGGA | ampli- IBA
ACACTATCCGACTGGCACCGGCAAG | fication for | (Géttin-
GTCGCTGTHCAATAC smFRET/ | gen, DE)
PAGE
F+13TMR GGCCGCCCTGGAGAATCCCGGTGCC purified
GAGGCCGCTCAATTGGTCGTAGCAA
GCTCTAGCACCGCTTAAACGCACGT
ACGCGCTGTCCCCCGCGTITTAACC
F-72A647F+13TMR GGCCGCCCHGGAGAATCCCGGTGCC
GAGGCCGCTCAATTGGTCGTAGCAA
GCTCTAGCACCGCTTAAACGCACGT
ACGCGCTGTCCCCCGCGTITTAACC
F-65A647F+13TMR GGCCGCCCTGGAGAAlCCCGGTGCC
GAGGCCGCTCAATTGGTCGTAGCAA
GCTCTAGCACCGCTTAAACGCACGT
ACGCGCTGTCCCCCGCGTITTAACC
R 220bp_bio (Bio)TCCTCTAGAGTGGGAGCTCGGA | ampli- Sigma-
ACACTATCCGACTGGCACCGGCAAG | fication for | Aldrich,
GTCGCTGTTCAATAC smFRET/ now
HPLC Merck
purified
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Table 3. List of plamids.
These plasmids convey ampicillin resistance, which was used for positive selection.

name vector Insert obtained from
backbone
pet2la::H2A pet2la HsH2A laboratory of
Prof. G. Langst,
pet2la::H2B pet2la HsH2B University of
pet21a::H3 pet2la HsH3 Regensburg
(Hoffmeister et al.,
pet2la::H4 pet2la HsHA4 2017)
pUC18::12x200bp-601 | pUCI18 12 repeats of a 200 bp
601-seq fragment
PMA::M220 bp-601 pPMA modified 220 bp 601-seq GeneArt AG (Life
fragment technologies)
pMA::220 bp-601 pMA 220 bp 601-seq fragment derivative of
pMA::M220 bp-601
(this study)

4.1.3 DNA modification and amplification techniques

DNA manipulation and amplification was performed following standard protocols of
molecular cloning (Green and Sambrook, 2012). Commercially available kits and devices
used to this end are indicated for the respective techniques and have been used according
to the manufacturer’s instruction. Restriction enzymes and polymerases have been
applied using the reaction conditions recommended by the manufacturer. Specific sample

treatment is indicated separately.

Plasmid DNA was amplified in E. coli XL1-blue cells. The plasmid DNA was introduced
into competent E. coli cells according to standard procedures (Hanahan et al., 1991).
Competent E. coli cells were stored at -80 ° and their competence for transformation had
been induced chemically beforehand. Plasmid DNA (5-100 ng) was added to ca. 100 pl
cell suspension; E. coli cells were then incubated on ice for 10 min, treated with a heat-
shock at 43 ° for 45s and incubated another 3 min on ice. E. coli cells recovered in
LB medium while gently shaking in a thermo-mixer (Eppendorf, Hamburg, DE) at
37 °and were then transferred onto an LB culture plate containing ampicillin to select for
transformed clones (section4.1.1 and 4.1.2). This procedure also applies to the
introduction of histone expression plasmids in E. coli BL21 (DE3) or E. coli BL21 (DE3)

star cells.
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E. coli XL1-blue cells were cultivated over night and harvested (section 4.1.1). Plasmid
DNA was isolated with the NucleoSpin Plasmid Quick Pure Kit (Macherey-Nagel,
Diiren, DE) or the Spin Miniprep Kit (Qiagen, Hilden, DE).

The pMA::220 bp-601 was derived from the pMA::M220 bp-601 (Table 2 and Table 3).
The pMA::M220 bp-601 was linearized (EcoRI-HF, New England Biolabs, NEB,
Frankfurt, DE) to serve as a PCR-template (as outlined below) and the new insert was
derived by two subsequent polymerase chain reactions (PCRs) using Phusion
high-fidelity DNA polymerase (NEB) and the primers for 601-seq modification listed in
(Table 2). Both, insert and vector backbone were digested with EcoRI-HF and HindIII
(NEB) and the vector backbone was treated with fast alkaline phosphatase (Fermentas,
now Thermo Fisher Scientific). Subsequently, preparative agarose gel electrophoresis of
insert and backbone (section 4.1.4) and purification with the Gel and PCR Clean-up Kit
(Macherey-Nagel, Diiren, DE) was performed. The newly derived insert and the vector
backbone were ligated with T4 DNA Ligase (Fermentas, now Thermo Fisher Scientific)

and the ligation product was introduced in E.coli XL-1 blue by transformation.

pUC18::12x200bp-601 and pMA::220 bp-601 were each digested (linearized) with
EcoRI-HF (NEB) to generate a template for the 147 crDNA amplification or the 601-seq
amplification by PCR, respectively. pUC18::12x200bp-601 subsequently was digested
with Notl-HF (NEB) over night to yield 12 separate repeats of the 601-seq alongside

with the vector backbone.

601-seq DNA and 147 bp DNA were amplified by PCR. The 601-seq DNA was
amplified using the linearized pMA::220 bp-601 as a template. Double-labeled
nucleosomal DNA for the three smFRET-constructs (Figure 12) was amplified with
Q5 DNA polymerase (NEB) and the primers F+13TMR and R-84A647 220bp bio,
F-72A647F+13TMR and R 220bp bio, F-65A647F+I13TMR and R 220bp bio
(Table 2), respectively. Preparative amplification of the terminally labeled 601-seq DNA
was achieved by two subsequent PCRs with Taq DNA polymerase (NEB), using the
linearized pMA::220 bp-601 as a template for the first PCR and its product as a template
for the second PCR. Preparative amplification of the terminally labeled or unlabeled
147 bp crDNA was also accomplished by two subsequent PCRs, using Phusion
polymerase (NEB) and the linearized pUC18::12x200bp-601 template in the first round.
Its product served as template for Taq polymerase (NEB) amplification in the second

round.
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Digested plasmid DNA and PCR amplified samples were purified with the Gel and PCR
Clean-up Kit (Macherey-Nagel) or the PCR Purification Kit (Qiagen, Hilden, DE) prior
to further usage. The optional pH indicator provided separately in the kits was omitted for

the preparation of FRET probes.

The double labeled nucleosomal DNA was purified by ethanol precipitation (Green and
Sambrook, 2012) and size exclusion chromatography (SEC) according to an established
procedure (Treutlein, 2012). Briefly, size exclusion chromatography was performed in
20mM Tris(hydroxymethyl)-aminomethane (Tris) pHS8, 100 mM NaCl, 1mM
ethylenediaminetetraacetic acid (EDTA), using a Superose 6 PC 3.2/30 column (GE
Healthcare, Freiburg, DE).

Purified DNA was concentrated with Amicon Ultra Centrifugal Filter Units (molecular
weight cut-off 10 kDA, Merck Millipore, now Merck) if necessary. Table centrifuges
(Eppendorf, Hamburg, DE) were used for the centrifugation steps described in this

section.
4.1.4 Analytic assessment of DNA

In general, the analytic assessment of DNA as described in this section was performed

following standard protocols (Green and Sambrook, 2012).

The intermediate products of the plasmid and the insert generated in the course of
molecular cloning to modify the pMA::M220 bp-601 plasmid (section 4.1.3) and DNA
plasmids that have been digested with a single restriction enzyme to generate a linear
PCR template were analyzed on a 1 % agarose gel (data not shown). Agarose gels were
supplemented with a DNA intercalator (GelRed, Biotium, Fremont, US-CA) and were
run in a horizontal gel chamber (Bio Rad) in 1xTris Acetate EDTA (1xTAE) running
buffer.

Plasmid DNA isolated from E. coli XL-1 blue cells (section 4.1.3) was sequenced by
GATC Biotech (now Eurofins, Luxemburg, LU) or MWG Biotech (Ebersberg, DE), if

required.

The 601-seq fragments generated by endonucleolytic digestion from the
pUC18::12x200bp-601, the PCR amplified 601-seq, the PCR amplified 147 bp ctDNA
and the SEC-purified double-labeled 601-seq DNA were all analyzed on a 6 %
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polyacrylamide (PAA) gel (IxXTBE) (Table 4). Mononucleosomes were analyzed in the

same way, with minor modifications (6 % PAA gel, 0.4xTBE, Table 4).

PAA gels were run in a vertical gel chamber (Bio Rad) in the respective TBE running

buffer (Table 4). PAA gels were first imaged for the respective fluorescent label on the

probes and subsequently stained in SYBRGold or SYBRGreen staining solutions,

followed by two washing steps in water or in the respective TBE buffer (Table 4) and
then imaged again. To estimate DNA size a 100 bp DNA Ladder, a 2-Log DNA Ladder
(both NEB) or a GeneRuler (100 bp Plus DNA Ladder, Fermentas, now Thermo Fisher

Scientific) were applied in a separate well on 6 % PAA gels.

Table 4. Buffers and gels used for analytic assessment of 601-seq DNA and of mononucleosomes.

name composition or manufacturer PAGE of
8x Ficoll loading solution Ficoll solution Type 400, 20 % in water, | mononucleosomes/
Sigma-Aldrich, now Merck 601-seq DNA

1 x TBE running buffer

89 mM Tris base, 89 mM boric acid,
2 mM EDTA

601-seq DNA, 147 bp
crDNA

0.4 x TBE running buffer

36 mM Tris base, 36 mM boric acid,
0.8 mM EDTA

mononucleosomes

6 % PAA, 1 x TBE gel

1 x TBE, 6 % acrylamide (diluted from
Rotiphorese Gel, 30 % solution, 37.5:1
with bisacrylamide),

0.09 % w/v Ammonium-Persulfat (APS),
0.09 % v/v Tetramethylethylendiamin
(TEMED)

601-seq DNA, 147 bp
crDNA

cast in-house

6 % PAA, 0.4 x TBE gel
(alternatively 0.5xTBE)

0.4 x TBE, 6 % acrylamide (diluted from
Rotiphorese Gel, 30 % solution, 37.5:1
with bisacrylamide), 0.09 % w/v APS,
0.09 % v/v TEMED

mononucleosomes

cast in-house

SYBRGreen I nucleic acid gel
staining solution

1:5000 in 0.5 x TBE or water

Invitrogen, Life Technologies, now
Thermo Fisher Scientific

mononucleosomes/
601-seq DNA, 147 bp
crDNA

SybrGold nucleic acid gel
staining solution

Gels were

imaged either on a ChemiDocMP

1:10 000 in water

Invitrogen, now Thermo Fisher
Scientific

system (BioRad),

mononucleosomes/
601-seq DNA, 147 bp
crDNA

or with a

Typhoon FLA 9000 scanner (GE Healthcare), or with an INTAS UV System for gel

documentation (Intas-Science-Imaging Instruments, Gottingen, DE), as indicated.
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DNA concentrations and DNA-protein complex concentrations were estimated from the

absorption at 260 nm, using a NanoDrop Instrument (peqlab NanoDrop 1000 or 2000,

Thermo Fisher Scientific) or a NanoPhotometer Instrument (Implen, Munich, DE). In the

latter case, measured concentrations are termed ‘DNA equivalent’.

4.2 Protein purification techniques

4.2.1 List of buffers used for protein purification

Table 5. Buffers used for cell lysis and protein purification of recombinantly expressed histones and of

endogenous INOS0.

Components in brackets denote buffer components that are changed in the course of the respective
chromatographic step, that is to say that both high and low salt buffers were used to establish an ion gradient for
ion exchange chromatography. Further, elution of INO80 from the FLAG resin was performed in low salt
buffer, reducing the salt concentration when washing the FLAG resin (Tosi, 2013). Buffer compositions for
histone purification and octamer assembly as well as for INO80 purification are taken from published protocols
(Haas, 2013; Klinker et al., 2014) and (Tosi, 2013; Tosi et al., 2013).

name

composition

application

histo-SAU buffer

8 M urea, 40 mM sodium acetate pH 5.2,
1 mM EDTA, 5 mM B-mercaptoethanol,
10 mM lysine, 200 mM NaCl (1 M NacCl)

cell lysis

cation exchange
chromatography

histo-anion exchange buffer

15 mM Tris pH 8, (2 M NaCl)

anion exchange
chromatography

oct-unfolding buffer

7 M guanidin hydrochlorid, 20 mM Tris
pH 7.5, 10 mM DTT

protein unfolding

oct-refolding/SEC buffer

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

protein refolding

size exclusion

chromatography
INO-lysis/resuspension buffer | 25 mM HEPES pH 8.0, 10 % v/v glycerol, | cell lysis
0.05 % v/v NP40 (IGEPAL, Sigma-Aldrich,
now Merck), | mM EDTA, 1 mM DTT,
4 mM MgCl,, 500 mM KC1
INO-affinity chromatography | 25 mM (30 mM) HEPES pH 8.0, 10 % v/v | FLAG affinity
buffer glycerol, 0.05 % v/v NP40, ] mM EDTA chromatography

(no EDTA), I mM DTT, 4 mM MgCl,,
500 mM KCI (200 mM KCl)

INO-anion exchange buffer
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4.2.2 Protein purification of INO80, histones and histone octamers

Each histone was heterologously expressed in FE. coli BL21 (DE3) or E. coli
BL2] (DE3) star cell cultures from a pET2la plasmid (Novagen, now Merck)
(sections 4.1.1, 4.1.2 and 4.1.3, Table 1 and Table 3) based on an expression system
developed in the eighties and nineties (Dubendorff and Studier, 1991; Studier and
Moftatt, 1986; Studier et al., 1990). When the cell culture reached an OD (measured at
600 nm) of at the most 0.6, addition of isopropyl-p-D-1-thiogalactopyranoside (IPTG)
with a final concentration of 0.25 mM induced histone expression for 2 h until cells were
harvested (section 4.1.1). Histone expression was performed similar to recent protocols
(Hoffmeister et al., 2017; Klinker et al., 2014).

Histone purification essentially followed a published protocol (Haas, 2013; Klinker et al.,
2014); only its main steps and altered steps as applied for purifications performed in this
study are described in detail in the following. Cells were disrupted by sonication
(Sonifier 250, Branson, Emerson, St. Louis, US-MO) in denaturing buffer conditions
(Table 5; here 200 mM NaCl) and the insoluble cell debris was separated from the soluble
part by centrifugation (SS-34 rotor, Sorvall Evolution RC Superspeed centrifuge).
Histones were applied to a cation exchange column (HiTrap SP, GE Healthcare) in
denaturing conditions (Table 5). After refolding during dialysis (ZelluTrans membrane
dialysis tube, Carl-Roth, molecular weight cut-off 3.5 kDa) against water, the sample was
buffered with 15 mM Tris (pH 8) and anion exchange chromatography was performed
(HiTrap Q, GE Healthcare). In this step, the histone proteins are positively charged at the
near neutral pH of the mobile phase and virtually do not interact with the resin; however,
residual DNA can be removed (Klinker et al., 2014). For storage, histones have been

flash-frozen in liquid nitrogen and subsequently lyophilized.

Particularly alike-purified histone H4 revealed smaller proteins alongside with the desired
product, presumably due to H4 degradation that was not negligible (data not shown),
while other histones were largely pure (section 5.1.2). This wasn’t addressed further, as
after subsequent histone octamer assembly and histone octamer purification, these
contaminants were no longer observed (section 5.1.2). While I performed histone
purification and octamer assembly as presented in section 5.1.2, most histones and the
respective histone octamers used for the smFRET experiments (section 5.2) were purified
by Kevin Schall, Gene Center and Department of Biochemistry, LMU Munich. Histone
purification featured equivalent steps as outlined above, with an improvement in

including an inclusion body formation step (Dyer et al., 2003; Hoffmeister et al., 2017;
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Schwarz et al., 2018). Alike-purified histone H4 was mostly devoid of degradation
side-products in initial purification steps (data not shown). Wild-type octamers assembled
from these histones were used for direct comparison with all-tailless histone octamers in
functional assays (section 5.2). Kevin Schall also provided the all-tailless octamer

construct.

Octamer formation as performed in this study followed the published protocols (Dyer et
al., 2003; Klinker et al., 2014). An excess of histones H2A/H2B over histones H3/H4 was
used when mixing all four core histones and unfolding them for 2-3h at room
temperature (RT). Octamers formed upon refolding during dialysis (ZelluTrans
membrane dialysis tube, molecular weight cut-off 3500 Da) against oct-refolding/SEC
buffer (unfolding and refolding buffer in Table 5); dialysis was performed for 18-20 h
including 3x buffer exchange. The sample was concentrated in Amicon Ultra Centrifugal
Filter Units (molecular weight cut-off 10 kDA, Merck Millipore, now Merck; centrifuge
Rotanta 460R with a 4-place swing-out rotor, Hettich, Bdch, CH, or table centrifuge,
Eppendorf). Prior to SEC, the sample was centrifuged in a table centrifuge for at least
10 min to remove potential aggregates. SEC was performed using a
HiLoad 16/60 Superdex 200 prepgrade column (GE Healthcare). The collected fractions
were analyzed by sodium dodecyl sulfate polyacrylamide gel -electrophoresis
(SDS-PAGE, section 4.2.3) and fractions containing histones in equimolar ratio were
pooled and concentrated as described above. An amount of 100 % glycerol equivalent to
the volume of the purified histone octamers was added and after gentle mixing, histone
octamers were stored at -20 ° in 50 % v/v glycerol. In general, all protein purification
steps were performed at 4 °, unless specified otherwise, and all chromatographic steps
using columns were performed automatically with the help of AKTA systems
(AKTAbasic, AKTAFPLC, AKTApurifier, AKTAexplorer, AKTAmicro, all GE
Healthcare).

INOS8O was purified endogenously from yeast as published in Tosi (2013) and Tosi et al.
(2013); only the major steps of the aforementioned protocol for isolating INOSO as
performed in this study are stated in the following. Cells were lysed in
INO-lysis/resuspension buffer (Table 5; supplemented with commercially available
protease inhibitors) using bead-beaters. This treatment required direct processing of the
cell lysate. Alternatively, cells were lysed using a cryogenic grinder cooled with liquid
nitrogen (Freezer Mill, SPEX SamplePrep, Metuchen, US-NJ). These grinded cells were
stored at -80 °.
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Chromatin was fragmented within the lysate mechanically as described (Tosi, 2013). The
cell debris was removed by two centrifugation steps (SLA-1500 rotor, Sorvall Evolution
RC Superspeed centrifuge and Ti45 rotor, Beckman Coulter Ultracentrifuge, Brea, US-
CA). The supernatant, excluding the topmost layer, which formed a separate phase upon
ultracentrifugation, was used for batch FLAG affinity purification. A clearing step
elaborated in Tosi (2013) that involves batch incubation with Protein G Sepharose to
remove unspecificly binding components of the lysate preceded the incubation with
FLAG-beads (M2 FLAG-beads, Sigma-Aldrich, now Merck) and the FLAG affinity
purification was performed as described (Tosi, 2013). As a final purification step, the
eluate from the affinity chromatography was applied to an anion exchange column
(MonoQ 5/50 GL, GE Healthcare) at RT. When applying a KCl salt gradient during anion
exchange chromatography (buffers summarized in Table 5), the INO80 complex elutes at

approximately 440 mM KCI.

The eluate containing pure INO80 was adjusted to final buffer concentrations of
20 mM HEPES pH 8, 350 mM KCl, 25 % glycerol, 0.8 mM DTT, 3.2 mM MgCl,. This
was achieved by addition of an amount of 100 % glycerol equivalent to 1/4™ of the
volume of the INOSO anion exchange eluate. After gentle mixing, INO8O was
flash-frozen in liquid nitrogen and stored at -80° C (section 5.1.1). Refreezing after

thawing was only performed once, if required.
4.2.3 Analytic assessment of proteins

SDS-PAGE analysis (Laemmli, 1970) was applied to all histone protein purification
steps. Gels were cast in the format of the PROTEAN Electrophoresis System (Biorad),
which was used to perform electrophoresis. Gradient PAGE was performed in denaturing
conditions at near neutral pH (Moos et al., 1988) according to the manufacturer’s
instructions (Table 6) and was executed in the respective MiniCell gel chamber

(Invitrogen, Life Technologies, now Thermo Fisher Scientific).

For SDS-PAGE (including denaturing gradient PAGE), protein samples were prepared in
1 x SDS loading buffer (Table 6) and heated at 95 © for at least 10 min (Laemmli, 1970);
samples of E. coli cell cultures were dissolved in urea sample buffer (Table 6) and heated
for at least 10 min at 65 ° (Klinker et al., 2014). In order to estimate the size of the
proteins as revealed by gel electrophoresis, a molecular weight marker (Unstained Protein

Ladder, Unstained Protein Molecular Weight Marker, Thermo Fisher Scientific) was also
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resolved. The Drosophila melanogaster (Dm) octamer molecular weight marker was

provided by Dr. Caroline Haas.

For analyzing proteins in non-denaturing conditions (native PAGE), its charge and size
are decisive for its electrophoretic mobility (Arndt et al., 2012). A native PAGE (3-12 %,
Table 6) was assembled in a MiniCell with native PAGE running buffer (all Invitrogen,
Life Technologies, now Thermo Fisher Scientific) to analyze INOS8O (theoretical
isoelectric point 5.23) or the INO80-nucleosome complex by electrophoresis at near
neutral pH and at 4 °. The samples were loaded in the presence of 2.5 % Ficoll (Table 6).
For comparison between different preparations, the NativeMark Unstained Protein
Standard (Invitrogen, Life Technologies, now Thermo Fisher Scientific) was applied to
each native PAGE. This protocol was also suitable to assess nucleosome samples that
have been treated with INOSO (sections 4.4.1 and 4.4.2). The described procedure is a

notable departure from the manufacturer’s protocol.

All protein gels were stained with Coomassie staining solution at RT or SimplyBlue
SafeStain according to the manufacturer’s instruction (Table 6). Protein gels were
destained in water and digitized using a scanner (Epson Perfection, Epson, Amsterdam,
NL).

All protein concentrations were derived from the absorption at 280 nm that was
determined with a NanoDrop (Thermo Fisher Scientific) or a NanoPhotometer (Implen).
The extinction coefficient and the theoretical isoelectric point of proteins and protein
complexes were calculated using the ExPASy ProtParam software (Gasteiger et al.,
2005).
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Table 6. Buffers and gels used for analytic assessment of protein samples.

X-fold buffers have been diluted accordingly.

name

composition/ manufacturer

application

4x SDS loading buffer

110 mM Tris pH 6.8, 16 % glycerol,
4 % SDS, 5 % B-mercaptoethanol,
supplemented with bromphenolblue

SDS-PAGE (18 %) and
SDS-PAGE (4-12 %)

urea sample buffer
(Klinker et al., 2014)

9 M urea, 1 % SDS, 25 mM Tris pH 6.8,
1 mM EDTA, 100 mM DTT,
supplemented with bromphenolblue

SDS-PAGE (18 %)

6x native loading buffer

20 mM Tris pH 7.6, 50 mM NacCl or KCl,
0.1 mM EDTA (facultative), 15 % w/v
Ficoll

Native PAGE

1x TGS running buffer 25 mM Tris, 192 mM glycine, 0.1 % SDS | SDS-PAGE (18 %)
Ix MOPS running buffer | 20 x NuPAGE MOPS SDS running buffer | SDS-PAGE (4-12 %)
(Invitrogen, Life Technologies, now
Thermo Fisher Scientific)
1x NativePAGE running | 20x NativePAGE Running Buffer Native PAGE
buffer (Invitrogen, Life Technologies, now

Thermo Fisher Scientific)

stacking gel

125 mM Tris pH 6.8, 0.1 % SDS, 3.8 %
acrylamide (diluted from Rotiphorese Gel,
30 % solution, 37.5:1 with bisacrylamide),
0.1 % w/v APS, 0.1 % v/v TEMED

separating gel

750 mM Tris pH 8.5, 0.1 % SDS, 18 %
acrylamide (diluted from Rotiphorese Gel,
30 % solution, 37.5:1 with bisacrylamide),
0.07 % w/v APS, 0.05 % v/v TEMED

SDS-PAGE (18 %)

cast in-house

SDS-PAGE (4-12 %)

NuPAGE (4-12 %) Bis-Tris Protein Gel
(precast, Invitrogen, Life Technologies,
now Thermo Fisher Scientific)

SDS-PAGE (4-12 %)

Native-PAGE (3-12 %)

3-12 % NativePAGE Bis-Tris Protein Gel
(Invitrogen, Life Technologies, now
Thermo Fisher Scientific)

Native PAGE

Coomassie staining
solution

7 % v/v acetic acid, 50 % v/v ethanol,
0.2 % w/v Coomassie brilliant blue R250

SDS-PAGE (18 %) and
SDS-PAGE (4-12 %)

SimplyBlue SafeStain

Invitrogen, Life Technologies, now
Thermo Fisher Scientific

SDS-PAGE (18 %),
SDS-PAGE (4-12 %)
and native PAGE
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4.3 DNA-protein complex formation techniques

4.3.1 List of buffers used for nucleosome assembly

Table 7. Buffers used for mononucleosome assembly.
Buffers and gels used for analytic assessment of mononucleosomes are listed in Table 4.

name composition application

mono-low salt 20 mM Tris pH 7.6, 0.1 mM EDTA, 50 mM | low salt buffer
NaCl, ] mM DTT reservoir

mono-high salt 20 mM Tris pH 7.6, 0.1 mM EDTA, 2 M high salt buffer
NaCl, ] mM DTT reservoir

mono-mix 20mM Tris pH 7.6, 2 M NaCl, 10 mM DTT, | titration mixture
200 ng/ul BSA

4.3.2 Nucleosomes dedicated to ensemble and single-molecule applications

In-vitro, the stoichiometry (octamer vs. DNA) of the nucleosome packing is ensured by
preparing different molar octamer-to-DNA ratios when forming mononucleosomes (Dyer
et al., 2003) or even chromatin fibers (Huynh et al., 2005). Salt gradient dialysis of these
reaction mixtures is a standard procedure for nucleosome and for chromatin fiber
assembly in vitro as this mimics the stepwise in vivo assembly mechanism assisted by
chaperones (Akey and Luger, 2003): first the H3/H4 tetramer associates with DNA, onto
which two H2A/B dimers pack (Dyer et al., 2003; Huynh et al., 2005).

In order to assemble nucleosomes dedicated to ensemble applications, in equimolar
mixture of 147 bp ctDNA and 220 bp 601-seq DNA, 0.42 uM each, were titrated with
different molar ratios of histone octamers (referenced to the 220 bp 601-seq DNA

concentration) in mono-mix buffer (Table 7).

For nucleosomes dedicated to single-molecule applications, the backbone of the
pUC18::12x200bp-601 plasmid was used as crDNA in a mass ratio of 1:1 with reference
to the total mass of 601-seq DNA. The plasmid backbone is prepared in conjunction with
unlabeled 601-seq DNA that can form 7N46 nucleosomes (sticky end DNA nucleosomes,
section 4.1.3, appendix 12.1). In total, the reaction mixture contained approximately
0.38 uM 601-seq DNA, thereof 1/10 labeled 220 bp 601-seq nucleosomal DNA and
9/10 unlabeled 601-seq. This unlabeled 200 bp 601-seq constitutes the 601-seq derived
from endonucleolytic pUC18::12x200bp-601 digestion and has been prepared together
with the crDNA vector backbone. The DNA was prepared in mono-mix buffer (Table 7)

and histone octamers were added in different molar ratios (referenced to the total 601-seq
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DNA concentration). This protocol is based on a nucleosome assembly procedure that has

been described earlier (Treutlein, 2012), with minor modifications.

The reaction mixture was transferred to Slide-a-lyzer MINI dialysis devices (Thermo
Fisher Scientific, Waltham, US-MA, 7-kDa molecular weight cut-off) and a salt gradient
dialysis, starting with dialysis against 300 ml mono-high salt buffer, was performed at
4 °. The salt concentration was gradually reduced by adding mono-low salt buffer at
3 ml/min up to a final volume of 3 | using a membrane pump or a peristaltic pump (Pump
P-50, Pharmazia Biotech; Minipuls3 Gilson, Middleton, US-WI). Nucleosomes were

finally dialyzed against mono-low salt buffer and stored at 4 °.

Nucleosomes were analyzed by native PAGE at 4 °, as described in section 4.1.4. For
nucleosome samples, approx. 350-400 ng DNA equivalents were applied to each well.
For DNA samples (220 bp 601-seq DNA or 601-seq DNA mixed with crDNA) between
20 ng and 40 ng (with reference to the labeled DNA) were used. Generally, DNA samples
were brighter than nucleosome samples in native PAGE fluorescence readouts. That is to
say that nucleosome packing was assessed by the nucleosome by-product formation of
under- and over-titrated nucleosome samples, as described in sections 5.1.3 and 5.1.6,
rather than by comparing nucleosome probes to the DNA only probes. Gel representation

and analysis is described in section 4.5.

4.4 Biochemical characterization of INOS80

4.4.1 Electrophoretic mobility shift assays

The electrophoretic mobility shift assays (EMSA) presented in section 5.1.4 was
performed in 25 mM HEPES pH 8.0, 7 % glycerol, 1 mM DTT, 4 mM MgCl,, 200 mM
KCI (taking the KCI introduced by the INO80 sample into account) in the absence of
nucleotides with 7N66 nucleosomes containing approximately equimolar amounts of

147 bp ctDNA (21 ng/ul DNA equivalents).

The EMSA presented in section 5.1.5 was performed in 20 mM HEPES pH §, 50 mM
KCl, 8 % glycerol, 2 mM CaCl, and 2 mM Adenosine diphosphate (ADP) with 15 nM
7N66 nucleosomes labeled with Fluorescein (instead of CyS5, other than in Table 2).
Nucleosomes have been purified with a SourceQ column (GE Healthcare) to remove free
DNA. Kevin Schall, Gene Center and Department of Biochemistry, LMU Munich,

prepared these nucleosomes and the technical triplicates of the EMSA.
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Each reaction mixture with the indicated amount of INO80 was incubated on ice for at
least 20 min. The samples were then applied to a native PAGE (3-12 % PAA, Table 6) as
described in section 4.2.3 and imaged with the Typhoon scanner (section4.1.4). If
required, the gel was then stained with SybrGreen staining solution in water (Table 4) and
imaged with the INTAS gel documentation system (section 4.1.4). Quantification is

described in section 4.5.

After quantification of the EMSA, the data were fitted with a curve that represents the
fraction of bound nucleosomes (section 5.1.5) (MATLAB Curve Fitting Toolbox,
Equation 1). Here, I, is the total INO80 concentration, Ky is the dissociation constant (to
be fitted) and £V, is the total nucleosome concentration (15 nM). Assuming that this fit
model represents the underlying INO80-nucleosome binding properties (section 5.1.5), Ky
for wild-type nucleosomes was between 1.7nM and 2.6 nM and K, for all tailless
nucleosomes was between 1.9 nM and 3.8 nM (determined from the fit with 95 %

confidence bounds).

fraction of bound nucleosomes =

1
zz_Nt.[(1t+Nt+Kd)—J(1t+Nt+Kd)z_(4_1t_Nt)]

Equation 1

4.4.2 Nucleosome sliding assays

The time-dependent nucleosome sliding assays contained nucleosomes in the presence of
147 bp ctDNA (7-7.5 ng/ul DNA equivalents), 50 nM INO80, 500 uM DTT, 2 mM ATP,
0.5 uM nanobody (if indicated), 25 mM Tris pH 7.6, 4 mM MgCl,, 200 ng/ul BSA,
80 mM KCI, 10 % glycerol and were performed at 23 °.

0.5-0.6 uyM INOS8O, 5-6 uM nanobody and 2mM ATP were incubated on ice.
Nucleosomes were prepared in sliding buffer. The reaction was started by mixing (final
concentrations given above) and stopped by addition of A-DNA (NEB; final concentration
100 ng/ul) at the time points indicated. The reaction mixture was then kept on ice and
applied to native PAGE (6 % PAA, 0.5xTBE, Table 4) as described in section 4.1.4.
Kilian Knoll, Gene Center and Department of Biochemistry, LMU Munich, provided the
purified nanobody.
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The direct comparison of INO80O remodeling in the absence vs. the presence of the
nanobody reports on potential differences in remodeling activity. Both nucleosome
binding and remodeling by INOSO deliberately contribute to the apparent time needed for
nucleosome sliding. It is assumed that the association rates for INO80-crDNA binding
and INO80-nucleosome binding, as well as the concomitant total affinities, are not altered
in the absence vs. the presence of the nanobody, as the concurring binding of INOS0 to
147 bp crDNA (instead of nucleosomes) withdraws INO80 complexes from being active

in remodeling at any given point in time.

The INOS8O0-concentration-dependent nucleosome sliding assays contained nucleosomes
in the presence of 147 bp crDNA (7.5 ng/ul DNA equivalents), 1 mM DTT, 2 mM ATP,
25 mM Tris pH 7.6, 4 mM MgCl,, 80 mM KCl (or 50 mM NaCl in Figure 4), 10 %
glycerol. Reactions were incubated on ice for 25 min and started by the addition of ATP.
The remodeling mixture was incubated at 30 © for 30 min, transferred to 4 © and then
analyzed by native PAGE (6 % PAA, 0.5xTBE, Table 4) as described in section 4.1.4.

4.5 Representation of analytic gels

Gels read out for fluorescent bands with the ChemiDocMP system (section 4.1.4) were
acquired with the Image Lab software (BioRad). Gels read out for fluorescent bands with
the Typhoon scanner (section 4.1.4) were converted to .tif files with the ImageQuant
software (GE Healthcare) and displayed with ImageJ (Schneider et al., 2012). The
maximum and minimum intensity of each gel was set to an adequate value (brightness
and contrast adjustment) with the Image Lab software or with Imagel, respectively, for
data representation. The greyscale of single-channel fluorescence readouts was inverted
for better visualization. Bands were quantified and profile plots were generated in
Imagel, using the gel quantification and profile plot plugins of the original software
package, respectively. Profile plots were not normalized or corrected for background and
are displayed “as is”. For quantified assays, the standard deviation of technical triplicates
is displayed. The INTAS gel documentation system (section 4.1.4) generated a color
image as a gel readout, which was converted to greyscale using ImagelJ (serving also for

brightness and contrast adjustment). Signal saturation cannot be assessed for these gels.

All gels were annotated using Adobe Illustrator (Adobe Systems, US-CA).
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4.6 Microscopy Techniques

4.6.1 TIRF microscopy

Functional assays were performed at RT in a sample flow chamber that was illuminated
by prism-type total internal reflection (green Nd:YAG laser, 532 nm, ca. 12 mW in front
of the prism and red diode laser, 643 nm, ca. | mW in front of the prism). The TIRF
microscopy setup has been home-built at the Institute of Biophysics, Ulm University, and
is described in detail elsewhere (Dorfler et al., 2017). Of note, the fluorescence detection
pathway was split into a donor and acceptor channel and green and red fluorescence were
detected by two separate electron multiplying charge-coupled device (EM-CCD) cameras
(Andor Technology, Belfast, UK) operated with an integration time (time bin) of 105 ms.
An integration time of 33 ms was used if indicated separately. In this case, the power of
the illuminating laser light was increased to approximately 32 mW (532 nm) and 2.5 mW
(643 nm) in front of the prism, respectively. All measurements were conducted using the
alternating-laser excitation (ALEX) scheme (direct acceptor excitation every second time
bin) during data acquisition (Hohlbein et al., 2014; Margeat et al., 2006). Alternating red
and green illumination times were controlled by an acousto-optical tunable filter (AOTF),
setting time bins of 100 ms or 30 ms, respectively, that were triggered synchronously

with the EM-CCD camera integration time bins.

Sample chamber preparation included several cleaning and surface passivation
procedures according to a published protocol that finally introduces a polyethylene glycol
(PEG) layer onto fused silica quartz glass slides (Bennink et al., 2001; Treutlein, 2012).
The sample chamber was mounted as elaborated elsewhere (Dorfler et al., 2017). For
sample loading, the outlet of the sample chamber was connected to a syringe pump
(PHD2000, Harvard Apparatus, Holliston, US-MA) and its inlet was connected to a
buffer reservoir. The dead-volume between the buffer reservoir and the sample chamber
is on the order of 5 pul and the volume of the sample chamber is on the order of 15 pl.
Nucleosomes were tethered to the surface of the sample chamber via a biotin-neutravidin
linkage (Bennink et al., 2001; Dorfler et al., 2017; Treutlein, 2012); the nucleosome entry
DNA contained a terminal biotin (Table 2). The procedures for (i) INO8O remodeling,
followed by quenching, (ii) INO80 remodeling, chase conditions and (iii) real-time

INO8O remodeling are summarized in Table 8.
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Table 8. Sequential buffer exchange procedures applied for the investigation of INO80 nucleosome remodeling

by TIRF microscopy.

Nucleosome concentrations are given in DNA equivalents and refer to the assembly product described in
section 4.3.2. This corresponds to a total nucleosome concentration on the order of 50 pM, including 5 pM/ 10 %
labeled nucleosomes. Times of data acquisition are indicated and generally took 0.5-2 h. For the real-time INO80
remodeling condition, Trolox was used as a system of reducing agent and oxidant as described in Cordes et al.
(2009) and was accordingly illuminated with UV light before measurements.

INOB8O0 remodeling, INOB8O0 remodeling, real-time INO80
followed by chase conditions. remodeling.
quenching.

1x RB+ 500 uM DTT 500 uM DTT 2 mM Trolox

buffer supplement to
1x remodeling buffer
(1x RB, 25 mM Tris
pH 7.6, 4 mM MgCl,,
200 ng/ul BSA,

80 mM KCl, 10 %
glycerol)

glucose oxidase

(10 units/ml), catalase
(200 units/ml; both
Sigma-Aldrich, now
Merck), 2 % w/v
glucose

25 mM Tris pH 8
(50 mM Tris in total)

washing

100 pl 1x RB+

100 pl 1x RB+

loading and
incubation conditions

incubation time

100 pl nucleosomes
(ca. 0.03 ng/ul) in
Ix RB+

ca. 10 min

data acquisition

100 pl INO8O

(39 nM), ATP (2 mM,
Sigma-Aldrich, now
Merck) in 1x RB+

10 min on ice/ 25 min
after loading

100 pl nucleosomes
(ca. 0.03 ng/pl),
INOS8O0 (39 nM), ADP
(2 mM, Calbiochem,
now Merck) inlx RB+

at least 10 min on
ice/ 10 min after
loading

data acquisition

100 pl nucleosomes
(ca. 0.03 ng/ul) in
1x RB

ca. 10 min

100 pl apyrase

(5 units/ml, NEB) in
20 mM Tris or
HEPES pH 7, 50 mM
NaCl, 10 mM CacCl,,
1 mM DTT, 100 ng/ul
BSA, 3 % glycerol,

2 mM MgCl,

15 min

200 pl 2 mM ATP in
1x RB+

25 min

100 pl INO8O

(50 nM), nucleotides
as indicated, in

1x RB+

data acquisition

thermal relaxation of
nucleosomes

incubation time

200 pl 1x RB+
10 min

data acquisition

200 pl 1x RB+
10 min

data acquisition

camera integration
time

105 ms

105 ms

33 ms

45



If indicated, the INO80 remodeling reaction was stopped by apyrase treatment (enzymatic
removal of ATP) instead of a more rigorous quenching with A-DNA preceding confocal
spectroscopy assessment (section 4.6.2). A-DNA was disadvantageous in TIRF

microscopy as it introduced background signal.

The remodeled nucleosome sample (section 5.2.8) was prepared similar to the procedure
described in section 4.6.2 (here: 200 nM INOS80, 2.1 mM ATP, 30 °, 55 min). Quenching
of the reaction was achieved by ca. 10 x dilution in apyrase quenching conditions (buffer
as in Table 8). This sample was stored at 4 °. Before loading to the measurement
chamber, the sample was diluted ca. 100 x in 1x RB. Data were then acquired in the

conditions for live remodeling (as in Table 8) in the absence of INO80.
4.6.2 Confocal spectroscopy

A mixture of double-labeled 220 bp 601-seq nucleosomes, unlabeled 200 bp 601-seq
nucleosomes and the pUCI18::12x200bp-601 vector backbone, as derived from the
nucleosome assembly (sections 4.1.3 and 4.3.2), was diluted to a final concentration of
20 ng/ul DNA equivalents and was remodeled with 100 nM INO80 and 2 mM ATP in
Ix RB supplemented 500 uM DTT for 60 min at 27 °. The reaction was stopped by
addition of A-DNA (NEB) with a final concentration of 115 ng/ul. The reaction mixture
was applied to native PAGE (3-12 % PAA, Table 6) as described in section 4.2.3 and
assessed by confocal spectroscopy. Gels have been imaged for the respective fluorescent
dyes attached to the nucleosomal DNA (Table 2) as described in section 4.1.4 and

analyzed as described in section 4.5.

Nucleosomes and remodeled nucleosomes were diluted to a final concentration
equivalent to approximately 0.5 ng/ul DNA equivalents in 1x RB supplemented with
500 uM DTT (section 4.6.1, Table 8) with reference to the DNA concentration
determined for the respective nucleosome assembly (section 4.3.2). This corresponds to a
total concentration on the order of 1 nM nucleosomes, including 0.1 nM/ 10 % labeled
nucleosomes. All measurements were performed at RT. Nucleosomes in the presence of
INO80 and 2 mM ADP were diluted to this concentration and 39 nM or 156 nM INOSO0,
as indicated, were added last. The final buffer concentration after addition of INO&O0
corresponded to the composition of 1x RB supplemented with 500 uM DTT (taking the
KCI and glycerol introduced by the INO80 sample into account). The sample was

incubated on ice for at least 20 min to allow binding.
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Time-correlated single-photon counting and pulsed interleaved excitation combined with
multiparameter fluorescence detection (PIE-MFD) (Kudryavtsev et al., 2012) was
performed on a confocal spectroscopy setup that has been home-built at the Institute of
Biophysics, Ulm University, and is described in detail elsewhere (Schwarz et al., 2018).
The lasers used for excitation (green, 531 nm and red, 640 nm, both diode lasers) have
been adjusted to 95 uW and 30 uW, respectively, measured after the fiber. Of note, the
emission pathway of the confocal spectroscopy setup is polarization sensitive, which is

crucial for anisotropy determination.

Freely diffusing fluorescent nucleosomes were assayed similar to previous studies
(Bonisch et al., 2012; Di Cerbo et al., 2014). In the present study, ca. 30 ul sample were
spread into a well formed by uncolored liquid barrier marker (Carl Roth) onto
surface-passivated coverslips. Passivation of coverslips essentially followed the
procedure mentioned in section 4.6.1 (Bennink et al., 2001; Treutlein, 2012), omitting the

biotinylation of the PEG layer as immobilization was not intended.

4.7 Forster radius determination and distance calculations

The isotropic Forster radius (Ry) was determined with the software PhotochemCAD
(Dixon et al., 2005) for nucleosome samples (Figure 12). The program calculates the
Forster radius, taking the emission spectrum of the donor (Tamra6), the absorption
spectrum of the acceptor (Alexa647), the orientation factor x° (x”: 2/3 for rotational
averaging of the relative donor/acceptor fluorophore orientations), the quantum yield of
the donor and the refractive index of the medium (here 1.38) into account (Dixon et al.,
2005). The exact formula for Forster radius determination and the assumptions that justify
to set k* =2/3 can be found in Hellenkamp et al. (arXiv:1710.03807 [g-bio.QM]). The
emission spectrum of the donor was determined from a donor-only nucleosome sample
(native PAGE shown in the appendix 12.2). The absorption spectrum of the acceptor was
determined from the free dye (Alexa647).

In order to obtain the quantum yield of the donor (@p), the product of the universal rate
of radiative deexcitation of Tamra6 (0.2 ns”, see below) and of the amplitude-weighted
mean of the donor lifetimes of the LF nucleosome construct (3 ns, see below) was used,
according to Hellenkamp et al. (arXiv:1710.03807 [g-bio.QM]). @) therefore was 0.6.
For determination of the donor lifetime, I combined data of various confocal spectroscopy
measurements of constructs derived from the Fpl3Rm84-DNA, selected the donor-only

nucleosomes that occurred simultaneously with the double labeled nucleosomes and fitted
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the fluorescence lifetime of the pseudo-bulk lifetime decay of this species (fluorescent
donor nucleosomes) with a double-exponential decay (section 4.8.3). This procedure
yielded the same unquenched donor lifetime for nucleosome datasets derived from either
the Fpl3Fmo65-DNA or from the Fpl3Fm72-DNA. The universal rate of radiative
deexcitation of Tamra6 was determined by Dr. Carlheinz Rocker and Eleni Kallis, both
Institute of Biophysics, Ulm University, from lifetime and quantum yield measurements

on Tamrab6.

Using the aforementioned parameters and spectra, PhotochemCAD (Dixon et al., 2005)
determined the isotropic Forster radius of all nucleosome constructs to be 67 A. The
distance uncertainty of the Forster radius was assumed to be 7 % as evaluated in a recent
study by Hellenkamp et al. (arXiv:1710.03807 [g-bio.QM]).

The FRET efficiency, as determined by TIRF microscopy (section 4.8.2), was converted
to the apparent distance of donor and acceptor (r) using Equation 2 (FRET-averaged
distance, according to Hellenkamp et al. (arXiv:1710.03807 [g-bio.QM]). Equation 2 is
an alternative representation of the classical distance-FRET efficiency relationship based
on the theory derived by Forster and advanced by Stryer (Forster, 1948; Stryer and
Haugland, 1967). E, is the mean of the FRET efficiency distribution as obtained from

Gaussian fitting.

r =R, -"’/E;l—1

Equation 2

The distance uncertainty of the apparent distance of donor and acceptor was derived as
proposed in Hellenkamp et al. (arXiv:1710.03807 [g-bio.QM]), taking the distance
uncertainty of the Forster radius and the standard deviation of the FRET efficiency into
account. The denoted distance uncertainties for TIRF microscopy derived quantitative

distance information refer to this uncertainty.

Note that confocal spectroscopy data were treated differently in order to determine the
apparent distance of donor and acceptor and the corresponding uncertainty
(section 4.8.3). Confocal spectroscopy FRET efficiency histograms were fitted either with
the sum of three Gaussian distributions (MATLAB Curve Fitting Toolbox, sections 5.2.3,
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5.2.4 and 5.2.5) or were converted to time binned (1 ms) histograms and fitted by
probability distribution analysis (PDA; software description in section 4.8.3, data
representation in appendix 12.3). Both approaches for fitting were applied by Eleni
Kallis, Institute of Biophysics, Ulm University. PDA simulates an uncorrected FRET
efficiency histogram for a Gaussian donor-acceptor dye distance distribution, taking into
account the stochastic fluctuations of photon emission, the background and the correction
factors (Antonik et al., 2006). PDA then iteratively optimizes the parameters that describe
these donor-acceptor dye distance distributions to best describe the experimentally
derived FRET efficiency histogram (Antonik et al., 2006). All quantitative distance
information with respect to the apparent inter-dye distance was retrieved by PDA from
confocal spectroscopy derived datasets as described in Schwarz et al. (2018). A detailed
description of the uncertainty estimation of the derived distances (by Eleni Kallis) can be
found in Schwarz et al. (2018).

The apparent distance of donor and acceptor retrieved from either TIRF microscopy or
confocal spectroscopy data was converted to the distance of mean dye positions with a
polynomial provided by Tobias Eilert, Institute of Biophysics, Ulm University. This
particular polynomial for distance interconversion is valid for the given Forster radius
(67 A) and assumes spherical accessible volumes for the dyes with a radius of 20 A, as
published previously (Eilert et al., 2017). Equation 3 was applied for distance

interconversion to determine the distance of mean dye positions (Eilert et al., 2017).

distance of mean dye positions =

o 1 1
=-343A+164-r—159-103—-r2+1,00- 107> —- 13
A A?
Equation 3

4.8 Software applications for FRET

4.8.1 Calculation of the expected distance of mean dye positions

The expected mean dye positions were calculated with the FRET-restrained positioning
and screening (FPS) software (Kalinin et al., 2012). The structure of the NCP wrapped by
the 601-seq (PDB 3LZ0) (Vasudevan et al., 2010) served as a template. As a first
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approximation for the entry- and exit DNA of the nucleosome, B-form DNA was built in
USCF Chimera (Pettersen et al., 2004) and aligned with the second base pair (position
+ 71) of the NCP close to the DNA entry/exit site, respectively. Of note, this does not
necessarily reflect the entry/exit DNA coordination present in solution. A dye linker
length of 19 A (Alexa647) and 15 A (Tamra6) was used for the FPS simulation (Kalinin
et al., 2012), as well as a linker width of 4.5 A and a dye radius of 6 A. This was based on
the numbers originally proposed (Kalinin et al., 2012) and on an estimation based on the
structures of the dyes when covalently linked to a nucleobase via a flexible C6 linker
(section 4.1.2). The accessible volumes displayed in the appendix 12.3 were calculated
with the Nano-Positioning System (NPS) (Dérfler et al., 2017; Eilert et al., 2017;
Muschielok and Michaelis, 2011) and represent expected priors without additional
information from experimental data. The following parameters for the acceptor and donor
were used: dye diameter 12 A, linker length 18 A, linker diameter 4.5 A for the acceptor
and dye diameter 13 A, linker length 12 A and linker diameter 4.5 A for the donor. Both
softwares (FPS, NPS) use different definitions for dye geometries. This explains minor
differences in input parameters. The nucleosome structures and accessible volumes from
NPS were displayed with USCF Chimera. The distance between the simulated donor and
acceptor mean dye positions calculated with FPS was measured with USCF Chimera. In
order to calculate expected FRET efficiencies (Table 9) this measured distance was
converted to the apparent inter-dye distance (Eilert et al., 2017), which relates to the
classical distance-FRET efficiency relationship (section 4.7, according to Forster (1948),
Stryer and Haugland (1967) and Hellenkamp et al. (arXiv:1710.03807 [g-bio.QM])).

4.8.2 Analysis of TIRF microscopy data

Single molecule FRET time trajectories were extracted from the movies recorded with
EM-CCD cameras (section 4.6.1) using software provided by the laboratory of Prof. Don
Lamb, LMU Munich that has been described in detail (Heiss, 2011). In order to display
the field of view of the green and red camera with reference to the same spatial
coordinates, a bead map was generated similar to a published procedure (Dorfler et al.,
2017) and applied as described (Heiss, 2011). All fluorescence intensities were
background-corrected (Heiss, 2011). In order to calculate the FRET efficiency, different
correction factors need to be taken into account as elaborated in Hellenkamp et al.
(arXiv:1710.03807 [g-bio.QM]), that is (i) the y-factor, which corrects for differences of
donor and acceptor dye with respect to their quantum yields and with respect to the
instrument specific detection efficiencies, (ii) a correction factor for the spectral crosstalk

of the green emitted light leaking into the acceptor detection channel, denoted o, and
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(iii) a correction factor accounting for residual direct excitation of the acceptor dye with
the green laser, denoted 6. FRET efficiencies are calculated according to Equation 4;
details can be found elsewhere (Hellenkamp et al., arXiv:1710.03807 [g-bio.QM]). 1
denotes background corrected intensity, 4 denotes acceptor, D denotes donor, em denotes

emission and ex denotes excitation.

E = IAem,Dex - aIDem,Dex - 61Aem,Aex
yIDem,Dex + IAem,Dex - aIDem,Dex - 61Aem,Aex

Equation 4

Of note, for TIRF microscopy data, d =0 was assumed. This is a simplification that
eventually does not affect the calculated FRET efficiency in most cases; it can however
lead to an overestimation of the FRET efficiency in a regime of very low FRET
efficiencies (Hildebrandt et al., 2015).

The y-factor and a were determined for each molecule individually according to Dorfler
et al. (2017). A subset of molecules did not qualify for this approach as outlined in
section 5.2.7 and were corrected with a global y-factor and o (Hellenkamp et al.,
arXiv:1710.03807 [q-bio.QM]). This global y-factor (and global a) corresponded to the
mean of the respective distribution of the individual y-factors (and o) addressed above.
The global y-factor was determined per class of nucleosomes based on the same
DNA-construct and was 0.55 for the Fp13Rm&84 class, 0.50 for the Fp13Fp65 class and
0.50 for the Fpl13Fp72 class; a was 0.045 (for all measurements with 105 ms camera
integration time). When instead a camera integration time of 33 ms was used, the y-factor
was 0.70 and o was 0.054 (Fpl13Rm84 derived constructs). Most scripts necessary to
combine the local and global y-factor correction (for details, see section 5.2.7) have been

available, as implemented in the abovementioned software (Heiss, 2011).

The time-averaged FRET efficiency of each individual molecule was used to construct
FRET efficiency histograms that were displayed in MATLAB (MathWorks, US-MA) and
fitted with the MATLAB Curve Fitting Toolbox.

Local Hidden-Markov-Models (HMM) applied to individual FRET efficiency time
trajectories in section 5.2.8 are based on an HMM  toolbox
(https://github.com/probml/pmtk3) that has been applied successfully to smFRET data
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previously (Sikor et al., 2013) and that is available, albeit adapted, in the abovementioned
software (Heiss, 2011).

4.8.3 Analysis of confocal spectroscopy data

Individual fluorescent bursts originating from freely diffusing fluorescent molecules
during passage of a femto-liter-sized focal volume were recorded with a confocal setup
(section 4.6.2). A burst was qualified as such if at least 10 photons in 500 ps and 50 or
more photons per burst in total were detected (irrespective of the detection channel),
known as all-photon-burst-search (APBS) (Nir et al., 2006). The software that has been
used in the present study for analyzing confocal spectroscopy data, denoted as pulsed
interleaved excitation analysis with MATLAB (PAM, https://www.gitlab.com/PAM-
PIE/PAM) has been recently published by the group of Prof. Don Lamb, LMU Munich
(Schrimpf et al., 2018). This software was used for the APBS, for fitting the fluorescence
lifetime from pseudo-bulk lifetime decays (section 4.7), for the determination of FRET
efficiency histograms or the fluorescence anisotropy and lifetime histograms, and for
PDA fitting (section 4.7).

All data were corrected for background, crosstalk (o) and direct excitation (d) according
to Equation 4 based on previously published procedures (Kudryavtsev et al., 2012; Lee et
al., 2005). Final histograms contain only fluorescence bursts with at least 100 photons
and were cleared from rare multimolecule events using the alternating laser
excitation-two-channel kernel-based density distribution estimator filter (ALEX-2CDE
filter) set to an upper limit of 8 or 9 (Tomov et al., 2012). For y-factor determination, a
combined dataset of each individual labeling class, that is, of the Fp13Rm8&4 derived
constructs, of the Fp13Fp65 derived constructs and of the Fpl13Fp72 derived constructs,
was generated. A global y-factor per class was determined using the so-called
stoichiometry method (Kudryavtsev et al., 2012; Lee et al., 2005); y-factors are 0.55, 0.64
and 0.56, respectively. Overall, this method yielded a consistent comparison of all data
that relate to the same labeled DNA. Another method, namely the y-factor determination
via a characteristic fit that relates FRET efficiency to donor lifetime (Kudryavtsev et al.,
2012) was inappropriate, as dye properties could not be described with a global set of
parameters that yielded reasonable fits for all data related to the Fp13Rm84 DNA.
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5. Results

5.1 INOS8O0 purification, nucleosome assembly and INO80-nucleosome

interplay
5.1.1 Endogenous ScINO80 complex purification and storage

The 19-subunit ScINO8O complex was purified endogenously from yeast cells
(section 4.2.2) according to an established protocol (Tosi, 2013; Tosi et al., 2013). The
protein yield was improved by lysing cells with a cryogenic grinder (section 4.2.2),
compared to bead-beater cell lysis. Protein purification following cryogenic grinding
yielded > 1 pg pure INO8O complex per gram yeast cells. Furthermore, after affinity
chromatography and anion exchange chromatography, a pure and concentrated sample of
the INO8O complex was obtained (Figure 4 a, b). This sample was suited to find
appropriate long-term storage conditions, as the concentration was maximal at this
purification step (Tosi, 2013) and low concentrations generally favor protein complex

disintegration.

I found final buffer concentrations of 20 mM HEPES pH §, 350 mM KCl, 25 % glycerol,
0.8 mM DTT, 3.2 mM MgCl, to be optimal for flash freezing and storage at -80° C
(Figure 4 b, c) (section 4.2.2). The components of the INO80 complex are intact after
having been subjected to the described storage conditions (Figure4b, lane
labeled -80° C). The INO80 complex can slide mononucleosomes robustly after storage;
with increased product formation the more INOSO is present (Figure 4 c). Increasing the
concentration of the INO80 complex also leads to a pronounced shift of a fraction of the
nucleosomes to the well of the gel matrix due to binding by INOSO. Note also the
complete binding of the 147 bp crDNA by INOS8O in the control lane without ATP

(Figure 4 c, in line with section 5.1.4).

A qualitative assessment of the integrity of the INO80 complex was done by native
PAGE (Figure 4d). Here, the functional INO80 complex showed a prominent
characteristic and broad band for a high molecular weight species, indicative for a
(probably fully) assembled complex after freezing. In other words, this assessment does
not show partially disassembled INO80 complexes. It is however no direct evidence for
complex integrity as it lacks suitable control samples, such as INO80 sub-module deletion
complexes that have been described in Tosi et al. (2013). Taken together, the INO80
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complex can be purified endogenously from yeast, essentially according to Tosi et al.
(2013) and long term storage at -80° C has been established.
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Figure 4. Purification and storage of the endogenous ScINO80 complex.

(a) Anion exchange chromatography elution profile (INO80 purification). (b) SDS-PAGE (4-12 %) of INOS80
purification with affinity chromatography (FLAG), anion exchange chromatography (Q) and storage (-80 °/
25 % glycerol; uncropped gel in appendix 12.2). (¢) Native PAGE (6 %) of mononucleosome sliding (7N66) with
11 nM, 18 nM, 23 nM, 37 nM, 37 nM INOS80 (after INO80 storage, -80°/ 20 % glycerol), left panel: fluorescence
scan for labeled nucleosomes (Typhoon), right panel: image of the same gel after SybrGreen staining (INTAS);
note the presence of the 147 bp competitor DNA (section 4.3.2). (d) Native PAGE (3-12%) of the entire INO80
complex; two separate regions of the same gel are represented (complete gel in appendix 12.2).

5.1.2 Histone purification and octamer assembly

Human histone proteins were recombinantly expressed in E. coli and purified as
described in Haas (2013) and in Klinker et al. (2014) (sections 4.1.2 and 4.2.2). Induction
of the expression of a plasmid encoded histone gene (section 4.2.2) provoked massive
synthesis of the respective gene product for each individual histone (Figure 5 a). As
exemplarily shown for histone H2A, in a first step after cell lysis, the histone was purified

with cation exchange chromatography under denaturing conditions (section 4.2.2)

54



(Figure 5 b, c). Pure fractions were pooled (Figure 5 c¢), refolded, applied to a reverse

anion exchange chromatography and H2A was then pure (section 4.2.2, Figure 5 d).
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(a) SDS-PAGE (18 %) of individual recombinant expression of HsH2A, HsH2B, HsH3 and HsH4 in E.
(b) Cation exchange chromatography elution profile of H2A purification. (c) SDS-PAGE (18 %) of H2A
purification (fractions collected by cation exchange chromatography). (d) SDS-PAGE (18 %) of H2A
purification (reverse anion exchange chromatography). (e) Size exclusion chromatography elution profile after
octamer refolding. (f) SDS-PAGE (18 %) of octamer formation (fractions collected by size exclusion

chromatography). Uncropped gel of (¢) in appendix 12.2.
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Histone octamers were formed by refolding after mixing individually purified histones in
denaturing conditions as described in Klinker et al. (2014) and in Dyer et al. (2003). The
refolding product was separated by size, using size exclusion chromatography
(Figure 5 e). This constitutes also an important additional purification step that removes
residual side-products from individual histone purifications (see also note in
section 4.2.2). Complete octamer formation (in contrast to e.g. concomitant hexamer and
octamer formation) was ensured by using excess of H2A and H2B, which elute in a
separate dimer peak if all H3/4 tetramers have been saturated with two H2A/B dimers to
form an intact histone octamer (Haas, 2013; Klinker et al., 2014) (Figure5 e).
Stoichiometric histone octamer formation was verified by SDS-PAGE (Figure 5 f).

5.1.3 Mononucleosome formation

Mononucleosomes can be assembled from DNA and histone octamers using salt gradient
dialysis (Dyer et al., 2003) (section 4.3.2). For alike-assembled chromatin fibers, the
introduction of a competitor DNA (crDNA, 147 bp) of about the same length as the DNA
wrapping the octamer core has been exploited to assess the saturation of the assembly
(Huynh et al., 2005). Here, the octamer deposition is energetically favored for the 601-seq
(Lowary and Widom, 1998), while the crDNA forms an NCP only upon 601-seq
saturation (Huynh et al., 2005). Alternatively, plasmid backbone DNA has also been used
previously as competitor DNA in mononucleosome assembly protocols (Sundaramoorthy
et al.,, 2017; Treutlein, 2012) (section 5.1.6). In order to optimize the nucleosome or
chromatin fiber assembly product, the ratio of octamers to DNA is varied in the reaction

mixtures subjected to salt gradient dialysis (Dyer et al., 2003; Huynh et al., 2005).

Using this rational, I could induce mononucleosome formation in the presence of a
147 bp crDNA such that the resulting nucleosome species (7N66, 601-seq nucleosome
with 7 bp and 66 bp overhang, respectively) migrates as a single band on a native PAGE.
This is the case for full saturation of the 601-seq with histone octamers and only marginal
NCP formation (Figure 6 a, b, ¢, 7N66-1.7, denoting a molar ratio of octamer to 601-seq
DNA of 1.7). This was of importance, as a second band was observed when a smaller
amount of histone octamer was used in the assembly (Figure 6 a,b,c, 7N66-1.1).
Presumably, this species with increased electrophoretic mobility compared to the
nucleosomes assembled on the same 601-seq DNA constitutes hexasomes as observed

recently (Frouws et al., 2018; Levendosky et al., 2016).
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Figure 6. Mononucleosome formation and mononucleosome sliding.

(a) Native PAGE (6 %) of 7N66 nucleosome assembly in the presence of competitor DNA (147 bp crDNA); left:
false color multichannel fluorescence readout for 220 bp 601-seq DNA (red bands) and for 147 bp crDNA (green
bands); right: SybrGold staining of the same gel. (b) Separate single channel fluorescence readouts (green and
red, respectively) of (a). (c) Intensity profiles of the red fluorescence readout shown in (b); (orange) 7N66 — 1.1,
(green) 7N66 — 1.4, (violet) 7N66 — 1.7, (blue) 7N66 — 2.0, right panel: this order, left panel: reverse order.
(d) Native PAGE (6 %) of 7N66 nucleosome remodeling by INO80 in the presence of competitor DNA (147 bp
crDNA) in false colors as in (a). (e) Separate single channel fluorescence readouts (green and red, respectively)
of (d). Fluorescence imaging: ChemiDocMP. Octamer:601-seq DNA ratios are indicated for each lane of the
native PAGE. Remodeling in (d) was conducted in the presence of an INO80 specific nanobody that does not
impact sliding (section 5.1.4, appendix 12.2, section 4.4.2). (d, e) represent two separate regions of the same gel
(complete gel in appendix 12.2). Figure 6 a, b is adapted from Schwarz et al. (2018).

Likewise, at higher molar octamer:601-seq DNA ratios (e.g. 7N66-2.0), a side-product
with reduced electrophoretic mobility was observed. Here, the 601-seq DNA has been
saturated, as NCP formation on the crDNA is distinct (Figure 6 a, b, ¢, 7N66-2.0). A
plausible explanation of the side-product is the formation of an overlapping dinucleosome
(Kato et al.,, 2017). However, if so, the total length of the DNA is too short to
accommodate all histone-DNA contacts described in (Kato et al., 2017). Maybe the
contacts closest to the DNA entry and exit site present in the crystal structure (PDB
5GSE) (Kato et al., 2017) with the H3aN helix do not form if the observed nucleosome
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assembly side-product in the present study is an overlapping dinucleosome. Alternatively,
maybe a different position of the octamer on the DNA is enabled when over-titrating with
histone octamers. Taken together, including crDNA to titrations of octamers for
assembling 601-seq mononucleosomes is a convenient tool to gain a homogenous

nucleosome sample upon 601-seq saturation.

Here, ctDNA and 7N66 mononucleosomes can be distinguished spectroscopically by
using different fluorophores for visualization (Figure 6 a, b). This is especially useful
when monitoring the INO80O complex and its sliding activity on end-positioned
mononucleosomes (Figure 6 d, ). As expected, robust nucleosome sliding takes place
while the ctDNA and the residual negligible NCP are not processed by the INOS80
complex. Thus, the homogenously assembled 7N66 nucleosome samples can be used
directly for assessing INO8O activity in the presence of crDNA, without the need of
further purification steps. Still, this is a specialized condition and requires great care when

inferring INO80 mechanistic features (see section 5.1.4).
5.1.4 Characterization of the recombinant ScINO80 complex

I validated the functionality of the purified recombinant ScINO80O complex. These were
key experiments to approve the recombinant INO80 expression for a comprehensive
characterization of the recombinant ScINO80 with various approaches, for example by
smFRET (section 5.2). Dr. Sebastian Eustermann and Manuela Moldt, both Gene Center
and Department of Biochemistry, LMU Munich, established its expression, generated the
point mutants presented in Figure 7 and provided purified INO80 samples.

The recombinant wild-type ScINOS80 robustly repositions mononucleosomes to a more
centered position (Figure 7 a). Increasing INOS8O concentration also increases the
formation of the repositioned nucleosome, in line with the described activity of the

endogenously purified INO80 complex (section 5.1.1).

The INO8O complex harbors ten more subunits with a conserved ATP binding site (Shen
et al., 2000; Tosi et al., 2013; Watanabe et al., 2015) (actin, Arps, Rvbs), in addition to
the main ATPase. It was therefore of interest to see if the INO80 complex with Walker B
mutants of Rvbl and Rvb2 is still functional. This mutant INO80 complex is also fully
functional in mononucleosome repositioning (Figure 7 b) and differences (wild-type vs.
mutant INO80) in this and other sliding assays (data not shown) are only small. Note that
this assay is not suitable to report on minor variations of the degree of nucleosome

sliding. When additionally the Ino80 main ATPase was mutated, sliding activity was
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abolished (Figure 7 b). This suggests a fundamental role of INO80’s main ATPase for
nucleosome sliding, while the ATPase activity of other subunits of the complex might
play only a minor role (if at all) for nucleosome repositioning. Indeed, this was expected,
as an early study demonstrated that the Ino80 main ATPase Walker A mutant abolishes
ATPase activity of the ScINO80O complex almost completely, even though other subunits
have intact ATP binding sites (actin, Arps and Rvbs) and are an integral part of the
INO8O complex (Shen et al., 2000). Further, INO80 ATPase activity and nucleosome
sliding are completely abolished for an Ino80 main ATPase Walker B mutant in the
context of HsINO80°*™™** (Willhoft et al., 2017).
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Figure 7. Characterization of the recombinant INO80 complex.

(a) Native PAGE (6 %) of mononucleosome sliding by the wild-type recombinant INO80 complex (11 nM,
20 nM, 27 nM, 41 nM, 27 nM INO80). (b) Native PAGE (6 %) of mononucleosome sliding by Walker B mutants
of the recombinant INO80 complex, concentrations as in (a). (c) Competitive INO80 binding assay with
approximately equimolar 147 bp crDNA and 7N66 nucleosomes (native PAGE, 3-12 %). INO80 concentrations
are 25 nM, 50 nM, 100 nM, 200 nM, 0 nM. (a, b, c) Left panel: fluorescence scan for labeled nucleosomes
(Typhoon), right panel: image of the same gel after SybrGreen staining (INTAS); note the presence of the 147 bp
competitor DNA (section 4.3.2). (d) Native PAGE (3-12 %) of the INO80 complex after incubation of INO80 with
different KCI concentrations (100 mM, 200 mM, 300 mM, 400 mM). (d) Native PAGE (3-12 %) of the INO80
complex with/ without prior incubation with ATP. Lane 3 and 5 as well as lane 4 and 6 have been prepared in
the same way (independent replicates).

As the nucleosome sliding assays presented here are performed in the presence of crDNA
(Figure 6, Figure 7) it was of interest to determine which binding partner (crDNA or

7N66 mononucleosomes) is preferred by the INO80 complex. Figure 7 ¢ exemplifies that
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the first substrate to be fully bound by the INOSO complex is the crDNA when
approximately equimolar concentrations of both substrates (nucleosomes and crDNA) are
present in concentrations well above the dissociation constant Ky4; the Ky is in the low
nanomolar range, sections 4.4.1 and 5.1.5. In this respect, the INO80 complex is unique
compared to other remodelers that prefer nucleosome binding compared to DNA binding
(Clapier et al., 2017). INO80O might integrate DNA- and nucleosome binding properties.
This correlates with known functions of the INO80 complex, as it binds to the
+1 nucleosome and the NFR in vivo, and it is required to establish yeast promoter regions
in vitro (Krietenstein et al., 2016; Yen et al., 2013). Further, INO80 requires >60 bp
flanking DNA for productive nucleosome sliding in vitro (Udugama et al., 2011; Zhou et
al., 2018).

As established for the endogenous INO80 complex, a qualitative assessment on the
integrity of the INO80O complex was performed by native PAGE (Figure 7 d, e). Again, a
prominent characteristic band for a high molecular weight species was observed
(comparable to the endogenous INOSO complex, Figure 4 d). However, the INOS80
complex also often showed a tripartite electrophoretic mobility (Figure 7 e).
Conformation, size and charge all contribute to the electrophoretic mobility assayed by
native PAGE (Arndt et al., 2012), and it is therefore difficult to draw clear conclusions
from the electrophoretic mobility of large, natively folded protein complexes (that may
feature conformational heterogeneity). Multiple bands observed by native PAGE may
reflect conformational heterogeneity as well as complex disintegration. Therefore,
differences exemplified by Figure 7d vs. Figure 7 e between equivalently prepared
INO80 complexes cannot be fully explained. In order to reconcile both observations
(Figure 7 d vs. Figure 7 e), I incubated the INO80 complex with ATP prior to the native
PAGE. This induced the formation of a characteristic double band of a high molecular
weight species (Figure 7 e) that is similar to Figure 7 d. If ATP binding by one or more
subunits of the INO80 complex is the reason for the observed double-band formation,
conformational changes as well as reduction of the net charge due to the introduction of
one ore more nucleotides, can influence electrophoretic mobility. Therefore, this
phenomenon can be described only qualitatively. It is however of great interest to see in
future studies if the nucleotide state of one or more INO80 subunits has an impact on the

overall complex conformation and thus may have functional importance.

Further, the impact of a nanobody that has been raised against INO80 (Tosi, 2013) was
tested in the context of INO80 mediated mononucleosome sliding (Figure 8). When

analyzing technical triplicates of INO80 nucleosome sliding probed at different points in
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time (Figure 8 d) no significant difference in sliding for wild-type INO8SO vs. INO8O

incubated with the nanobody was observed.
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Figure 8. INO80 remodeling probed at different points in time.

(a) Native PAGE (6 %) of 7N66 nucleosome remodeling by wild-type INO80 (top panel, red fluorescence) in the
presence of 147 bp crDNA (bottom panel, green fluorescence). (b) as in (a), but in the presence of an INO80
specific nanobody. (c) Intensity profiles of the red fluorescence readout shown in (b). (d) Quantification of
technical triplicates for INO80 remodeling (INOS80, orange, as in (a)) and INO80/nanobody, blue, as in (b)).
Error bars are standard deviations of technical triplicates. For intensity profiles, the same distance from the top
of the gel is shown but peaks have been aligned for better visualization.

As homogenously assembled mononucleosomes come along with roughly equimolar
amounts of crDNA (section 5.1.3), the nucleosome sliding conditions (section 4.4.2)
presented in Figure 8 do not reflect conditions used in classical enzymology and do not
report on absolute kinetic rates. Per se, assays with competing binding partners or
substrates can be highly relevant. For mechanistic studies on the related SWR1 complex
such conditions have been intentionally developed to directly infer substrate preferences
(Ranjan et al.,, 2013). When investigating nucleosome sliding in the presence of
competing DNA, this has been shown to drastically influence apparent sliding rates
(Sinha et al., 2017). This is a known caveat that can be overcome by ensuring equivalent
amounts of competing DNA in all samples used to perform comparative studies (Sinha et

al., 2017). Therefore, probing nucleosome sliding at different points in time for wild-type
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INOS8O (Figure 8 a) vs. INO80 incubated with the nanobody (Figure 8 b) is designed as a

direct comparison of both conditions (section 4.4.2).

Interestingly, close inspection of the intensity profiles of the fluorescent nucleosome
probes (Figure 8 ¢) reproducibly revealed three largely overlapping peaks after
remodeling for 2 min (largely independent of the addition of the nanobody, data not
shown). As the reaction was stopped by addition of competitor DNA to remove INO80
from nucleosomes, and nucleosomes then most likely relaxed to a more stable position, I
propose to observe an intermediate remodeled nucleosome state after 2 min remodeling.
Nucleosome conformations resulting from incomplete nucleosome sliding present in the
ensemble are potentially heterogeneous when the remodeling reaction is quenched.
However, as outlined in section 5.2.2, a defined intermediate nucleosome conformation
may form upon relaxation as the rotational periodicity of the DNA wrapped around the
nucleosome dictates defined energetically favored states (Blosser et al., 2009; Chua et al.,
2012; Lowary and Widom, 1998; Luger et al., 1997a; McGinty and Tan, 2015). Such
nucleosome intermediates and products are a characteristic feature of HsINO80“ ™™
mediated nucleosome sliding (Willhoft et al., 2017) and to some extent of the ScINO80
mediated nucleosome sliding (Zhou et al., 2018). In the latter study, the product
distribution with respect to the nucleosome position on DNA was shown to depend on
DNA-sequence, suggesting that the 601-seq contributes to distinct repositioned

nucleosomes (Zhou et al., 2018).
5.1.5 Characterization of INO80 affinity to wild-type and all tailless nucleosomes

To characterize the INO80 bound state for wild-type and all tailless nucleosomes, its
affinity to wt7N66 and to at7N66 nucleosomes was tested by EMSA, in the absence of
competitor DNA (section 4.4.1). When quantified, these data reveal a tight binding of
INOS8O to nucleosomes (Figure 9). The dissociation constant is in the low nanomolar
range. The fits presented for the data represent the exact description of the binding
equilibrium (section 4.4.1), assume a 1:1 complex formation (Figure 9) and describe the
data well (R’ =0.999 for wt7N66, R’ =0.995 for at7N66). Still, the absolute
stoichiometry remains to be determined and I cannot rule out, for example, INO80 dimer
(eonserved

formation as recently demonstrated for the catalytically active HsINOS8
(Willhoft et al., 2017). Importantly, the overall binding affinity is not changed in the

complex

absence of histone tails (Figure 9).
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Figure 9. Binding affinity of the INO80 complex
to wild-type and all tailless nucleosomes.

-
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The fraction of bound nucleosomes (Wt7N66,
grey and at7N66, brown) was determined with
EMSAs. Error bars are standard deviations
from technical triplicates. The fit describing the
binding curve and the fit parameters can be
found in section4.4.1. EMSAs have been
performed by Kevin Schall, Gene Center and
Department of Biochemistry, LMU Munich, see
also appendix 12.3. Figure9 is adapted from
Schwarz et al. (2018).
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5.1.6 Assembly of smFRET applicable mononucleosomes

In order to provide homogenous nucleosome samples for single-molecule applications, I
extended the strategy presented in section 5.1.3 following an approach that uses the entire
pUCI18-plasmid backbone as competitor DNA (section 4.3.2), similar to an established
protocol (Sundaramoorthy et al., 2017; Treutlein, 2012). Here, sample homogeneity is
required for the labeled portion of the sample (double labeled 7N66 mononucleosomes,

section 5.2.1).

The 7N66 mononucleosome forms upon octamer:601-seq DNA titration in the reaction
mixtures subjected to salt gradient dialysis (Figure 10). The actual FRET probe (double
labeled 7N66) can be visualized exclusively in fluorescent scans, Figure 10 a, left and
middle panel. The side-products upon under- and over-titrating with octamers as
described in section 5.1.3 are a characteristic feature. Concomitantly, unlabeled 7N46 are
formed and can be visualized alongside with the labeled 7N66 nucleosomes and the
competitor DNA after staining (Figure 10 a, right panel). Considering this procedure for
nucleosome formation, the total nucleosome concentration (7N66 and 7N46
nucleosomes) is increased ca. 10x over the concentration of labeled nucleosomes
(section 4.3.2). This is beneficial when using highly diluted samples in single-molecule

applications.

In the context of INO80 nucleosome sliding and binding (section 5.2), it was of interest to
compare wild-type nucleosome substrates to nucleosomes lacking all histone tails. I
therefore successfully applied the outlined histone octamer titration scheme using
globular (that is, all tailless) histone octamers (Figure 10 b), provided by Kevin Schall,
Gene Center and Department of Biochemistry, LMU Munich. Given the reported reduced
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stability of nucleosomes in the absence of histone tails (discussed in section 2.3.2)
(Ferreira et al., 2007b; Iwasaki et al., 2013) the discrimination of homogenously
assembled nucleosomes from samples that harbor distinct by-products is particularly
valuable for those constructs. In this way, sample quality can be ensured by native PAGE

prior to all single-molecule applications.
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Figure 10. Assembly of smFRET applicable mononucleosomes.

(a) Native PAGE (6 %) of nucleosome assembly for the wtLF construct. Separate single channel fluorescence
readouts (red, left panel and green, middle panel) are shown. Image of the same gel after SybrGold staining in
the left panel. (b) Native PAGE (6%) of nucleosome assembly for the atLF construct presented as in (a).
(c) Native PAGE (6%) of independent nucleosome assemblies for each of the six nucleosome constructs wtHF_A,
atHF_A, wtLF, atLF, wtHF_B, atHF_B used for smFRET measurements; separate single channel fluorescence
readouts (red, top panel and green, middle panel) are shown. Image of the same gel after SybrGold staining in
the bottom panel. See also appendix 12.2. Nucleosome constructs LF, HF_A and HF_B only differ in label
positions on the nucleosome DNA moiety (detailed description in section 5.2.1). Fluorescence imaging:
ChemiDocMP. Molar ratios of octamer:601-seq DNA are indicated for each lane. (wt) wild-type, (at) all tailless.
The lanes containing only DNA (crDNA & 220 bp or 220 bp DNA) do not report on the efficiency of the
assembly per se (section 4.3.2). Dr. Mara Guariento, Institute of Biophysics, Ulm University, helped with the
realization of most nucleosome assemblies presented here. Figure 10 is adapted from Schwarz et al. (2018).

Generally, the formation of homogenously assembled nucleosomes exploiting the
presence of characteristic by-products for samples that have been under- or over-titrated

with histone octamers was very reproducible also for other nucleosome constructs. All
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mononucleosomes presented have been selected after performing an individual histone
octamer titration per construct (data not shown). The achieved sample homogeneity
renders each nucleosome construct highly suitable for single-molecule FRET
applications. Selected titrations from the nucleosome assembly of different wild-type and
all tailles nucleosomes, differing only in the position of the labels on the DNA (details in

section 5.2.1), are summarized in Figure 10 ¢ and appendix 12.2.
5.1.7 Overview on repositioned mononucleosomes used in SmFRET

Each assembled nucleosome can be assigned to a distinct FRET efficiency (section 5.2.3).
In order to understand the nucleosome sliding reaction, it is crucial to know as well the
FRET efficiency of the repositioned mononucleosome after INO80 mediated nucleosome
sliding. Therefore, I performed remodeling reactions on each smFRET applicable
mononucleosome construct and verified manifest nucleosome sliding by native PAGE
(Figure 11) before applying the same (diluted) sample to single-molecule FRET
applications (Figure 13, section 5.2.3). A shortcoming of this approach is the high
competitor DNA concentration (~10 ng/ul) in the ensemble reaction (section 4.6.2), a
leftover from the nucleosome assembly (section 5.1.6) that competitively inhibits the
reaction, especially since the INO80 complex prefers DNA over nucleosome binding
(section 5.1.4). Still, the INO8O complex shifts the majority of nucleosomes to a new
position on DNA (as illustrated by the intensity profiles depicted in Figure 11) in these
remodeling conditions. The INO80 complex is assumed to mainly center the 7N66
nucleosomes, as for ON70 nucleosomes it was previously shown that INOS8O
predominantly repositions ON70 by 36 bp, sliding 78 % of the nucleosomes in total
(Udugama et al., 2011).

More stringent conditions suggest comparable INO80 mediated remodeling (tested with
smFRET for the construct presented in Figure 11 a, see appendix 12.3), but it is difficult
to assess whether or not the degree of completion of the ensemble nucleosome sliding
reaction (section 4.6.2) on the time scale tested is equivalent to the end point of the
reaction. Still, mononucleosomes that have been repositioned by INO80 (ensemble
approach) can be tested for manifest repositioning by native PAGE and thus constitute an
ideal control sample for smFRET measurements that probe INO8O nucleosome sliding
(section 5.2.3). Of note, repositioning of all-tailless nucleosomes is comparable to
wild-type nucleosomes when analyzed by native PAGE (appendix 12.2) and pronounced
when analyzed by smFRET (section 5.2.5).
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Figure 11. Overview of end-positioned and repositioned wild-type mononucleosome constructs.

(a) Native PAGE (fluorescence readouts for the acceptor fluorophore, red, or for the donor fluorophore, green)
of wtLF compared to the repositioned wtLF nucleosome. Fluorescence intensity profiles are also shown (educt,
blue vs. product, red). (b) wtHF_A compared to the repositioned wtHF A nucleosome; representation as in (a).
(c) wtHF_B compared to the repositioned wtHF B nucleosome; representation as in (a). Nucleosome constructs
LF, HF_A and HF_ B only differ in label positions on the nucleosome DNA moiety (detailed description in
section 5.2.1). Note that each intensity profile has a different scaling as indicated by the color of the y-axis
caption. Figure 11 is adapted from Schwarz et al. (2018). Repositioning of all-tailless nucleosomes is comparable
(appendix 12.2).

5.2 INO80-nucleosome interactions probed by smFRET
5.2.1 Overview of nucleosome constructs

The nucleosome is a structurally well characterized particle (Davey et al., 2002; Luger et
al., 1997a; Vasudevan et al., 2010) and thus ideally suited for the design of FRET probes.
In this study, the 7N66 constructs contain the NCP flanked by 7 bp and 66 bp of overhang
DNA, respectively. The constructs “Low FRET” (LF) probes the conformation of the
entry DNA, while the “High FRET A” (HF_A), “High FRET B” (HF B) constructs probe
the nucleosomal DNA in the vicinity of the DNA exit site (Figure 12). Similar constructs
have been used previously (Sundaramoorthy et al., 2017; Treutlein, 2012). For
unambiguous designation of the label positions, each label is named by its placement on
the forward (F) or reverse (R) strand, with the number of bases plus (p, 3 direction) or
alternatively minus (m, 5 direction) counted from the dyad onwards. The LF construct,
for example, is designated Fpl3(Tamra6)Rm84(Alexa647). The predicted distance of
mean dye positions for LF, HF-A and HF-B are 76 A, 50 A and 15 A, respectively
(Table 9) (determined with the procedure described in section 4.8.1).
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Figure 12. Schematic illustration of nucleosome constructs Low FRET (LF), High FRET A (HF_A) and High
FRET B (HF_B).

(a) Label positions on the NCP for LF, HF_A and HF_B. Green star, Tamra6; red star, Alexa647; black dot,
dyad; brown stroke, flanking DNA protruding from the NCP. (b) DNA sequence for the 7N66 constructs with
label positions as in (a). Those label positions have been used previously (Sundaramoorthy et al., 2017;
Treutlein, 2012). A base-pair ruler illustrates the positions on the NCP for the 145 bp that wrap the nucleosome
in case of the Widom 601-sequence (Makde et al., 2010; Vasudevan et al., 2010). Brown letters, flanking DNA;
black letters, 147 bp nucleosome core DNA. Figure 12 is adapted from Schwarz et al. (2018).

5.2.2 [Expected remodeling intermediates and products

To estimate the FRET efficiency changes induced by INO80 nucleosome repositioning, I
expect that after quenching the remodeling reaction and thermally relaxing the
nucleosomes to a new stable position, canonical nucleosome conformations that are
energetically favored might form. Nucleosomes intrinsically position such that at regions
where histones H3/H4 contact the minor groove of the DNA helix, the DNA is most
flexible (McGinty and Tan, 2015), that is at the so called “pressure points” 5 bp away
from the dyad and further in 10 bp intervals (Chua et al., 2012; McGinty and Tan, 2015).
A 10 bp-periodicity was also observed for sequences with high affinity for octamers and
demonstrated using statistical evaluation of SELEX generated data (Lowary and Widom,
1998). Therefore, stable remodeling intermediates/products might mainly occur after
repositioning by 10bp, 20 bp or 30 bp. Indeed, 10 bp intervals were observed for
repositioned nucleosomes (in the context of the 601-seq) after incubation with ACF,
quenching and thermal relaxation, when applying smFRET to readout the final
nucleosome position (Blosser et al., 2009). The expected distances of mean dye positions
(inferred as described in section 4.8.1) after 10 bp, 20 bp and 30 bp nucleosome
movement for the nucleosome constructs used in this work (LF, HF A and HF B) are
summarized in Table 9. The assay development described herein was motivated by
previous nucleosome-based smFRET studies of the single-subunit remodeler Chdl that

used similar nucleosome constructs (Sundaramoorthy et al., 2017; Treutlein, 2012).
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Table 9. Expected distances of mean dye positions for hypothetical (see text) nucleosome movement in 10 bp
intervals.

The respective expected new label positions are indicated for each new nucleosome position and have been used
to determine the expected distance of mean dye positions using FPS calculations (Kalinin et al., 2012). Bold label
positions are located on the NCP, others on the flanking DNA. The expected FRET efficiency (E) is given for the
isotropic Forster radius (R)) and a range of expected FRET efficiencies is given for R, +£7 % (section 4.7). The
observed FRET efficiencies have been determined by TIRF microscopy (sections 5.2.3 and 5.2.5) and complete
fit results of the respective histograms are listed in the appendix 12.3.

educt 10 bp 20 bp 30 bp
TN66 17N56 27N46 37N36
LF Fp13Rm8&4 Fp3Rm74 Fm7Rm64 | Fm17Rm54
expected distance 76 A 38 A 38 A 36 A
E expected 0.33 0.89 0.89 0.91
E expected given Ry error 0.24 t0 0.42 0.84t00.93 | 0.84t00.93 | 0.87t00.94
E observed (wtLF) u: 0.48 o: 0.06 p: 0.85 6: 0.07
E observed (atLF) p: 0.37 : 0.07 p: 0.87 o: 0.06
HF A Fp13Fm72 Fp3Fm82 Fm7Fm92 | Fm17Fm102
expected distance 50 A 35A 39A 97 A
E expected 0.75 0.92 0.88 0.12
E expected given R error 0.66 to 0.82 0.88t00.94 | 0.83t00.92 | 0.081t00.16
E observed (wtHF _A) p: 0.80 o: 0.04 p: 0.756: 0.10, pu: 0.11 0: 0.05
E observed (atHF _A) p: 0.81 ¢: 0.04 p: 0.57 6: 0.06, p: 0.11 o: 0.04
HF B Fp13Fmé65 Fp3Fm75 Fm7Fm85 Fm17Fm95
expected distance 15A 13A 37A 88 A
E expected 0.99 0.99 0.90 0.18
E expected given R error 0.99 to 0.99 0.99 to 1.0 0.86t00.93 | 0.13to 0.25
E observed (wtHF B) p: 0.96 ¢: 0.03 p: 0.68 6: 0.09, n: 0.13 0: 0.05

5.2.3 Proof-of-Principle for the smFRET readout of nucleosome repositioning

FRET efficiency histograms by TIRFM or by confocal spectroscopy of the
double-labeled nucleosomes wtLF, wtHF A and wtHF B are overall in agreement with
the expected FRET efficiencies (Table9). Figure 13 ¢, f,1 illustrates that each
nucleosome construct displays a clearly distinct FRET efficiency of E, =48 %,
E, =80 % and E, = 96 %, respectively, in TIRF microscopy. E, is the mean of the FRET
efficiency distribution as obtained from Gaussian fitting. Complete fit results with more
than one Gaussian are summarized in the appendix 12.3. For confocal spectroscopy
derived FRET efficiency histograms, peaks are centered around E, =50 % (LF),
E,=81% (HF _A)and E, = 93 %, the latter complemented by another peak at £, = 82 %
(HF _B); this is inferred from Figure 13 e, h, k, blue histograms. Notably, the HF B
construct shows a higher fraction of free DNA with a very low FRET efficiency

(presumably unpacked DNA from the nucleosome assembly, section 5.1.6) than the other
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two constructs. A possible explanation is that the close proximity of the labels

(section 5.2.1) puts steric constraints on nucleosome packing.
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Figure 13. INO80 mediated nucleosome remodeling assayed by TIRFM and confocal spectroscopy.

(a) Schematic overview of nucleosomes tethered to a biotinylated PEG layer on the surface of a TIRF sample
chamber. The excitation laser light is introduced with a prism such that total internal reflection occurs and only
near-surface fluorescent molecules are excited (shaded in green) (section 4.6.1). (b) Schematic overview of freely
diffusing labeled nucleosome that pass the focal volume (shaded in green) of a confocal setup (section 4.6.2).
(c,d, e) FRET efficiency histograms of the wtLF nucleosome. (c¢) wtLF (blue), TIRFM. (d) wtLF after
remodeling (dark red), educt mean shown as dashed line, TIRFM. (e) wtLF (blue) and wtLF after remodeling
(dark red), confocal spectroscopy. (f, g, h) FRET efficiency histograms of the wtHF _A nucleosome. (f) wtHF A
(blue), TIRFM. (g) wtHF _A after remodeling (dark red), educt mean shown as dashed line, TIRFM. (h) wtHF_A
(blue) and wtHF_A after remodeling (dark red), confocal spectroscopy. (i, j, k) FRET efficiency histograms of
the wtHF_B nucleosome. (i) wtHF_B (blue), TIRFM. (j) wtHF_B after remodeling (dark red), educt mean
shown as dashed line, TIRFM. (k) wtHF_B (blue) and wtHF_B after remodeling (dark red), confocal
spectroscopy. Fit results can be found in the appendix 12.3. Figure 13 ¢, d, e, h and k are adapted from Schwarz
et al. (2018).
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In TIRF microscopy, nucleosome remodeling is performed by concomitantly adding
INO8O and ATP, incubation, apyrase quenching and thermal relaxation (section 4.6.1,
Figure 13 d, g, j). Construct wtLF was robustly shifted to a new position (E, =85 %,
o =7 %, comprising 52 % of the data). The remodeled nucleosome position has an
apparent donor-acceptor distance of ca. 50 A. This is equivalent to a distance of mean dye
positions of 42 A + 12 %. Herein, the apparent donor-acceptor distance was transformed
to the distance of mean dye positions and the error takes into account the uncertainty of
the Forster radius (67 A £ 7 %) and the standard deviation of the FRET efficiency
distribution as described in section4.7 and as derived by Hellenkamp et al.
(arXiv:1710.03807 [g-bio.QM]). The distance of mean dye positions inferred from
experiments is in good agreement with any of the theoretically expected values (38 A or

36 A) for nucleosome repositioning on DNA by 10 bp or multiples thereof (Table 9).

Performing an ensemble remodeling reaction before confocal spectroscopy data
acquisition (section 4.6.2) allows effective INO80 mediated nucleosome repositioning
(Figure 13 e, h, k, dark red histograms), as validated also for the same samples by native
PAGE (section 5.1.7). The apparent inter-dye distance of remodeled wtLF nucleosomes
(Figure 13 e, dark red histogram) was extracted by PDA from confocal spectroscopy data
as described in section 4.7 (appendix 12.3) and is ca. 49 A. After interconversion to the
distance of mean dye positions and taking the uncertainty of the Forster radius into
account to determine the relative error as outlined in section 4.7 and in Schwarz et al.
(2018), the distance of mean dye positions can be determined to 41 A £ 12 %. This also
matches the expected value (Table 9) and further validates the model.

Confocal spectroscopy confirms robust nucleosome repositioning by INO8O (Figure 13).
For the confocal spectroscopy data of wtLF after INO80 mediated remodeling
(Figure 13), 41 % of the data represent the repositioned wtLF nucleosome (E, = 86 %).
When the nucleosomes pass through the focal volume by diffusion and give rise to
fluorescence bursts, detection may be somewhat biased for a burst of predominantly
green photons compared to a burst of predominantly red photons (for the all-photon-burst
search developed by Nir et al. (2006) that considers all photons independent of the
excitation or emission color and given the dye combination with a y-factor < 1, see also
sections 4.6.2 and 4.8.3). In other words, the relative size of a population with respect to
its FRET efficiency may be slightly underestimated for a high-FRET efficiency
population (displaying mainly red fluorescence). That implies that the reported 41 % of

the data for the repositioned wtLF nucleosome (E,, = 86 %) represent a lower limit for the
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respective relative number of repositioned nucleosomes in the sample, reinforcing the

notion of robust nucleosome remodeling by INOS8O0.

Before remodeling, the apparent inter-dye distance of the wtLF nucleosome is ca. 68 A
(TIRFM). This is equivalent to a distance of mean dye positions of 66 A + 8 %, with the
above-mentioned assumptions on distance interconversion and on error propagation,
described in detail also in section 4.7. With respect to confocal spectroscopy data, these
assumptions and PDA fitting reveal a distance of mean dye positions of 66 A +9 %,
derived from an apparent inter-dye distance of ca. 68 A (appendix 12.3). In comparison,
the expected distance of mean dye positions is 76 A (Table 9). This small deviation of the
model from the observed distance of mean dye positions in case of the educt nucleosome
configuration of wtLF can be explained because the angle of the modeled overhang DNA
bearing the acceptor label (section 4.8.1) with respect to the NCP is not precisely known.
Therefore, theoretical distance estimations for labels that have not been placed on the

known NCP structure but rely on a model including flanking DNA must not be overrated.

The interpretation of the histograms after INO80 remodeling of the wtHF A and wtHF B
constructs is challenging. In Figure 13 g (HF_A, TIRFM), remodeling to E, =11 %
comprises only 29 % of the data and the main peak shifts to £, = 75 % and broadens. In
Figure 13 h (HF A, confocal spectroscopy, dark red histogram), remodeling to £ = 10 %
comprises 63 % of the data. Table 9 suggests that for HF A, 30 bp sliding are required to
substantially decrease the observed FRET efficiency, while shorter sliding distances may
even lead to a slight FRET efficiency increase. To test the possibility that in the case of
the wtHF A construct, INO8O sliding for less than ~ 30 bp may not change the FRET
efficiency and thus active remodeling could be masked by a very similar FRET efficiency
distribution of the educt nucleosome, I tested the wtHF B construct (Figure 12) in the
same conditions. As shown in Table 9, also for wtHF B, 30 bp sliding are expected to
substantially decrease the observed FRET efficiency, however also shorter sliding
distances (~ 20 bp) might lead to a FRET efficiency decrease. In Figure 13 j (wtHF B,
TIRFM), remodeling to E, = 13 % comprises 29 % of the data; a comparable FRET
efficiency population already represented 23 % of the data before remodeling as
nucleosome packing on double-labeled DNA was less effective for the wtHF B
construct. Upon INO80 remodeling, also a new peak at E,, = 68 % emerges (representing
64 % of the data). Tethered nucleosomes are robustly repositioned (wtHF B, Figure 13 j),
albeit partially to a different position than observed after INO80 nucleosome
repositioning in bulk conditions prior to confocal spectroscopy assessment (section 4.6.2).

The latter assay (for wtHF B) features remodeling to £, = 12 % (comprising 81 % of the
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data) complemented by a peak at £, = 0 % (comprising 7 % of the data, Figure 13 k, dark
red histogram). Discrepancies between TIRF microscopy and confocal spectroscopy in
the relative size of populations, defined by their respective mean FRET efficiencies,
occur only for the remodeled wtHF A and wtHF B constructs (Figure 13). For wtLF,
datasets of freely diffusing or tethered nucleosomes remodeled by INO8O confirm each
other. Taking observations from confocal spectroscopy and TIRF microscopy for
constructs wtLF, wtHF A and wtHF B into account, a complete remodeling reaction
presumably relates to FRET efficiency changes from E, ~48 % to E, ~ 85 % (WtLF),
from E, ~ 80 % to E, ~ 10 % (wtHF A) and from E, ~96 % to E, ~ 12 % (wtHF_B). A
presumable intermediate could have E, ~ 85 % (product-like), £, ~ 75 % (educt-like) and
E,~68 % (distinct from educt and product) for wtLF, wtHF A and wtHF B,
respectively (Figure 14). A possible explanation for the observation of partially
repositioned nucleosomes by TIRFM in case of wtHF A and wtHF B is that INO80
could be hindered due to surface interaction effects when the reaction reaches completion,
because it shifts the nucleosome towards the surface of the measurement chamber by the
continued sliding reaction. This explains why the intermediate remodeled nucleosome
state is observed in TIRF microscopy in contrast to assays probed by confocal
spectroscopy. Still, the INOS8O sliding reaction, when performed with tethered
nucleosomes, is not compromised for at least 10 bp. This is the minimal sliding distance
that is required for the observed FRET efficiency change in case of the LF construct
(Table 9).

Figure 14. Cartoon of changes in label positions for 7N66
LF, HF_ A and HF B upon INOS80 remodeling and
thermal relaxation of nucleosomes.

(left) Educt conformation. (middle) Presumable
intermediate. (right) Product conformation. (green)
Donor dye for LF, HF_A and HF_B. (red) Acceptor dye
for LF. (orange) Acceptor dye for HF_A. (violet)
Acceptor dye for HF_B. (brown) flanking DNA. A

detailed representation of the modeled accessible volumes

2 7 ) ) of the dyes for the LF construct can be found in
Yo — fk«—:“) % 7 appendix 12.3.

In my own hands, one such stable intermediate for the 7N66 nucleosomes occurred in
gel-based INOSO sliding assays (native PAGE, section 5.1.4). I assume that the described

incomplete nucleosome repositioning by INO80 in TIRFM reflects the formation of such
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an intermediate. Nucleosomes were thermally relaxed and therefore likely adopt a
conformation that retains the rotational periodicity of DNA, that is being repositioned by
10 bp or multiples thereof. The distances of mean dye positions for such nucleosome
conformations derived from a nucleosome model (section 4.8.1) do explain all observed
FRET efficiencies of the wtLF nucleosome, but do not explain all observed FRET
efficiencies of the wtHF B nucleosome (Table 9). This discrepancy needs to be further

addressed in future studies.
5.2.4 Processive nucleosome repositioning by INO80

To better understand the INOSO sliding reaction, I tested the processivity of the
remodeling reaction. To this end, I used INO80 complexes pre-bound to the tethered
7N66 nucleosomes in the presence of ADP and initiated the remodeling reaction by
adding ATP with a constant flow (section 4.6.1). With this experimental scenario, I
excluded INOS8O rebinding, thus remodeled nucleosomes are being moved by processive
translocation. Here, 45 % of the data represent the remodeled wtLF construct
(Figure 15 ¢). The FRET efficiency peak of wtLF, after remodeling, at £, =85 % in
Figure 15 ¢ (corresponding to a distance of mean dye positions of 42 A + 10 %) is in
good agreement with any nucleosome repositioning on DNA by 10 bp or multiples
thereof, as outlined in section 5.2.3 (Table 9). This implies that the INO80 chromatin
remodeler is a processive molecular motor as discussed in detail in section 6.2. Processive
nucleosome repositioning by INOSO is reflected in Figure 15 e (wtHF _A) only to some
extent. This is not surprising as I inferred from section 5.2.3 that the FRET efficiency of a
presumable remodeled intermediate nucleosome state likely displays a FRET efficiency
that resembles the educt nucleosome state in case of wtHF _A. The fact that remodeling is
generally less complete when remodeling is carried out exclusively by pre-bound INO80
complexes, compared to the conditions presented in Figure 13, is likely due to incomplete
binding of substrate nucleosomes by INO80O and/or a small number of inactive

remodeling complexes.

Interestingly, the INO80 bound state does not induce a marked change in FRET
efficiency for the wtLF and the wtHF A construct in TIRF microscopy (Figure 15 b, d)
and for wtLF in confocal spectroscopy (Figure 15 a). However, conformational changes
of the DNA path cannot be excluded, as the position of FRET labels (here on the DNA)
are not sensitive to a potential distance change in any direction and greatly depend on

construct design (Dimura et al., 2016).
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Figure 15. INO80 binding and processive sliding of wild-type nucleosomes.

(a, b, ¢) FRET efficiency histograms of the wtLF nucleosome. (a) wtLF in presence of INO80<ADP (39 nM dark
green, 156 nM light green), confocal spectroscopy; wtLF mean shown as blue dashed line with corresponding
histogram in Figure 13 e. (b) wtLF in the presence of INO80+<ADP (dark green, TIRFM) compared to wtLF
(grey, as in Figure 13 ¢). (c¢) bound wtLF (dark green) and wtLF after processive remodeling (brown), wtLF
mean shown as black dashed line. (d, ¢) FRET efficiency histograms of the wtHF _A nucleosome. (d) wtHF_A in
the presence of INO80-ADP (dark green, TIRFM) compared to wtHF_A (grey, as in Figure 13 f). (e) bound
wtHF_A (dark green) and wtHF_A after processive remodeling (brown), wtHF_A mean shown as black dashed
line. Fit results can be found in the appendix 12.3. Figure 15 a, b, ¢ are adapted from Schwarz et al. (2018).

5.2.5 INOS80 binding and remodeling for nucleosomes without histone tails

Histone tails are long extensions of the compact NCP structure with numerous functions
in vivo (discussed in section 2.3.2). When repeating the INO8O binding assays with all
tailless (at) nucleosomes, I observed a marked broadening of the FRET efficiency
histogram for atLF nucleosomes in the presence of INO80 and ADP with both smaller
and higher FRET efficiencies, as compared to atLF nucleosomes (Figure 16 a, b). In the
presence of INO80 and ADP, the continuum of FRET states of the atLF has to be fitted
with at least three Gaussians (here TIRFM data, Figure 16 b) with £, =9 %, E, =22 %
and E, = 48 %, comprising 13 %, 30% and 57 % of the data. This indicates
conformational heterogeneity and is in sharp contrast to the corresponding wtLF data
(Figure 15). To exclude artifacts due to nucleosome binding to the surface of the TIRFM
measurement chamber, 1 repeated the experiments using freely diffusing
atLF*ADP<INO80O complexes, with two different INO80 concentrations (Figure 16 a),

confirming the heterogeneity of conformations for the bound atLF.

74



Y
o
(1]

relative frequency of molecules

relative frequency of molecules

0 > | it - | TS 2 8 k.
02 0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
FRET efficiency FRET efficiency FRET efficiency

Q
(]
-

0.3 T T T T T T

normalized frequency
8
D

relative frequency of molecules

relative frequency of molecules

02 0 02 04 06 08 1 ° 02 04 06 08 1 0 02 04 06 08 1
FRET efficiency FRET efficiency FRET efficiency

Figure 16. INO80 binding and processive sliding of all tailless nucleosomes.

(a, b, ¢) FRET efficiency histograms of the atLF nucleosome. (a) atLF (blue) and atLF in presence of
INO80-ADP (39 nM dark green, 156 nM light green), confocal spectroscopy. (b) atLF (grey, as in Figure 17 a) in
the presence of INO80<ADP (dark green) in TIRFM. (c) bound atLF (dark green) and atLF after processive
remodeling (brown). (d, e, f) FRET efficiency histograms of the atHF_A nucleosome. (d) atHF_A (blue) and
atHF_A in the presence of INO80-ADP (156 nM light green), confocal spectroscopy. (e) atHF A (grey, as in
Figure 17 d) in the presence of INO80<ADP (dark green) in TIRFM. (f) bound atHF A (dark green) and
atHF_A after processive remodeling (brown). Fit results can be found in the appendix 12.3. The absence of
histone tails is implied by the brown color of the octamer core. The corresponding wt nucleosome FRET
efficiency means are shown as dashed lines, respectively. Figure 16 a, b, ¢ are adapted from Schwarz et al.
(2018).

The observed multimodal FRET efficiency histogram of the atLF in the presence of
INO8O and ADP likely has functional importance (section 6.3). In order to confirm a
possible interpretation arguing in favor of an effect on the flanking entry-DNA
conformation due to INOSO binding, I repeated the binding experiments with the atHF A
construct to probe the exit-DNA site of the nucleosome. Here, in contrast to the binding
experiments that probe the DNA conformation close to the DNA entry site, only a minor
change in FRET efficiencies (if any at all) is observed at the nucleosome exit-site in the
presence of INO80 and ADP as seen in confocal spectroscopy (Figure 16 d, blue,
E,=81%, o0=7%, accompanied by a minor peak at E, = 70 %, o =8 % vs. bound
atHF A, light green, E, = 79 %, 0 = 8 %, accompanied by a minor peak at £, = 58 %,
0 =38 %). This also holds true for TIRF microscopy (Figure 16e, grey, atHF A
E,=81% vs. bound atHF A, dark green, E, =75 %). Thus, the pronounced
heterogeneity of conformational states for the atLF in the presence of INO80 and ADP is
specific to the entry-site flanking DNA of the nucleosome.
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Figure 17. INO80 mediated nucleosome remodeling in the absence of histone tails assayed by TIRFM and
confocal spectroscopy.

(a, b, ¢) FRET efficiency histograms of the atLF nucleosome. (a) atLF (blue), wtLF mean shown as black dashed
line, TIRFM. (b) atLF after remodeling (dark red), wtLF mean shown as black dashed line, TIRFM. (c) atLF
(blue) and atLF after remodeling (dark red), confocal spectroscopy. (d, e, f) FRET efficiency histograms of the
atHF_A nucleosome. (d) atHF_A (blue), wtHF A mean shown as black dashed line, TIRFM. (e) atHF_A after
remodeling (dark red), wtHF A mean shown as black dashed line, TIRFM. (f) atHF_A (blue) and atHF A after
remodeling (dark red), confocal spectroscopy. (g) atHF_B (blue) and atHF_B after remodeling (dark red),
confocal spectroscopy. Fit results can be found in the appendix 12.3. The absence of histone tails is implied by
the brown color of the octamer core. Figure 17 a, b, ¢, f and g are adapted from Schwarz et al. (2018).

Most experiments presented in this study use ~39 nM INOS8O0. This is in a regime of
>90 % of nucleosomes bound by INO8O as observed with EMSAs (Figure 9). At least
90 % binding is therefore also expected for highly dilute nucleosome samples
(section4.6.1) in TIRF microscopy nucleosome-INO80O binding experiments
(Figure 15 b, d and Figure 16 b, e). Confocal spectroscopy, as performed in this study,
requires sample preparation with a ca.20 fold higher concentration of labeled
nucleosomes when compared to the sample preparation for TIRF microscopy
(sections 4.6.2 and 4.6.1). Therefore, sub-saturating INO80 concentrations in combination

with the residual competitor DNA from the nucleosome assembly (section 4.3.2) may
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lead to an apparent reduction of INO8O complexes available for nucleosome binding,
especially since the affinity of INO80O to DNA is higher than for nucleosomes
(section 5.1.4). This was addressed by using saturating INO80 concentrations for a subset
of confocal spectroscopy measurements. This approach confirmed heterogeneous
nucleosome conformations for atLF<ADP<.INO80 and the homogeneous nucleosome
conformation for wtLF<ADP<INO80 (Figure 15 a and Figure 16 a). This likely implies
INOS8O mechanistic features upon initiation of remodeling that are caused by nucleosome
histone tails (discussed in section 6.3) given the equivalent INO80-nucleosome binding

properties (wild-type vs. all tailless) in ensemble experiments (section 5.1.5).

The FRET efficiency histogram of the atLF nucleosome in TIRF microscopy
(Figure 17 a, blue, equivalent to Figure 16 b, grey) inherently shows a somewhat
decreased FRET efficiency compared to wild-type nucleosomes (£, =37 %, o =7 %,
atLF, in contrast to E, =48 %, o =6 %, wtLF). This is confirmed by confocal
spectroscopy data (Figure 17 ¢, blue equivalent to Figure 16 a, blue) with E, = 35 %,
o=11% (for atLF, in contrast to £, =50 %, o =8 %, wtLF). Overall, the observed
decreased FRET efficiency for atLF vs. wtLF agrees with reported differences of the
histone-DNA interactions mainly at the entry- and exit-site of the nucleosome in the
absence of histone tails. This has been previously deduced from decreased nucleosome
stability and increased DNA breathing of such nucleosomes (Bintu et al., 2012; Brower-
Toland et al., 2005; Ferreira et al., 2007b; Iwasaki et al., 2013). Given the comparable
standard deviations for wtLF and atLF nucleosomes, the atLF displays a defined (but
somewhat different) entry DNA conformation in the absence of histone tails. For the atLF
nucleosome, the model-derived initial distance of mean dye positions (76 A, see also
Table 9) is in quantitative agreement with the distances of mean dye positions derived
from experimental data. These are 73 A + 8%, TIRF microscopy, inferred from
Figure 17 a, and 74 A + 9 %, inferred from confocal spectroscopy data (Figure 17 ¢) by
PDA (appendix 12.3).

For wtLF, I showed that INO80 accomplishes processive nucleosome repositioning.
Importantly, the INO80 complex also remodels the atLF in a processive manner
(Figure 16 c), resulting in a sharp peak centered at E, = 87 % comprising 39 % of the
data. For the atHF A nucleosome assayed with the same protocol (Figure 16 f), a new
and unusually broad peak arises at E, = 64 %, o = 15 % (46 % of the data). Additionally,
21 % of the data (compared to 7 % of the data before remodeling) display a FRET
efficiency of E, = 12 %, 0 =5 % due to processive INOSO sliding. In order to better

understand the underlying nucleosome repositioning events that lead to these observed
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FRET efficiencies, I added INO8O and ATP concomitantly instead (Figure 17 e). New
histogram peaks for atHF A centered at £ =171 % (31 % of the data) and £ = 57 %
(42 % of the data) occur. Observing two clearly defined peaks instead of a broadened
FRET efficiency distribution with this approach can be explained because generally more
nucleosomes are being repositioned for simultaneous INO80<ATP incubation due to
continuous rebinding of the remodeler (compared to nucleosomes repositioning by
pre-bound INOSO, see also section 5.2.4). Taken together, processive nucleosome sliding
of all tailless nucleosomes was revealed with an INO80O chase experiment, that is,
infusing ATP containing buffer into the sample chamber that has been loaded with
nucleosomes, INO80 and ADP (section 4.6.1, applied also in section 5.2.4) and this is
best illustrated by the FRET efficiency change observed for atLF (Figure 16 c).

A presumable nucleosome configuration that reflects incomplete INO80 mediated
repositioning was indistinguishable from the respective educt nucleosome conformation
by comparing FRET efficiencies in case of wtHF A (section 5.2.3). An equivalent
remodeling intermediate of atHF A can be unmasked in the absence of histone tails
(Figure 17 e). This rational assumes that the exiting flanking DNA has a different
conformation for the all tailless compared to the wild-type situation (similar to the
somewhat different wtLF vs. atLF nucleosome entry DNA conformation). Indeed, the
histogram for the remodeled atHF A nucleosome (Figure 17 e, TIRFM) is distinct from
its unremodeled counterpart (Figure 17 d, TIRFM). Therefore, the results obtained for
INOS8O remodeling of all tailless nucleosomes strongly support the interpretation given in
section 5.2.3, namely that when INOSO acts on tethered 7N66 nucleosomes, both an
intermediate remodeled state and the product nucleosome conformation are observed.
Concurrently, INO80O remodeling of the same nucleosome in ensemble conditions,
assayed with confocal spectroscopy is more complete (Figure 17 f for atHF A). A
partially remodeled nucleosome intermediate for wild-type nucleosomes can be
unmasked with a different acceptor label position as exemplified for wtHF B (in contrast
to wtHF A, section 5.2.3). As discussed in section 5.2.3 for wild-type nucleosomes,
discrepancies in the relative size of populations (TIRFM vs. confocal spectroscopy)
occur. Here, a population is defined by its respective mean FRET efficiency and therefore
represents the educt, intermediate or product remodeled nucleosome state or a mixture of
two of these states, respectively (section 5.2.3). The data on all tailless nucleosomes
further support the explanation given in section 5.2.3 that the continued remodeling

reaction (intermediate to product nucleosome conformation) may be hindered by surface
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interaction effects, as the nucleosome approaches the surface of the measurement

chamber upon repositioning by INOSO0.

As seen by confocal spectroscopy (Figure 17 ¢, dark red histogram), atLF is robustly
shifted to a new position by INO8O (E = 85 %, o =35 %, 44 % of the data) and
nucleosome integrity is fully maintained. The unremodeled counterpart largely disappears
when compared to the nucleosome educt (Figure 17 ¢, blue histogram) due to the
characteristic FRET efficiency increase. The analogous histogram in Figure 17 b,
obtained by TIRF microscopy (and also in Figure 16 ¢, brown histogram, obtained
without quenching) features a peak at decreased FRET efficiency in addition to the
established FRET increase after INO8SO treatment. Given that the INO80O complex
robustly binds nucleosomes in the absence of additional nucleotides (section 5.1.4), it is
unlikely that apyrase treatment (applied to quench remodeling in the sample chamber of
the TIRF microscope, section 4.6.1) effectively removes the remodeler from all
nucleosome. Therefore, a fraction of nucleosomes that remains bound by INOSO
throughout active repositioning and apyrase treatment (TIRFM) could partially explain
the discrepancy between TIRFM and confocal spectroscopy histograms (Figure 17 b vs.
Figure 17 ¢, dark red histogram). In contrast, nucleosomes as assayed by confocal
spectroscopy are devoid of residual INO80 binding as the remodeling reaction has been

quenched more rigorously by addition of A -DNA (section 4.6.2). Additionally, if all

tailless nucleosomes were less stable than wild-type nucleosomes, a small fraction of
disintegrating nucleosome may contribute to the number of observed molecules with a
low FRET efficiency in TIRF microscopy after INO8O atLF remodeling. When
incubating atLF nucleosomes in the sample chamber for a time comparable to the
duration of the experiments (section 4.6.1 and Table 8), > 90 % of the surface tethered
atLF nucleosomes were stable. In summary, in the TIRFM approach probing
nucleosomes after remodeling, a small number of all tailless nucleosome may remain
bound to residual INO8O or may have disintegrated. Both effects can explain why a low
FRET efficiency population arises in TIRFM but not in a similar assay probed by

confocal spectroscopy.

Importantly, the INO80 and ATP dependent occurrence of the FRET efficiency peak at
E =87 % (comprising 39 % of the data) for atLF (Figure 16 ¢, Figure 17 b, TIRFM)
points to comparable nucleosome sliding as for wild-type nucleosomes. The
corresponding distances of dye mean positions for repositioned surface-tethered
nucleosomes are 40 A + 11 % (Figure 16 ¢) and 41 A + 11 % (Figure 17 b), respectively,
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and agree with expected distances of mean dye positions for an intact NCP (Table 9), as
well as with the distance of mean dye positions derived from confocal spectroscopy
(42 A £ 12 %).

5.2.6 Characterization of nucleosome acceptor dye qualities upon INO80 binding

Further characterization of INOS8O binding with a saturating INO80 concentration
(156 nM) can be accomplished by fluorescence lifetime and anisotropy analyses of the
multiparameter fluorescence detection derived data acquired with confocal spectroscopy
(section 4.6.2 and 4.8.3). Both lifetime and anisotropy are sensitive to the local dye
environment. In this regard, an increase in the apparent fluorescence lifetime upon protein
binding has been attributed to an increased fluorophore quantum yield (Stennett et al.,
2015), a phenomenon described earlier as protein induced fluorescence enhancement
(PIFE) (Hwang et al., 2011). Likewise, the vicinity of protein moieties with respect to the
dye molecule potentially constrains its rotational freedom, resulting in a change in
anisotropy. A possible explanation could be that the fluorophore transiently interacts with
the protein surface. Thus lifetime and anisotropy measurement of the acceptor dye
(Alexa647) of the LF nucleosome confirm INO80 binding to nucleosomes. The effect

becomes most apparent in 2D lifetime vs. anisotropy histograms (Figure 18 a, b).

For wtLF, the acceptor lifetimes increase upon INOSO binding, as expected for PIFE
(Figure 18 a, blue vs. green) and concomitantly the anisotropy increases. Interestingly,
when the acceptor dye is moved onto the NCP due to repositioning resulting in nearby
histone proteins, a similar, though not identical, change in acceptor lifetimes and
anisotropy is observed (Figure 18 a, blue vs. red). Both lifetime histograms for the
acceptor dye in the vicinity of proteins (Figure 18 a, green, red) have a multimodal
distribution. This heterogeneity may result from a small fraction of nucleosomes that are
not bound or may not have been remodeled by INOS80, respectively. Alternatively,
histone proteins and/or INO80 subunits that get close to the acceptor dye could give rise
to different acceptor lifetimes if the bound/remodeled nucleosome had different
conformations that in turn impact the acceptor to different extends. Notably, both
explanations are not mutually exclusive and might contribute to the outlined acceptor
lifetime properties. Concomitantly, the anisotropy histogram of the acceptor dye shows
that dye rotation is restricted to a different degree depending on the dye environment
(Figure 18 a, Figure 18 b).
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Convincingly, also INO80 bound atLF (Figure 18 b, green) as well as remodeled atLF
(Figure 18 b, red) display similar lifetime and anisotropy histograms for the acceptor dye
in the vicinity of proteins, while being markedly different from the atLF educt
(Figure 18 b, blue). Further, the absolute change in lifetime and anisotropy upon INO80
binding/after remodeling are more pronounced for atLF (compared to wtLF,
Figure 18 a vs. b). For the respective reference sample, atLF, both lifetime and anisotropy
histograms are shifted to smaller values compared to wtLF (Figure 18 a vs. b, blue).
Therefore, effects on both parameters by binding/remodeling become more obvious for
atLF. These differences between atLF and wtLF acceptor lifetime and anisotropy are in
agreement with the proposed difference in flanking DNA coordination by the octamer
core in the absence of histone tails described in section 5.2.5, which might well position
the acceptor label out of reach of protein moieties in case of atLF. Taken together, these
results highlight once more pronounced INO80 binding to atLF and wtLF, specifically in
confocal spectroscopy measurement conditions, while both binding scenarios are

markedly different.
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Figure 18. Changes in acceptor dye properties upon INO80 binding/remodeling of wild-type and of all tailless
nucleosomes (confocal spectroscopy).

(a) Acceptor dye properties of wtLF (blue, dataset as in Figure 13 ¢) compared to wtLF in presence of 156 nM
INO80 and ADP (green, dataset as in Figure 15 a) and compared to remodeled wtLF (red, dataset as in
Figure 13 e). (b) Acceptor dye properties of atLF (blue, dataset as in Figure 17 ¢) compared to atLF in presence
of 156 nM INO80 and ADP (green, dataset as in Figure 16 a) and compared to remodeled atLF (red, dataset as
in Figure 17 ¢). A direct comparison of the histograms of wild-type vs. all tailless nucleosomes can be found in
the appendix 12.3 for each condition.
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A similar readout for the donor fluorophore is not presented, as changes in donor lifetime
generally are also caused by changes in FRET efficiency (with a minor reservation of this
rational if FRET efficiencies dynamically switch on timescales faster than the duration of
a fluorescent burst). FRET efficiency distributions have been described in detail (sections
5.2.3, 5.2.4 and 5.2.5). Notably, PIFE is not expected to occur for the Tamra6 dye
(rhodamine dye), as previous studies on PIFE rely on cyanine dyes (Hwang et al., 2011;
Hwang and Myong, 2014; Ploetz et al., 2016; Stennett et al., 2015).

5.2.7 Data analysis characteristics of the presented smFRET data

Insights from confocal spectroscopy smFRET data

The determination of accurate FRET efficiencies strongly depends on key correction
factors, mainly the y-factor (Hellenkamp et al., arXiv:1710.03807 [g-bio.QM]). An
ensemble of molecules with different acceptor lifetimes (Figure 18) directly implies that
each subpopulation of molecules defined by a specific acceptor lifetime has an individual
acceptor quantum yield. This in turn points to a change in 7y-factor between
subpopulations. Inappropriate y-factor values could therefore lead to inaccurate FRET
efficiencies. Despite a change in the distribution of acceptor fluorophore lifetimes when
different experimental conditions for the same construct, here LF, are probed (Figure 18),
FRET efficiency correction using a “compromise” y-factor, that is one y-factor for all
nucleosomes samples with/without INO80 that relate to the same double-labeled DNA
(section 4.8.3) accurately represents confocal spectroscopy data. This is illustrated by the
good overall agreement with TIRF microscopy data that does not rely on the above
approaches for y-factor determination and instead uses a molecule-by-molecule derived
y-factor (section 4.8.2). The quantitative agreement of mean FRET efficiencies for most
nucleosome samples probed individually by TIRFM and confocal spectroscopy (fit
results in appendix 12.3) confirms the applied FRET efficiency correction for confocal

spectroscopy data using a “compromise” y-factor per DNA construct.
Insights from TIRF microscopy smFRET data

In TIRF microscopy, molecules that show first acceptor and then donor photo-bleaching
are oftentimes selected as FRET events (Dorfler et al., 2017) (exemplary single molecule
fluorescence time trajectories of donor and acceptor in Figure 19 a, b, c). For the
calculation of their individual FRET efficiencies, it is crucial to know the y-factor to
accurately represent corrected FRET efficiencies (Hellenkamp et al., arXiv:1710.03807
[g-bi0.QM]) (section 4.8.2). The y-factor can be individually determined for each
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molecule as described (Dorfler et al., 2017) for single molecule fluorescence time

trajectories such as depicted in Figure 19 a, b, c.

A disadvantage of this approach is that only molecules that feature those distinct
photo-bleaching steps are taken into account. Photo-bleaching preferentially occurs from
distinct photo-chemically induced species that are energetically accessible from the
excited state (Stennett et al., 2014). Therefore, the FRET efficiency (measured quantity)
and photo-bleaching (a selection criterion for FRET molecules) are not strictly speaking
independent. In order to partially overcome this limitation, I included molecules devoid
of donor photo-bleaching (Figure 19d,e) or displaying donor before acceptor
photo-bleaching (Figure 19 g, h, 1).

For those molecules (no donor photo-bleaching, Figure 19 d, e or donor before acceptor
photo-bleaching, Figure 19 g, h,1) a global y-factor was applied for FRET efficiency
correction (section 4.8.2). This y-factor was also applied to molecules that displayed the
canonical photo-bleaching steps, but did not qualify for reasonable individual y-factor
determination, which is the case if very low FRET efficiencies at the border of the
dynamic range of FRET are observed (Hildebrandt et al., 2015). I assume to observe such
FRET efficiencies (that can be as low as zero FRET efficiency, equivalent to no energy
transfer at all because donor and acceptor are too far apart) for few double-labeled DNA
molecules that remain from the nucleosome assembly (distance on linear DNA > 70 bp,
Figure 12, section 4.3.2). In summary, the presented rational to select FRET events from
raw data was applied to establish unbiased selection of single-molecules that qualify for

FRET efficiency histogram analysis.

All of the examples of single-molecule fluorescence time trajectories in Figure 19 are
quasi-static in time, that is, no apparent jumps in FRET efficiency are visible. Static
FRET efficiencies were expected, as nucleosomes in thermodynamic equilibrium were
assessed by smFRET in sections 5.2.3, 5.2.4 and 5.2.5, for example after INO80 binding
or after remodeling and nucleosome relaxation (sections 4.6.1 and 4.6.2). However,
concomitantly a small percentage (<4 %) of dynamic single-molecule fluorescence time
trajectories occurred (examples in Figure 20). Here at least one jump in FRET efficiency
is observed that is larger than the noise. These molecules are not included in the FRET

efficiency histograms in sections 5.2.3, 5.2.4 and 5.2.5.
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Figure 19. Exemplary static single molecule fluorescence time trajectories from TIRFM. The mean FRET
efficiency of each molecule is classified in a FRET efficiency histogram.

(a, b, c) Acceptor photo-bleaching before donor photo-bleaching; FRET efficiency correction with a
molecule-by-molecule individual y-factor. (d, e) Acceptor photo-bleaching only; FRET efficiency correction with
a mean y-factor. (f) Acceptor photo-bleaching before donor photo-bleaching; FRET efficiency correction with a
mean y-factor (this molecule is inappropriate for the molecule-by-molecule individual y-factor determination,
see text). (g, h, i) Donor photo-bleaching before acceptor photo-bleaching; FRET efficiency correction with a
mean y-factor. Examples include high FRET efficiencies (a, d, g), low FRET efficiencies (b, e, h) or very low
FRET efficiencies (c, f, i). Top panel: donor fluorescence after green excitation (green), acceptor fluorescence
after green excitation (red), green arrow: donor photo-bleaching. Middle panel: y-weighted sum of donor and
acceptor fluorescence after green excitation (black), acceptor fluorescence after red excitation (magenta),
magenta arrow: acceptor photo-bleaching. Bottom panel: Computed smFRET efficiency (blue).
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Few (<4 %) dynamic single-molecules were observed for educt nucleosomes (wtLF and
atLF, Figure 20 a and d, respectively), nucleosomes in the presence of INO80O and ADP
(wWtLF, atLF, Figure 20 b, ¢ and e, f, respectively) and after nucleosome remodeling (data
not shown). In contrast, when using a protocol optimized for the observation of real-time
INO8O remodeling (Table 8) a large number of dynamic single-molecule fluorescence
time trajectories (up to 29 % of all molecules) were observed. This indicates that the

developed assay has the potential to observe real-time remodeling dynamics and details

are discussed in section 5.2.8.
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Figure 20. Examples of ATP-independent dynamic single-molecule fluorescence time trajectories for the LF
nucleosome in the presence or absence of INO80 (TIRFM).

(a) wtLF. (b, ¢) wtLF in the presence of INO80, 2 mM ADP. (d) atLF. (e, f) atLF in the presence of INO80, 2 mM
ADP. Top panel: donor fluorescence after green excitation (green), acceptor fluorescence after green excitation
(red), green arrow: donor photo-bleaching. Middle panel: y-weighted sum of donor and acceptor fluorescence
after green excitation (black), acceptor fluorescence after red excitation (magenta), magenta arrow: acceptor
photo-bleaching. Bottom panel: Computed smFRET efficiency (blue), HMM fit to the smFRET efficiency (grey).
Figure 20 is adapted from Schwarz et al. (2018).
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5.2.8 Real-time FRET efficiency changes of the nucleosome induced by INO80

Previous nucleosome based smFRET studies monitored nucleosome sliding in real-time,
inferred from entry-DNA movement (Deindl et al., 2013), from exit-DNA movement
(Blosser et al., 2009; Deindl et al., 2013; Harada et al., 2016; Hwang et al., 2014;
Levendosky et al., 2016) and from DNA movement at an internal nucleosome site
(Harada et al., 2016) with respect to the histone octamer core. In contrast, in the
experiments described here, live remodeling events induced by INO80 can be observed
for the relative change in label positions on the entry side DNA gyre of the nucleosome in
case of the wtLF nucleosome (adapted conditions for live observation, section 4.6.1)
(Figure 21). Example real-time FRET efficiency changes of such dynamic
single-molecules are shown in Figure 21 d, g (in the presence of INO80, 0.3 mM ATP),
Figure 21 e, h (repositioned wtLF in the absence of INO80 and ATP) and Figure 21 f, i
(in the presence of INO80O, 0.3 mM ATP and 2 mM ADP, termed herein competitive
inhibition condition). In the presence of INO80 and ATP, ~29 % of the molecules are
dynamic, as well as ~17 % of the molecules for the competitive inhibition condition, but

only ~11 % of the repositioned wtLF molecules are inherently dynamic.

This implies that around 2/3" of the dynamically switching nucleosomes in the presence
of INO80 and ATP display INOS8O induced structural changes (ideally ATP-dependent
active translocation). To identify these properties molecule-by-molecule, a local HMM
(section 4.8.2) was applied to each individual dynamic time trajectory (exemplarily
depicted in Figure 21 d, g, e, h, f and i, bottom panel) that extracts different FRET
efficiency states associated with a characteristic dwell time. Many dynamic
FRET-efficiency time trajectories display short dwell times on the order of one to a few
time bins a 33 ms (Figure 21 d, g, bottom panel). This phenomenon was particularly
prominent in the presence of INO80O and ATP. Of note, the ALEX excitation scheme
(magenta direct excitation in Figure 21 d, g, e, h, f and i, middle panel) (Hohlbein et al.,
2014; Margeat et al., 2006) ensures a fluorescent (instead of a dark) state of the acceptor
during real-time observation of FRET efficiency fluctuations. I next set out to infer an
ATP-dependent FRET efficiency change and therefore introduced ADP as a competitive
inhibitor to slow down the reaction (or in other words, to increase the Michaelis-Menten
constant (Kyr), Figure 21 f, 1). The probability that the main ATPase is in a translocation
competent ATP-bound state is reduced when introducing ADP to compete for ATP
binding. The occurrence of some short dwell times persisted when introducing ADP as a
competitive inhibitor (Figure 21 f). I refrain from quantitative assessment of kinetic

properties related to INO80 remodeling, for example to compare different nucleotide
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conditions, because data interpretation in terms of the associated absolute FRET
efficiency for such short-lived states is challenging. For very short dwell times the total
number of photons may not be sufficient to accurately determine the FRET efficiency
(> 100 photons needed for medium accuracy (Ha and Tinnefeld, 2012)). The
signal-to-noise ratio needs to be improved for data acquisition with short camera
integration times (e.g. 33 ms) in order to accurately quantify the FRET efficiency of short
dwell times. Still, the herein established platform for real-time observation of INOSO is a
promising tool to dissect the conformational changes of the entry side DNA gyre upon
INO80 mediated DNA translocation. Real-time information of INOS8OQ’s interaction, in
particular with the entry side DNA gyre, is highly relevant to understand INOSO’s
mechanism (section 6.2). In that respect, the discovery of FRET efficiency fluctuations on
an unexpectedly fast time scale (including dwell times on the order of tens/hundreds of

milliseconds, Figure 21) likely has functional importance that is discussed in section 6.2.

Real-time observations by TIRFM as described in this study are also sensitive to
investigate the inherent dynamics of nucleosomes. This is of interest for repositioned
nucleosomes, given that the octamer has been shifted to a new position on the 601-seq
DNA by INOS8O0 and thus is no longer in its energetically favored position. It is therefore
expected that inherent fluctuations of the nucleosomal DNA are more likely for the
repositioned nucleosome sample (compared to the conventional 601-seq end-positioned
educt sample). 1 therefore developed a protocol yielding a highly homogenous
repositioned wtLF sample (section 4.6.1), associated with a very sharp FRET efficiency
peak built from the static molecules (£, = 86 %, o =3 %, Figure 21 b). This highly
homogenous sample of repositioned wtLF also displayed dynamic FRET efficiency
changes (Figure 21 e, h). Future studies are therefore required to quantify the kinetic
properties of this process, which represents a detailed balance situation that does not
dependent on ATP. Such knowledge could help to discriminate nucleosome dynamics
from active nucleosome sliding, in particular for real-time observation datasets of
nucleosome sliding in the presence of INO80 and ATP. Here, single molecules that either
display dynamic nucleosome properties or active nucleosome sliding by INO80 might
co-occur. Examples for real-time FRET efficiency changes by inherent nucleosome

dynamics, fitted with a local HMM, are displayed in Figure 21 e, h.
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Figure 21. Real-time FRET efficiency changes of ATP-dependent wtLF nucleosome repositioning as observed by
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TIRFM. FRET efficiency histograms of static molecules and examples for dynamic molecules are shown.

(a) wtLF, static molecules, in the presence of INO80 and 0.3 mM ATP (orange, > 20 min incubation and grey,
<20 min incubation). (b) Repositioned wtLF, static molecules. (¢) wtLF, static molecules, in the presence of
INO80, 0.3 mM ATP and 2 mM ADP (orange, >40 min incubation and grey, <40 min incubation).
(d, g) examples of dynamic wtLF molecules in the presence of INO80 and 0.3 mM ATP. (e, h) examples of
inherently dynamic repositioned wtLF molecules. (f, i) examples of dynamic wtLF molecules in the presence of
INOS80 and 0.3 mM ATP, 2 mM ADP. (d, g, e, h, f, i) top panel: donor fluorescence after green excitation (green),
acceptor fluorescence after green excitation (red), green arrow: donor photo-bleaching. Middle panel:
v-weighted sum of donor and acceptor fluorescence after green excitation (black), acceptor fluorescence after
red excitation (magenta), magenta arrow: acceptor photo-bleaching. Bottom panel: Computed smFRET
efficiency (blue), HMM fit to the smFRET efficiency (grey). Figure 21 d, e and g are adapted from Schwarz et al.

(2018).
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Static and dynamic fluorescence time trajectories both occur in a measurement and the
static molecules were used to assess the remodeling reaction in general. Figure 21 a
shows the FRET efficiency distribution of wtLF after at least 20 min incubation with
INO80O, 0.3 mM ATP (orange histogram). Nucleosome repositioning resulted in
E,=84% (including 42 % of the data). At earlier time points (<20 min, grey
background histogram) less nucleosomes have been repositioned (Figure 21 a, grey
background histogram). This provides evidence for robust nucleosome repositioning by
INOSO.

When incubating wtLF with INO80, 0.3 mM ATP, 2mM ADP in the TIRFM
measurement chamber for at least 40 min, 31 % of the nucleosomes are shifted to a new
position. The associated FRET efficiency distribution has a broad peak at E, =79 %,
o = 12 % (Figure 21 c, orange histogram) and is not equivalent to the previously observed
well-defined wtLF FRET efficiency peaks after INOSO treatment of surface-tethered
nucleosomes (Figure 13 d, Figure 15 c, Figure 21 a). Here, in contrast to the experiments
described in sections 5.2.3, 5.2.4 and 5.2.5, the reaction has not been quenched.
Therefore, the somewhat more heterogeneous nucleosome states do not necessarily
represent a thermodynamically favored position of nucleosomes on DNA as assumed for
previous experiments. A broadened FRET efficiency distribution for repositioned
nucleosomes that have not been subjected to a quenching protocol is conceivable,
especially since ADP was introduced to slow down the remodeling reaction (see above).
Overall, nucleosomes have been repositioned with INO80, 0.3 mM ATP, 2 mM ADP, as

a clear increase in FRET efficiency was observed for a fraction of the molecules.

Taken together, this study provides evidence that INO80 and ATP-dependent nucleosome
remodeling can be monitored in real time by TIRF microscopy. However, the
heterogeneity of the expected time-dependent events that co-occur in a given condition,
such as INO80 binding, INO80 remodeling, nucleosome flexibility in the product (and
educt) state, requires careful classification of the observed single-molecules in terms of
FRET efficiency, dwell time and respective frequency of occurrence. At the present point,
data interpretation to this level remains ambiguous due to technical challenges. As a
consequence, real-time nucleosome remodeling by INO80 will be a subject of future

detailed studies.
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6. Discussion

6.1 Development of a nucleosome-based smFRET assay for INO80

The investigation of the INO80 nucleosome-interplay in the present study relies on
concomitant application of surface- and solution-based single molecule fluorescence
microscopy techniques. The FRET probes are different nucleosome constructs that have
been assembled from double-labeled DNA (Figure 12) and every nucleosome is at the
most double-labeled. This enables the dual TIRF microscopy and confocal spectroscopy
approach that, for example, unambiguously relates the observed FRET efficiency change
by INO80O and ATP to mononucleosome repositioning by INOSO (section 5.2.2). In
contrast, nucleosome-based smFRET experiments of chromatin remodelers of the ISWI-
subfamily, RSC and Chdl (discussed in sections 2.4.1, 2.4.2, 2.4.4, 2.6.1 and 2.6.3)
combine DNA and histone labeling and bring about nucleosomes labeled stochastically
on either of the two equivalent histone copies as well as triple-labeled nucleosomes (both
histones and DNA) (Deindl et al., 2013; Gamarra et al., 2018; Harada et al., 2016; Hwang
et al., 2014; Levendosky et al., 2016; Qiu et al., 2017). This requires sorting individual
nucleosomes into labeling classes and limits the assay to surface-based microscopy
techniques (Blosser et al., 2009; Deindl et al., 2013).

In the present study, nucleosome sliding of the LF nucleosome construct induces a
distinct FRET efficiency increase that is in agreement with an intact repositioned
nucleosome (sections 5.2.2, 5.2.3 and 5.2.4). The data interpretation exploits the explicit
relationship of FRET efficiencies to actual dye distances to provide evidence for active
nucleosome repositioning. This interpretation also implies that nucleosomes adopt their
canonical structure after active remodeling by INO8O0 and subsequent thermal relaxation
(section 5.2.4). Previous surface-based smFRET experiments with the single-subunit
remodeler Chdl that rely on similar nucleosome constructs gave rise to a FRET
efficiency increase for repositioned 7N46-wtLF nucleosomes (Treutlein, 2012)
comparable to my observation of INO80 remodeling. Nucleosome conformational
changes other then repositioning to a new stable position (for example DNA unpeeling or
nucleosome disassembly) are expected to instead decrease the FRET efficiency in case of
LF. Together, this confirms that nucleosome constructs derived from double-labeled
DNA are highly suitable to probe the catalytic activity of the INO80 chromatin remodeler
(Schwarz et al., 2018).
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Other nucleosome-based single-molecule FRET studies of different remodelers report a
FRET efficiency decrease upon remodeling (that ultimately even reaches the limit of the
FRET dynamic range) as DNA is being actively translocated along the octamer core
(here, the DNA-histone labeling scheme was used, see above) (Deindl et al., 2013;
Gamarra et al., 2018; Harada et al., 2016; Hwang et al., 2014; Levendosky et al., 2016;
Qiu et al., 2017). Therefore, conformational changes of nucleosomes other than sliding,
for example related to nucleosome dynamics such as DNA gaping or breathing (Buning
and van Noort, 2010; Fierz, 2016; Ngo and Ha, 2015) cannot be excluded when
interpreting an observed FRET efficiency decrease. The smFRET remodeling assays by
Deindl et al. (2013), Gamarra et al. (2018), Harada et al. (2016), Hwang et al. (2014),
Levendosky et al. (2016) and Qiu et al. (2017) gain insights into nucleosome sliding
when taking advantage of the kinetic properties of this process. As exemplified for ACF
(ISWI subfamily), nucleosome binding, active translocation and also the pause phases
between translocation events all depend on the ATP concentration (Blosser et al., 2009).
If conformational changes of the remodeler are intimately connected to nucleotide
turnover, all phases of nucleosome repositioning that have been unmasked by
nucleosome-based smFRET might require such rearrangements of the remodeler itself.
Furthermore, successive incremental translocation step sizes of 1bp or 1-2bp,
respectively, have been reported for nucleosome repositioning by an ISWI subfamily
remodeler and RSC when limiting timely nucleotide turnover in the presence of a
competitive inhibitor and/or at low temperatures — Deindl et al. (2013) and Harada et al.
(2016) thereby convincingly demonstrated that their nucleosome-based smFRET assay

reads out active translocation of the remodeler.

6.2 ScINOSO0 as processive enzyme with distinct mechanistic properties

Pre-bound INOSO repositions surface tethered nucleosomes for at least 10 bp as outlined
in section 5.2.4. This reveals that INO80 is a processive enzyme given that
Swi2/Snf2-type ATPases in general execute incremental sub-steps, for example single bp
steps (Deindl et al., 2013; Farnung et al., 2017; Harada et al., 2016; Hopfner and
Michaelis, 2007; Liu et al., 2017; Sirinakis et al., 2011; Wigley and Bowman, 2017). This
notion also agrees with a recent single-molecule study on INO80 that exploited the fast
exit DNA elongation off the nucleosome core observed in real time to reveal the step size
of the initial processive translocation event, which is between ca. 5 bp to 20 bp (Zhou et
al., 2018). Roughly half of these translocation events feature nucleosome movement

beyond 10 bp (Zhou et al., 2018). My observation of processive INO80 sliding describes
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a lower limit for the fraction of nucleosomes that remained bound by INO80 throughout
several chemo-mechanical cycles, as potentially some nucleosomes have not been bound
by INO8O0, or some nucleosomes potentially have been bound by an inactive remodeling
complex. All nucleosomes are taken into consideration when probing the equilibrium
situation after active remodeling (section 5.2.4). With this approach, roughly half of the
observed nucleosomes were repositioned by at least 10 bp (or multiples thereof) when
restricting remodeling to pre-bound INOSO (section 5.2.4). Consistently, INOSO is a
processive enzyme (Schwarz et al., 2018; Zhou et al., 2018).

It has been outlined in section 2.5.2 that the nucleosome is engaged by INO80°“ in a
unique manner that involves all interaction platforms provided by the NCP and in
particular INO80’s main ATPase and its subunits Arp5 and les2 (Eustermann et al.,
2018). Additionally the ARP- and NHP10-modules (described in sections 2.5.1 and 2.5.3)
interact with the nucleosome and/or the adjacent linker DNA when INOS8O is probed with
in vitro crosslinking or in vivo high-resolution chromatin immunoprecipitation studies
(Tosi et al., 2013; Yen et al., 2013). Therefore, a number of INO80 subunits might

contribute to tether the INO80 complex to the nucleosome and to confer its processivity.

Further, I observed fast FRET efficiency fluctuations with dwell times on the order of
tens to hundreds of milliseconds in the presence of INO80 and ATP (section 5.2.8). Here,
specialized measurement conditions distinct from the conditions of the assays discussed
above were used. The observation of real time INO80 nucleosome interactions described
in section 5.2.8 provides an unprecedented experimental platform to understand how the
remodeler acts on the entry side gyre DNA in real time, given the position of the donor
and of the acceptor label on the DNA (Figure 12). This is of functional importance, as the
INO80“™ nucleosome structures put forward an INO8O sliding mechanism that relies on
entry side gyre DNA loop formation between the INO80-ATPase (as it actively
translocates on the DNA close to the DNA entry site, near SHL-6) and the Arp5 counter
grip on DNA (SHL-2 to -3) (Ayala et al., 2018; Eustermann et al., 2018). More detailed
investigations are needed to understand which processes directly contribute to the FRET

efficiency changes of the LF construct in the presence of INO80 and ATP (section 5.2.8).

Processive nucleosome back-and-forth movement of nucleosomes that have flanking
DNA on both sides by INO80 has been reported to cause periodic changes in FRET
efficiency (Zhou et al., 2018). This is equivalent to nucleosome off-centering, as
nucleosomes are labeled on the histone (donor) and on the DNA (acceptor) moiety (Zhou

et al., 2018). The directionality is reversed on the order of tens of seconds at saturating
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ATP concentrations (Zhou et al., 2018). Bidirectional movement of similarly labeled
nucleosomes by ACF and Chdl has been shown to change direction on the time scale of
seconds and is slowed down when limiting the ATP turnover (Blosser et al., 2009; Qiu et
al., 2017). The alternating phases of FRET efficiency increase and decrease observed for
the remodelers ACF and Chdl showed either an ATP-dependent characteristic oscillation
time or at least one ATP-dependent rate constant, respectively (Blosser et al., 2009; Qiu
et al.,, 2017). While alternating changes from high to low FRET efficiencies and vice
versa have been clearly linked to an ATP-dependent process (presumably nucleosome
sliding) in case of ACF and Chd1 (Blosser et al., 2009; Qiu et al., 2017), dynamic FRET
efficiency fluctuations of nucleosomes in the presence of INO80 (section 5.2.8) (Zhou et
al., 2018) yet await an explicit proof that these observations relate to any nucleotide-

dependent step of INO80’s chemo-mechanical cycle.

It will be interesting to understand in future studies how the fast FRET efficiency changes
that 1 observed for the entry side gyre DNA in the presence of INO80 and ATP
(section 5.2.8), the fast INO80 nucleosome repositioning (Zhou et al., 2018) and the slow
INOBSO directionality switching (Zhou et al., 2018) are functionally integrated.

6.3 Nucleosome recognition by INOS80 in the presence and absence of

histone tails

The effect of histone tails on INO80 nucleosome recognition and sliding has been
addressed by smFRET in the present study by probing the conformation of the entry side
DNA (section 5.2.5) and revealed that particularly nucleosome recognition by INOS8O is

markedly affected in the absence of histone tails.

The FRET efficiency histogram of wtLF in the presence of ScINO80 and ADP resembles
the histogram of the wtLF nucleosome sample (section 5.2.4). From the cryo-EM
structures of the nucleosome-INO80° complexes that show that the flanking entry DNA
and entry site DNA is lifted with respect to the NCP (Ayala et al., 2018; Eustermann et
al., 2018), I expect a conformation of the LF nucleosome that features a FRET efficiency
drop below 20 % upon INOS8O binding. However, the interaction of the Snf2 ATPase with
the nucleosome at SHL6 reported by an earlier structure does not require rearrangements
of the nucleosomal DNA per se (Liu et al., 2017). The INO80 main ATPase could as well
interact with the nucleosome when it exhibits the canonical DNA path at SHL6, for
example as a step of nucleosome recognition and/or during INO80’s mechano-chemical

cycle. Also, the smFRET data reported in the present study were acquired in the presence
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of ADP, while the structures of INO80“’ represent the INO80 main ATPase in the
presence of a nucleotide analogue that induces an activated ground-state (Ayala et al.,
2018) or in the absence of a nucleotide (Eustermann et al., 2018). The conditions applied

Oconserved

for the smFRET measurements are not equivalent to those for INOS structures

(Ayala et al., 2018; Eustermann et al., 2018) and could reflect a different binding mode.

The molecular concept for the INO80 mechanism as inferred from INO8Qc™eed
structures bound to the nucleosome reports exclusively on the conserved parts of the
INO8O complex (Ayala et al., 2018; Eustermann et al., 2018). The conformation of the

Oconserved

nucleosomal DNA observed in the presence of INO8 may be different in the
presence of ScINOS8O that has an additional species specific NHP10-module (discussed in
section 2.5.1). The altered entry-site DNA conformation described by structural data of
the nucleosome-INO80“™™*¢ (Ayala et al., 2018; Eustermann et al., 2018) and the
unchanged entry-site DNA conformation for the smFRET data of nucleosomes in the
presence of the entire ScINOS8O (this study) therefore suggests that the NHP10-module
may have an unknown role in organizing the entry DNA on the nucleosome core.
Subunits Nhp10, Ies5 (NHP10-module) and Arp8 (ARP-module) have been mapped to
the periphery of the nucleosome free region of genes in a population of yeast cells (Yen et
al., 2013). Subunits of the NHP10-module cross-link to the globular histone fold of H4
and H2B, suggesting that the NHP10-module directly participates in nucleosome
engagement by INOS8SO (Tosi et al., 2013). Together, these studies show that the
NHP10-module interacts with both, the flanking DNA and the NCP, and therefore

potentially influences how the flanking DNA is organized with respect to the NCP.

For the chromatin remodeler Chd1 bound to wild-type nucleosomes, a distinct large-scale
conformational change of the entry DNA has recently been demonstrated by cryoEM and
smFRET (Farnung et al., 2017; Sundaramoorthy et al., 2017). This mode of interaction
with the nucleosome has so far been demonstrated uniquely for Chdl and is not
conserved for INO8O (Ayala et al., 2018; Eustermann et al., 2018; Farnung et al., 2017;
Sundaramoorthy et al., 2017). In case of Chdl nucleosome engagement, entry DNA is
released from the nucleosome by a cross-gyre interaction mediated by Chdl’s ATPase

domain and its DNA binding domain (Farnung et al., 2017; Sundaramoorthy et al., 2017).

The LF construct shows a heterogeneous population of conformational states with respect
to the entry DNA in the absence of histone tails and in the presence of INO80 and ADP,
while the FRET efficiency of wild-type LF nucleosomes remains largely unchanged in
the presence of INO80O and ADP (section 5.2.5). INOS8O is the only remodeler that is
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known to be negatively regulated by histone tails (discussed in section 2.6.2). In
particular in the absence of all histone tails, the nucleosome sliding and ATP hydrolysis
rates are increased (Udugama et al., 2011). This suggests an impact of histone tails on the
activity of the INO80 main ATPase per se (Udugama et al., 2011). The INO80®"
engages the entire NCP and its main ATPase interacts with the nucleosome close to
SHL6 near the DNA entry site (Ayala et al., 2018; Brahma et al., 2017; Eustermann et al.,
2018) (Figure 3). For wild-type nucleosomes bound by INO80°™™**  the N-terminal
structured part of histone H3 adopts a conformation that allows for small scale DNA
rearrangements and therefore favors the interaction of DNA with the INO80 main
ATPase (Ayala et al., 2018). The smFRET data presented in sections 5.2.4 and 5.2.5
suggest that INOS8O rectifies the known decreased stability and increased DNA breathing
behavior of all tailless nucleosomes (Bintu et al., 2012; Brower-Toland et al., 2005;
Ferreira et al., 2007b; Iwasaki et al., 2013) such that, in the presence of INO80 and ADP
and in the absence of histone tails, a heterogeneous population of diverse nucleosome
conformational states with respect to the entry DNA is observed. These states could then
be poised for translocation by the Ino80 main ATPase when it is bound to nucleosomes in

the absence of histone tails, in contrast to wild-type nucleosome recognition by INO80.

The clear indications inferred from acceptor dye properties that INO8O binding places
proteins in the vicinity of the Rm84-acceptor label (section 5.2.6, Figure 18) confirm that
nucleosome recognition by INOS80O takes place for both wild-type and all-tailless
nucleosomes. I observe a change of the acceptor dye micro-environment upon binding by
INOSO. This was expected, as the position of the LF acceptor label (Rm84) is located at
one of the sites protected by any (not yet defined) extra-nucleosomal DNA binding
module of the ScINO8O complex (Brahma et al., 2017). This module has been shown to
bind to one side of the entry-DNA helix with contacts centered at positions -83, -93, -103
and -115 (Brahma et al.,, 2017). The INO80 nucleosome recognition mode itself is
different in the presence or absence of histone tails (this study) and this has functional

implications on the initiation of the nucleosome sliding reaction as outlined above.

It is tempting to speculate that the observed heterogeneity of nucleosomal DNA
conformations for the atLF (section 5.2.5) could be related to differences in the
conformation of the bound INO80O complex (in the absence and presence of histone tails).
For example, if some INO80 subunits such as Arp8 and Ies5 could generally bind to the
nucleosome flanking DNA as inferred from in vivo mapping data (Yen et al., 2013) and at
the same time stably interact with histone tails as derived from crosslinking data (Tosi et

al., 2013), this constrains the conformation of the nucleosome flanking DNA. In the
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absence of histone tails, the entry DNA could then explore more conformational states as
observed by smFRET (section 5.2.5).

The altered nucleosome recognition by ScINOSO in the absence of histone tails might
reflect a modified energy landscape of nucleosome sliding initiation in the absence of
histone tails (Figure 22) and is therefore a structural perspective for the reported kinetic
differences of INO8O nucleosome sliding in the presence or absence of histone tails
(Udugama et al., 2011). Biochemical ensemble experiments suggest that nucleosome
sliding by INOSO likely implies DNA twist accumulation and is therefore functionally
distinct from the continued remodeling reaction (Brahma et al., 2017). The transition
from nucleosome recognition by INO80 to productive nucleosome sliding might therefore
require most energy input during the sliding reaction. Along this line, the regulatory
impact by the plasticity of the nucleosome itself on nucleosome remodeling by INO80
might be greatest when nucleosome sliding is initiated. This explains how the nucleosome
recognition mode by INOS8O in the presence or absence of histone tails as defined by
smFRET (sections 5.2.4 and 5.2.5) potentially affects the energy expenditure required to
induce nucleosome repositioning (Figure 22). Another enzyme that initiates its interplay
with the nucleosome at the DNA entry site is the RNAP (Chang et al., 2014; Hodges et
al., 2009; Kulaeva et al., 2013). Using elegant force-spectroscopy methods it was
demonstrated on a single-molecule level that RNAP is a ratchet that moves around the
nucleosome when the nucleosome’s intrinsic thermally induced dynamics provide
windows of opportunity with unhindered access to the DNA (Hodges et al., 2009;
Otterstrom and van Oijen, 2009). Consequently, RNAP features significantly fewer and
shorter pause phases when invading all tailless nucleosomes (Bintu et al., 2012; Ujvari et
al., 2008). Taken together, the plasticity of all tailless nucleosomes might confer an
increased accessibility of the INO80 main ATPase to the translocation site or reduce the
number of futile ATPase cycles that do not provoke DNA translocation (Schwarz et al.,
2018).
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Figure 22. SmFRET reveals a homogenous
wild type all tailless INOS80 bound state for wild-type nucleosomes
AAG in contrast to a heterogeneous distribution of
INO80 bound states for all tailless
nucleosomes. This might cause a lowered
energy barrier for the initiation of nucleosome
remodeling in the absence of histone tails.
INO80 binds with the same affinity to
wild-type and all tailless nucleosomes, but

nucleosome sliding by INOS80 is facilitated in
{ the absence of histone tails (Udugama et al.,
{ ~— /@ = 2(‘)1 1). .
Figure 22 is adapted from Schwarz et al.
2018). The absence of histone tails is implied
P /@ ( ) 1Y

by the brown color of the octamer core. For
clarity, some histone tails are shown for the

> )  wild-type octamer core. For exact FRET label

reaction coordinate reaction coordinate positions, see Figure 12 and for the location of

¥ Donor fuorophore histone tails and the binding mode of
X Acceptor fluoraphore INO80°", see Figure 2 and Figure 3.

ADP

The presence or absence of histone tails could reflect a more general impact of
nucleosome plasticity in the context of INO80 remodeling that may have physiological
relevance. The combinatorial nature of histone modifications (Jenuwein and Allis, 2001;
Strahl and Allis, 2000) and the incorporation of histone variants (Talbert and Henikoff,
2017) provide a large spectrum of potential remodeler substrates with differential
nucleosome plasticity. An immense number of various histone modifications and
mutations that provide a regulatory spectrum for chromatin organization were recently
probed for effects on ISWI nucleosome sliding (Dann et al., 2017). This seminal effort
used a large barcoded nucleosome library and seven different human ISWI subfamily
remodelers (Dann et al., 2017). Some modified nucleosomes elicited variable responses
by these remodelers, but in most cases remodeling by the different ISWI remodelers was
similarly impacted by a given nucleosome modification (Dann et al., 2017). This implies
that the physicochemical properties of nucleosomes as such tune the ISWI remodeler
(Dann et al., 2017). The idea that the altered flexibility of modified nucleosomes might
generally contribute to the regulation of INO80’s activity in vivo is an appealing
explanation of how INO80 can accomplish pivotal roles that impact DNA repair, DNA

replication and transcription.
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6.4 Outlook

The INOS80-nucleosome binding investigations in the present study motivate further
experiments to validate the interpretation that the initiation of nucleosome remodeling by
the INO80 ATPase could be tuned by its nucleosome substrate. Much like all tailless
nucleosomes, H3K56 acetylated nucleosomes feature an altered DNA coordination at the
entry/exit sites and increased DNA breathing as unraveled by single-molecule studies
(Buning and van Noort, 2010; Kim et al., 2015; Neumann et al., 2009; Simon et al.,
2011). It is also another substrate that enhances INOSO activity, referring to the H3K56Q
acetylation mimic nucleosome and to the H2A.Z histone variant exchange editing activity
of INO80O (Watanabe et al., 2013). It will be interesting to see if the nucleosome
recognition step by INOSO for nucleosomes harboring H3KS56 acetylated histones
features a similarly heterogeneous population of entry DNA conformations as observed

for the all tailless nucleosomes.

Further, it needs to be clarified how the INO80 complex elicits the herein reported
differential nucleosome recognition either in the presence and absence of histone tails, for
example with respect to INO80 submodules that contribute to both scenarios. Subunits
that have been crosslinked to histone tails are the INO80 main ATPase, Rvbl, Rvb2, Ies2,
Arp5, Ies6 (components of the INO80™), Arp4, Arp8, Tafl4, Ies4 (components of the
ARP-module) and Iesl, Ies3, Ies5 (components of the NHP10-module) (Tosi et al., 2013).
The globular histone fold and histone tails interact with a number of INO80 subunits as
identified by crosslinking (Tosi et al., 2013) and it remains elusive which interactions are
explicitly important for nucleosome recognition. Previously characterized INOS8O0

submodule deletion mutants (Tosi et al., 2013) are ideally suited to address this question.

Such investigations are for example important to understand if the NHP10-module
contributes to distinct nucleosome recognition by INO80 or to give a molecular insight
into the previously reported inhibitory role of the NHP10-module on INO8O0 nucleosome
sliding (Zhou et al., 2018). The Nhp10 subunit itself is a high mobility group B (HMGB)
family protein that has been shown to bind preferentially to distorted DNA in vitro (Ray
and Grove, 2012). This property could influence the nucleosome recognition mode of the
INO8O complex. Distantly related vertebrate HMGN proteins have indeed been reported
to staple the nucleosome flanking DNA to the nucleosome core and to hinder chromatin
remodelers (Kato et al., 2011; McGinty and Tan, 2015; Rattner et al., 2009). Given that
the wtLF nucleosome construct in the presence of the entire ScINOS8O (this study) features

a FRET efficiency that cannot be explained by the structures of the nucleosome bound by
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INO80“™™*! (Ayala et al., 2018; Eustermann et al., 2018), it may be an exclusive probe
to study nucleosome recognition and entry DNA conformation upon nucleosome

engagement by INOSO in the presence or absence of the yeast species specific
NHP10-module.

Continued investigations that use the platform for smFRET based real-time assays that
probe INOSO as established in the present study are of great interest. The dissection of
ATP dependent sub-steps of INO80’s chemo-mechanical cycle is so far elusive and future
studies need to address this in detail (section 5.2.8). Along this line, the technical
feasibility of another recent similar single-molecule study on INO80 was limited to ATP
concentrations in the micro-molar range and, within these limits, found only the waiting
time that precedes INOSO translocation to depend on ATP, as well as a weak
ATP-dependence of the initial nucleosomes repositioning phase as a whole (Zhou et al.,
2018). Competitive inhibitors for ATP binding, for example ADP, are a promising
approach to infer different nucleotide dependent sub-steps in future studies
(section 5.2.8).

The nucleosome constructs characterized in the present study probe the conformation of
the entry side DNA gyre that is engaged by the INO80 main ATPase and the Arp5
subunit, or instead the exiting DNA that is not known to directly interact with INO80
(Ayala et al, 2018; Eustermann et al., 2018). Therefore, these complementary
nucleosome constructs are ideally suited to probe the ongoing sliding reaction and to
solve a paradox that recently came up in the context of INO80’s nucleosome sliding
mechanism. Transient DNA loop formation suggested by nucleosome-INO80“™
structures is proposed near the H2A/B dimer contact sites on the entry side DNA gyre
(Ayala et al., 2018; Eustermann et al., 2018). INO80 main ATPase translocation at SHL6
close to the DNA entry site (in the context of ScINO80) indeed considerably weakens the
histone-DNA contacts of the proximal H2A/B dimer (Brahma et al., 2017). In contrast, a
regulatory intermediate nucleosome state that features excess DNA as inferred from site-
specific accessibility assays, suggests DNA loop formation near the H2A/B dimer contact
sites on the DNA exit side gyre (Zhou et al., 2018). Similarly, the timescales reported for
INO8O induced FRET efficiency fluctuations of double-labeled nucleosomes greatly
depend on the nucleosome construct and on the label positions. Dwell times that range
from the order of tens/hundreds of milliseconds (section 5.2.8, this study) to seconds/tens
of seconds (Zhou et al., 2018) have been observed. Future studies need to investigate how

such real-time FRET efficiency changes explain INO80’s chemo-mechanical cycle.
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12. Appendix

12.1 Appendix related to section 4

Table 10. Supplementary table of the DNA sequences amplified to complement the DNA composition used for
the nucleosome assembly as described in section 4.3.2. The 601-seq used for assembling the 220 bp 7N66
nucleosomes used for all assays is shown in Figure 12 instead. Table 10 is taken from Schwarz et al. (2018).

147bp | ATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAA | ctDNA
GCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACT PCR product
CATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTA
TGTTGTGTGGAATTGTGAGC

200 bp CTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGT | 200bp-601

CGTAGCAAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGT | Notl
CCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCA | digestion
GGCACGTGTCAGATATATACATCCTGT product

Table 11. Supplementary table of the protein sequences of wild-type and all tailless histones. Histone purification
is described in section 4.2.2. The globular domains are highlighted in grey. All tailless constructs are from Kevin
Schall, Gene Center and Department of Biochemistry, LMU Munich. Table 11 is taken from Schwarz et al.

(2018).

hsH2A

MSGRGKQGGKARAKAKTRSSRAGLQFPVGRVHRLLRKGNYAERVGAGAPVY
LAAVLEYLTAEILELAGNAARDNKKTRIIPRHLQLAIRNDEELNKLLGKVTIAQ
GGVLPNIQAVLLPKKTESHHKAKGK

hsH2B

MPEPAKSAPAPKKGSKKAVTKAQKKDGKKRKRSRKESYSVYVYKVLKQVHP
DTGISSKAMGIMNSFVNDIFERIAGEASRLAHYNKRSTITSREIQTAVRLLLPGE
LAKHAVSEGTKAVTKYTSSK

hsH3.2

MARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREI
RRYQKSTELLIRKLPFQRLVREIAQDFKTDLRFQSSAVMALQEASEAYLVGLFE
DTNLCAIHAKRVTIMPKDIQLARRIRGERA

hsH4

MSGRGKGGKGLGKGGAKRHRKVLRDNIQGITKPAIRRLARRGGVKRISGLIYE
ETRGVLKVFLENVIRDAVTYTEHAKRKTVTAMDVVYALKRQGRTLYGFGG
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12.2 Appendix related to section 5.1
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Figure 25. Supplementary figure on INO80 nucleosome sliding related to Figure 6 and Figure 8.

Left panel: Uncropped native PAGE of 7N66 nucleosome remodeling by INOS80 in the presence of competitor
DNA (147 bp crDNA) in false colors (fluorescence readout). Lanes shown in Figure 6 d, e are indicated by an
arrow. Right Panel: Direct comparison of the quantification of the fraction of remodeled nucleosomes as shown
in Figure 6 d, e (in the presence of an INO80 specific nanobody, light blue) compared to the quantification of
remodeling over time shown in Figure 8 (dark blue, with error bars). Minor deviations apparent in this direct
comparison may partly reflect the systematic differences in quantification when different fluorescence readout
equipment has been used (section 4.1.4; Typhoon scanner, Figure 8, vs. ChemiDocMP system, Figure 6) or are
due to different amounts of crDNA in the respective nucleosome preparation.
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Figure 27. Supplementary figure of assembled nucleosomes for snFRET experiments; related to Figure 10.
Native PAGE (6%) of independent nucleosome assemblies for each of the six nucleosome constructs wtHF_A,
atHF_A, wtLF, atLF, wtDonor in (a) and wtHF_B, atHF B (b) used for smFRET measurements or Forster
radius determination in case of wtDonor; separate single channel fluorescence readouts are shown (left and
middle panel, respectively). Image of the same gel after SybrGold staining in the right panel.

Fluorescence imaging: ChemiDocMP. Annotation as in Figure 10. Dr. Mara Guariento, Institute of Biophysics,
Ulm University, helped with the realization of most nucleosome assemblies presented here.
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Figure 28. Supplementary figure comparing end-positioned and repositioned all tailless nucleosome constructs,
related to Figure 11.

(a) Native PAGE (fluorescence readouts for the acceptor fluorophore, red, or for the donor fluorophore, green)
of atLF compared to the repositioned atLF nucleosome. (b) atHF A (educt) compared to the repositioned
at HFA nucleosome (product); representation as in (a). (c) atHF_B (educt) compared to the repositioned
atHF_B nucleosome (product); representation as in (a). Figure 28 is adapted from Schwarz et al. (2018).

12.3 Appendix related to section 5.2

-0.19 -0.07 0.05 0.17 0.29 0.41 0.53 0.65 0.77 0.89 1.01
0.1

0.09

y
=
o
®

0.07
0.06
0.05
0.04
0.03
0.02
0.01

normalized frequenc

" FRET efficiency

Figure 29. Supplementary figure on the confocal spectroscopy based assessment of wtLF nucleosome remodeling
related to Figure 13.

FRET efficiency histogram of wtLF after applying the standard repositioning protocol (dark red histogram,
same as in Figure 13 e¢) or after nucleosome remodeling with more stringent conditions. These are 200 nM
INOS80 (after 40 min incubation, light red histogram) or 180 nM INOS80 (after 70 min incubation, orange
histogram, and after 150 min incubation, yellow histogram), protocol in 4.6.2. The high FRET efficiency
population that characterizes INO80 nucleosome sliding is comparable in these conditions.

138



Table 12. Supplementary table of Gaussian fit results for FRET efficiency histograms in Figure 13.

Mean FRET efficiencies highlighted in blue have been converted to the mean distance of donor and acceptor dye
positions as described in section 4.7. A: area fraction, E: mean FRET efficiency, o: standard deviation.

fit results | Ay E, (! A, E, 73 A3 E; o3 construct
blue, TIRFM | 1.00 0.06 wiLF
red, TIRFM | 0.45 | 0.50 | 0.20 [ 0.52 [0:85 | 0.07 [0.04 [ 0.09 | 002 | wilLF
blue, CS [ 0.21 | 022 | 0.19 [0.69 [ 0.50 [ 0.08 [0.09 | 0.74 | 0.15 | wiLF
red, CS | 0.13 | 0.01 | 0.06 | 0.46 | 0.54 | 0.23 [0.41 | 0.86 | 0.06 | wtLF
blue, TIRFM | 0.95 | 0.80 | 0.04 | 0.05 | 0.09 | 0.02 wiHF_A
red, TIRFM | 0.71 [ 0.75 [ 0.10 [0.29 | 0.11 | 0.05 wiHF_A
blue, CS | 0.06 | 0.06 | 0.12 [0.34 [ 0.74 [ 0.12 [ 0.60 | 0.81 | 0.05 | wtHF_A
red, CS [ 0.63 | 0.10 | 0.09 ] 0.08] 039 [ 0.12 [029 | 0.69 | 0.11 | wtHF A
blue, TIRFM | 0.47 | 0.96 | 0.03 [0.23 [ 0.09 [ 0.03 [ 030 | 0.89 | 0.13 | wtHF B
red, TIRFM | 0.64 | 0.68 | 0.09 | 029 | 0.13 [ 0.05 [ 0.06 | 097 | 0.02 | witHF B
blue, CS [ 0.21 | 0.05 [ 0.08 | 0.45 | 0.82 | 0.10 | 034 | 093 [ 0.04 | wtHF B
red, CS | 0.07 | -0.02 | 0.04 [0.81 ] 0.12 | 0.10 [0.12 ] 0.62 | 0.19 | wtHF B

Figure 30. Supplementary figure showing the model for the 7N66 nucleosome (educt) and successive repositioned

states by 10 bp (17N56, 27N46, 37N36) with accessible dye volumes for the LF construct.

The NCP structure is taken from the protein data bank (3LZ0, Vasudevan et al. (2010)). The DNA overhang has
been modeled as described in section 4.8.1. The octamer moiety is depicted in grey and the DNA is depicted in
light blue. The accessible volume of the acceptor is shown in red and the accessible volume of the donor is shown
in green. The accessible dye volumes have been calculated with the Nano-positioning System (NPS) software
developed by Muschielok and Michaelis (2011); the improved software used here is described in Dorfler et al.
(2017) and Eilert et al. (2017). Parameters are listed in section 4.8.1. The modeled accessible volumes are priors,
that is, they do not include experimental data.
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Table 13. Supplementary table of Gaussian fit results for FRET efficiency histograms in Figure 15.

Mean FRET efficiencies highlighted in blue have been converted to the mean distance of donor and acceptor dye
positions as described in section 4.7. A: area fraction, E: mean FRET efficiency, ¢: standard deviation.

fit results A1 E] 01 Az Ez (o)) A3 E3 03
dark green, CS | 0.17 | 0.16 | 0.14 | 0.76 | 0.50 | 0.11 | 0.07 | 0.85 | 0.10 wtLF
light green, CS | 0.15 | 0.12 | 0.12 | 0.04 | 0.86 | 0.09 | 0.80 | 0.49 | 0.12 wtLF
dark green,
TIRFM 1.00 | 0.45 | 0.09 wtLF
brown, TIRFM | 0.55 | 0.43 | 0.09 | 0.45 | 0.85 | 0.05 wtLF
dark green,
TIRFM 0.05| 0.10 | 0.02 | 095 | 0.79 | 0.05 wtHF A
brown, TIRFM | 0.73 | 0.77 | 0.09 | 0.27 | 0.11 | 0.05 wtHF A

Table 14. Supplementary table of Gaussian fit results for FRET efficiency histograms in Figure 16.

Mean FRET efficiencies highlighted in blue have been converted to the mean distance of donor and acceptor dye
positions as described in section 4.7. A: area fraction, E: mean FRET efficiency, ¢: standard deviation.

fit results A1 E] (] Az Ez (o)) A3 E3 03
dark green, CS | 0.28 | 0.09 | 0.08 | 0.22 | 0.29 | 0.09 | 0.51 | 0.52 | 0.15 atLF
light green, CS | 0.17 | 0.57 | 0.07 | 0.68 | 040 | 0.22 | 0.15 | 0.08 | 0.08 atLF
dark green,
TIRFM 0.57| 048 | 0.10 | 0.30 | 0.22 | 0.09 | 0.13 | 0.09 | 0.03 atLF
brown, TIRFM | 0.50 | 0.40 | 0.21 | 0.39 | 0.87 | 0.06 | 0.11 | 0.11 | 0.04 atLF
blue, CS | 0.24 | 045 | 034 | 0.15| 0.70 | 0.08 | 0.61 | 0.81 | 0.07 atHF A
light green, CS | 0.12 | 0.58 | 0.08 | 0.71 | 0.79 | 0.08 | 0.17 | 0.28 | 0.28 atHF A
dark green,
TIREM 090 | 0.75 | 0.07 | 0.10 | 0.10 | 0.04 atHF A
brown, TIRFM | 0.33 | 0.77 | 0.07 | 0.46 | 0.64 | 0.15 | 0.21 | 0.12 | 0.05 atHF A

Table 15. Supplementary table of Gaussian fit results for FRET efficiency histograms in Figure 17.

Mean FRET efficiencies highlighted in blue have been converted to the mean distance of donor and acceptor dye
positions as described in section 4.7. A: area fraction, E: mean FRET efficiency, ¢: standard deviation.

fit results | A, E; (W A, E, G, Az E; C3
blue, TIRFM | 1.00 | 0.37 | 0.07 atLF
red, TIRFM | 0.46 | 0.48 | 0.28 | 0.39 | 0.87 | 0.06 | 0.15 | 0.11 | 0.04 atLF
blue, CS | 0.15 | 0.04 | 0.09 | 0.80 | 0.35 | 0.11 | 0.05 | 0.80 | 0.12 atLF
red, CS| 0.14 | 0.04 | 0.09 | 042 | 0.62 | 0.19 | 0.44 | 0.85 | 0.05 atLF
blue, TIRFM | 0.93 | 0.81 | 0.04 | 0.07 | 0.09 | 0.02 atHF A
red, TIRFM | 0.42 | 0.57 | 0.06 | 0.31 | 0.11 | 0.04 | 0.27 | 0.77 | 0.07 atHF A
blue, CS | 0.08 | 0.05 | 0.10 | 0.29 | 0.63 | 0.16 | 0.63 | 0.78 | 0.08 atHF A
red, CS| 0.73 | 0.08 | 0.07 [ 0.18 | 0.21 | 0.28 | 0.09 | 0.75 | 0.11 atHF A
blue, CS | 0.27 | 0.03 | 0.06 | 0.29 | 0.66 | 0.24 | 045 | 0.93 | 0.06 atHF B
red, CS | 0.80 | 0.06 | 0.07 | 0.19 | 0.27 | 0.32 | 0.01 | 091 | 0.05 atHF B
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Table 16. Supplementary table of Gaussian fit results for FRET efficiency histograms in Figure 21.
A: area fraction, E: mean FRET efficiency, ¢: standard deviation.

fit results A1 E1 01 A2 E2 () A3 E3 03
a| 042 | 084 | 0.07 [0.14| 0.09 | 0.02 | 044 | 0.39 | 0.14 wtLF
b|0.64| 086 | 0.03 | 028 | 0.55 | 0.29 | 0.08 | 0.08 | 0.03 wtLF
c|031] 079 | 0.12 | 0.16 | 0.08 | 0.03 | 0.53 | 0.31 0.08 wtLF
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Figure 31. Supplementary figure for the probability distribution analysis fits of the confocal spectroscopy data
(wtLF and atLF) presented in Figure 13 and in Figure 17.
(a) PDA fit for wtLF (data from Figure 13 e, blue histogram). (b) PDA fit for wtLF after remodeling with INO80
(data from Figure 13 e, dark red histogram). (¢) PDA fit for atLF (data from Figure 17 ¢, blue histogram).
(d) PDA fit for atLF after remodeling with INO80 (data from Figure 17 ¢, dark red histogram). Fits have been
performed by Eleni Kallis, Institute of Biophysics, Ulm University.
Figure 31 is taken from Schwarz et al. (2018).

Table 17. Supplementary table of fit results of probability distribution analysis as depicted in Figure 31.
CS denotes confocal spectroscopy. A: area fraction, R: mean inter-dye distance, ¢: standard deviation.

R, (! R, 73 R; o3
fit results | A, [A] [A] A, [A] [A] Az [A] [A] construct
a,CS | 0.09 | 241 7 0.88 68 5 0.03 48 5 wtLF
b,CS | 0.18 | 241 7 0.5 66 11 0.32 49 3 wtLF
c,CS | 0.14 | 241 7 0.84 74 7 0.03 50 5 atLF
d,CS|0.13 | 241 7 0.46 65 11 0.42 50 4 atLF
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Figure 32. Supplementary figure showing electrophoretic mobility shift assays on (a) wild-type and (b) all tailless
7N66 nucleosomes.

EMSAs have been performed as technical triplicates by Kevin Schall, Gene Center and Department of
Biochemistry, LMU Munich. The quantification is shown in Figure 9. Figure 32 is adapted from Schwarz et al.
(2018).
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Figure 33. Supplementary figure showing the anisotropy and lifetime histograms of the acceptor dye as depicted
in Figure 18, as a direct comparison between wild-type (grey) and all tailless (brown) nucleosomes.

(a, b, ¢) Anisotropy histograms of nucleosomes (a), of nucleosomes in the presence of 156 nM INO80 and 2 mM
ADP (b) and of nucleosomes after remodeling by INO80 (c). (d, e, f) Lifetime histograms of nucleosomes (d), of
nucleosomes in the presence of 156 nM INO80 and 2 mM ADP (e) and of nucleosomes after remodeling by
INOS8O ().
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