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Preamble

Abstract

The genome of a eukaryotic cell is packaged by histone proteins into nucleosomes. ATP-dependent
chromatin remodeling enzymes shape this first level of chromatin organisation and play a funda-
mental role in regulating access of nuclear factors to DNA. Eukaryotes possess four evolutionary-
conserved families of chromatin remodelers. The INO80/SWR1 family members assemble into mega-
Dalton sized, multi-subunit complexes and configure the nucleosome landscape at gene promoters,
origins of replications and sites of DNA damage. In Saccharomyces cerevisisae (S. c.), the 15-subunit
INO80 complex translocates DNA through ATP hydrolysis along the histone core leading to posi-
tioning of +1 nucleosomes downstream of promoter DNA. Subsequently, the 14-subunit S. c. SWR1
complex exchanges the canonical histone H2A/H2B dimers with the variant H2A.Z/H2B through
ATP hydrolysis. H2A.Z containing +1 nucleosomes are proposed to serve as a gateway for gene
transcription. Despite of this importance, the precise molecular mechanisms underlying these nu-
cleosome remodeling reactions are poorly understood. In addition, it remains unclear what defines
the substrate specificity and the different reaction outcomes of INO80 and SWR1 remodelers which
in principle share a common subunit composition including nuclear actin and Actin-related proteins
(Arps). To address these questions, I characterized the structural basis of nucleosome remodeling
by INO80 and SWR1 complexes by using a combination of cryo-electron microscopy (cryoEM) and
biochemistry.

In the first part of this thesis, I present the mechanistic basis of hexasome remodeling by the INO80
complex. Hexasomes are non-canonical nucleosomes lacking one copy of H2A/H2B and are a hall-
mark of actively transcribed genes. My findings demonstrate how INO80 identifies non-canonical
DNA and histone marks of hexasomes that result from the absence of H2A/H2B. INO80 is activated
by directly sensing an exposed H3/H4 histone interface, operating independently of the H2A/H2B
acidic patch. This is enabled through a spin-rotated binding mode of the Ino80 motor domain while
its Arp module remains tethered to the now unwrapped linker DNA. These findings shed light on
how the absence of H2A/H2B creates altered substrates for chromatin remodeling, thereby creating
a different, however unexplored layer of energy-mediated chromatin regulation.

In the second part, I present the first structural and biochemical study of SWR1 from Chaetomium
thermophilum (C. t.). I identified the subunit composition of C.t. SWR1 and implemented a recom-
binant expression and purification strategy for both S.c. and C.t. SWR1 that enabled subsequent
cryoEM studies. In addition, I investigated the structure of the Arp module by using an integrative
structural biology approach building on cryoEM, Al-powered AlphaFold structure predictions and
crosslinking mass spectrometry. Thereby, I determined an almost complete model of the Apo SWR1
complex in which the Arp module is flexibly tethered to the core of SWR1. A kink in the Arp module
enables histone tail recognition of the Yaf9 subunit, while recognition of linker DNA might occur by
switching SWR1 into an open conformation. Histone tail recognition and tethering to linker DNA
may specify SWR1 activity at +1 nucleosomes.

INO80 and SWR1 share similar architectures, yet drive distinct functional outcomes. My thesis pro-
vides a structural framework for understanding the underlying molecular mechanisms.






Zusammenfassung

Chromatin verpackt und reguliert das Genom einer eukaryotischen Zelle. Das Nukleosom ist die
grundlegende Einheit des Chromatins, in der DNA um Histonproteine gewickelt ist. ATP-hydroly-
sierende Enzyme, sogenannte Chromatin Remodeler, katalysieren die Anordnung und Zusammenset-
zung von Nukleosomen und spielen damit eine Schliisselrolle in der Genomregulation. Chromatin
Remodeler werden in vier verschiedene Familien unterteilt. Die INO80/SWR1-Familie besteht aus
mega-Dalton groflen, mehrteiligen Komplexen und gestaltet die Nukleosomenlandschaft an Gen-
promotoren, Replikationsurspriingen und DNA-Doppelstrangbriichen. Der aus 15 Untereinheiten
bestehende INO80-Komplex des Pilzes Saccharomyces cerevisisae (S. c.) katalysiert die Translokation
von Histonen entlang der DNA durch ATP-Hydrolyse, was zur Positionierung von +1 Nukleosomen
neben Promoterensequenzen von Genen fithrt. Anschlieflend tauscht der S. c. SWR1 Komplex durch
ATP-Hydrolyse in diesen +1 Nukleosomen die kanonischen Histondimere H2A/H2B durch die
H2A.Z/H2B Variante aus, die ein Merkmal aktiver Genexpression sind. Trotz dieser fundamentalen
Bedeutung von INO80 und SWR1, sind die genauen molekularen Mechanismen, die diesen Nukleo-
somenumbaureaktionen zugrunde liegen, unzureichend verstanden. Insbesondere da beide Chro-
matin Remodeler strukturelle Ahnlichkeiten aufweisen und sie eine dhnliche Zusammensetzung
haben, wie zum Beispiel nukleares Aktin und Aktin-ahnliche Proteine (Arps). Daher habe ich in
meiner Doktorarbeit die molekularen Grundlage des Nukleosomenumbaus durch INO80 und SWR1
Chromatin Remodeler untersucht, indem ich eine Kombination aus Cryo-Elektronenmikroskopie
(CryoEM) und biochemischen Methoden angewendet habe.

Im ersten Teil dieser Arbeit stelle ich meine Ergebnisse beziiglich der mechanistischen Grundlagen
des Hexasom-Umbaus durch den INO80 Komplex vor. Hexasomen sind nicht-kanonische Nukleo-
somen, denen eine Kopie von H2A/H2B fehlt und die ein charakteristisches Merkmal aktiv tran-
skribierter Gene sind. Ich zeige wie INO80 nicht-kanonische DNA- und Histonmerkmale von Hexa-
somen erkennt, die aus dem Verlust von H2A/H2B resultieren. INO80 rotiert um ca. 145° um Hexa-
somen zu binden, wiahrend sein Arp-Modul an der flexiblen Linker-DNA gebunden bleibt. Aufgrund
des fehlenden H2A/H2B Dimers wird H3/H4 offen gelegt und nun stattdessen von INO80 und damit
unabhingig vom Acidic Patch des H2A/H2B Histondimers erkannt. Diese Erkenntnisse zeigen, wie
der Verlust von H2A/H2B nicht nur kompensiert wird, sondern auch zu einer unerwarteten Form
der aktiven Chromatinregulation beitragen kann.

Der zweite Teil meiner Arbeit beschreibt die erste strukturelle und biochemische Studie von SWR1
aus dem thermophilen Fungus Chaetomium thermophilum (C. t.). Ich habe die Zusammensetzung
von C.t. SWR1 identifiziert und eine rekombinante Expressions- und Reinigungsstrategie fiir S. c.
als auch C. t. SWR1 etabliert, die anschlieBende CryoEM Studien ermdglichte. Mit einer integrativen
Herangehensweise aus CryoEM, Kl-unterstiitzen AlphaFold Strukturvorhersagen und Crosslinking
Massenspektrometrie, habe ich aulerdem die Struktur des Arp-Moduls untersucht. Dies erlaubte
mir eine nahezu vollstandige Struktur des Apo SWR1 Komplexes zu bestimmen, in der das Arp-
Modul flexibel mit dem Hauptmodul von SWR1 verbunden ist. Ein 90° Knick im Arp-Modul er-
moglicht die Erkennung von Histonenden durch die Yaf9 Untereinheit, wahrend eine Konformations-
anderung des SWR1 Komplexes in eine offene Konfiguration die Bindung der Linker-DNA ermdglicht.
Die Erkennung der Histonenden in Kombination mit der Bindung an die Linker-DNA erklart die
Substratspezifitat von SWR1.

Trotz der Ahnlichkeit von INO80 und SWR1 katalysieren diese Enzyme unterschiedliche Reaktio-
nen in der Genomregulation. Meine Doktorarbeit etabliert die strukturellen Grundlagen, um die
molekularen Mechanismen dieser Funktion zu verstehen.
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1 Introduction

1.1 Chromatin architecture

1.1.1 Nucleosome architecture and chromatin

The basic unit of chromatin is formed by nucleosomes that arise from two H2A/H2B histone dimers
and one H3/H4 tetramer as well as DNA. Together the histone dimers and the tetramer give rise
to the histone core also referred to as octamer. About 147 bp of DNA wrap 1.65-times around the
histone core, thereby enabling tight packing of DNA into the cell nucleus [1]. The DNA-protein
interactions are facilitated by positively charged histone residues that pack against the negatively
charged DNA sugar backbone of the DNA minor groves. The DNA is bend around the histone core
which results in a preference of GC base pairs for major grooves and AT pairs for minor grooves,
thereby favoring bending of DNA altering from its B-form [2]][3][4]. The approximately fourteen
helical turns that wrap around the histone core are termed superhelical locations (SHL) from -7 to
+7 (Figure[1.1p). They refer to the middle position of the minor groove that is solvent exposed and
consequently accessible for chromatin factors. Half numbers (e.g. SHL +3.5) represent the minor
groove contact points to the histone core. SHL 0 refers to the dyad position of the nucleosome that
forms the symmetry point of the nucleosome that harbors a two-fold pseudo symmetry. In vivo, the
symmetry is broken through non-symmetrical DNA sequences on both sides of the nucleosome.

Histone fold, modifications and variants

Histones comprise a common histone fold of three helices that are intersected by a loop respectively
[1] (Figure [1.1p). The helices and loops are referred to as helices a1-3 and loops L1 and L2. In ad-
dition, histone specific features are present adjacent to the histone fold on the N-terminus and in
some cases the C-terminus as well. The N-termini of the histones (and especially lysine residues) are
unstructured and subjected to post-translational modifications including methylation, acetylation,
phosphorylation, ubiquitination and SUMOylation (reviewed in [5][6]). These chemical modifica-
tions represent a hallmark of the epigenetic code and play pivotal roles in all DNA related processes
including gene regulation. Some modifications like acetylation have a direct impact on chromatin
architecture as this negative chemical group equalizes the positively charged lysines of the histone
tails. As a consequence, the chromatin is more loose and more accessible for chromatin factors for
binding [7][8]. Post-translational modifications are introduced by writers (e.g. acetylases), recog-
nized by readers that can act as effector proteins (e.g. through bromo domains in case of acetylated
histones) and removed by erasers (e.g. de-acetylases).

Besides nucleosome occupancy and histone tail modifications, histone variants are a third pillar of
the epigenetic code [9]. Histone variants exist for all four canonical histones but are more common
for H2A and H3 (reviewed in [10]]). While the canonical histones are expressed and deposited during
mitosis, histone variants are introduced in a replication independent manner into nucleosomes. His-
tone variants differ in their amino acid sequence from their canonical counterparts, but often only
very subtle. The change in sequence results in their recognition of a specialized set of histone chap-
erons and chromatin factors. In addition, altered post-translational modifications can occur and the
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1 Introduction

altered amino acid sequence can have a direct impact on chromatin architecture like the human H3.3
histone variant that facilitates nucleosome ejection. As a consequence, histone variants have im-
plications in all DNA-templated processes [10] including gene regulation, DNA repair, nucleosome
turnover, telomere maintenance and centromere establishment. While some histone variants are
continuously expressed, others are subjected to dynamic patterns or even tissue specific expression.
In addition some histone variants are species-specific while others like H2A.Z are very conserved
and thought to only have evolved once in evolution [11]].

a b
entry DNA  dyad exit DNA
{ “\ )

NL+6
Hlia X N-terminal tail
¢ 4 A h = idic patch
: ' S v subject to / o [
S USSir Sy histone modifications X f on H2A/H28 \,
by ol \ @ AL
: 2 : l \/’ _\‘;‘; J < e - 7‘ \ > r
=k WIS L
SHL +4 20 W
SHL - super helical location M acidic [ I neutral Il basic

residues

Figure 1.1: a Nucleoesome structure with labelled super helical locations (SHL) and N-terminal H4
tail highlighted as possible target for histone modifications. b Histone fold of H2A, H2B, H3 and H4.
Labelling of helices and loops according to [12]. € Same nucleosome view as in a but with histones
colored according to their respective charge. In dotted sphere, acidic patch formed by H2A and H2B
residues. Representation of a adapted from [13] and based on PDB 1AOL

Common features for nucleosome binding

The recent advancement in cryoEM enabled the structural characterization of chromatin factors
bound to nucleosomes. Thereby, common principles for nucleosome recognition could be identified
[14], that are: multivalency of nucleosome contacts, acidic patch binding on the H2A/H2B surface
as well as protein-histone elbow interactions. In more detail, the acidic patch is formed by a combi-
nation of conserved H2A (E56, E61, E64, D90, E91, and E92; in Xenopus) and H2B residues (E105 and
E113) [1]]. The underlying aspartate and glutamine residues create a negatively charged surface on
the nucleosome (Figure [I.1k) that is commonly recognized by chromatin factors [14] [15][16]. The
interaction is faciliated through two or more positively charged arginine residues of the respective
chromatin factor and is also referred to as arginine anchor nucleosome-binding motif [17].
Another common feature for nucleosome binding are the H3a1L1 and H2Ba1L1 elbows that sit at
the junction of the a1 helix and the adjacent loop L1 respectively [14]. The interface of the alpha
helices and loops resemble the shape of an elbow and are in case of H3a1L1 and H2Ba1L1 solvent
exposed and hence accessible for chromatin factors.

First level of chromatin organization and chromatin organization around promoter sites

On a more global scale, two neighboring nucleosomes are connected by linker DNA - also referred
to as extra-nucleosomal DNA. Nucleosomes are not randomly distributed on genomic DNA but are
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1.1 Chromatin architecture

evenly spaced through energy consumption and dedicated enzymes [18]][19]. Regular assemblies
of nucleosomes are called arrays. Their presence is anti-correlated with gene activity [20], mea-
ning that nucleosomes in actively transcribed regions are less ordered as RNA Polymerase II leaves
nucleosomes at random positions after transcribing through them. Nucleosomes can be positioned
to certain genomic locations. Such a high degree of positioning is observed in yeast [21]] while it
is less prominent in metazoans and plants [22][23]]. Furthermore, arrays can be phased in relation
to certain loci, protein barriers or well positioned nucleosomes [24]. Most prominently, phased ar-
rays are found at binding sites of transcription factors, insulators or around transcription start sites
[9][25]] [26][27] [28]. Promoter sites are enriched for poly dA:dT sequences [21]][29] which disfa-
vor intrinsically wrapping around histones. These sequences together with regulatory factors like
Rap1, Reb1 and Abf1 recruit chromatin remodeling complexes (introduced in the next section) of
the SWI/SNF family which in turn remove nucleosomes from promotors [30][24][31]. This creates
a nucleosome free region (NFR) upstream of the transcription start site (TSS) which is required for
recruitment of the RNA Polymerase machinery and hence for active gene transcription [32][33].
Following the creation of the NFR, +1 and —1 nucleosomes down and upstream of the NFR are po-
sitioned by chromatin remodelers [34][35][24][36]][37]. Furthermore, correct positioning of the +1
nucleosome is linked with correct TSS selection and transcription initiation [38] (see Figure [1.2).
The nucleosomes downstream of the +1 nucleosome are regularly spaced through the interplay of
chromatin remodelers ISWI, CHD, INO80) [39][40][24], thus forming a phased array in relation to
the +1 nucleosome.
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Figure 1.2: Nucleosome positioning, spacing and phasing around promoter sites Lefi: Chro-
matin organization downstream of promoter sites. The +1 nucleosome is well positioned and nu-
cleosomes are equally spaced. Right: Schematic graph of nucleosome occupancy around promoter
sites. Nucleosomes downstream of the nucleosome free region are phased in relation to the +1 nu-
cleosome.

Higher-order chromatin structure

The linker length connecting two neighboring nucleosomes varies among different species, cell
types, developmental stage and active versus repressed chromatin [41]][42] which has a direct impact
in chromatin organization. Higher-order chromatin structures are enabled through nucleosome-
nucleosome interactions. Here, the main contacts are formed of one nucleosome and the one two
nucleosomes away (N with N+2) [43]. The two nucleosomes are stacking on top of each other
which is facilitated by the interaction of a basic region on the H4 N-terminus and the acidic patch
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of the N+2 nucleosome [42]. In addition, the presence of H1 linker histones that can be positioned
at the entry and exit sites of nucleosomes, can further stabilize the packaging of chromatin [44]].
This gives rise to an overall zigzag architecture enabling the formation of chromatin fibres. Until
recently, those fibres were thought to have a static diameter of 30 nm [45] but they arose artificially
from non-physiological in vitro reconstitutions and present cation ions. Recent advances in in situ
electron tomography uncovered dynamic fiber diameters ranging from 8 to 24 nm [18]][46]]. Further,
clusters of 2-8 nucleosomes are formed as visualized by super resolution microscopy [47]. These
features enable the packaging of about 2 m of DNA into each of our cell nuclei.

1.1.2 The histone variant H2A.Z

Besides the known four canonical histones H2A, H2B, H3 and H4, a zoo of histone variants exists
[10] presenting another layer of genome regulation. One among them is the H2A variant H2A.Z
(Htz1 in yeast) which shares about 60 % sequence identity with H2A [48]. At the same time H2A.Z
is highly conserved among different species. The presence of H2A.Z is essential for eukaryotic
embryo development [49][50]. Overall, the 3D architecture and protein-DNA contacts of H2A.Z
containing nucleosomes resemble nucleosomes containing the canonical H2A as shown by X-ray
crystallography [48]. However, on a molecular level the differences in amino acid sequence result
in a destabilization of the dimer-tetramer and dimer-dimer interfaces making the H2A.Z-containing
histone core less stable. In more detail, three hydrogen bonds in the interface of the H3aN and
the C-terminus of H2A.Z are absent in comparison to canonical H2A. Also, the L1 loop of H2A.Z
that is self-interacting with the second H2A.Z copy is subjected to amino acid difference leading
to a destabilization of the dimer-dimer interaction. On top of that, the acidic patch of H2A.Z is
extended by two residues increasing the size of the acidic patch from six to eight residues. Thereby,
the nucleosomal interface that is recognized by chromatin binding factors is significantly changed.
H2A.Z is present on active gene sites [51][52][53] promoting transcriptional activity through the
less stable histone core and a higher degree of flexibility between the DNA entry/exit sites and the
histone core [54]. However, the impact of H2A.Z is context dependent and the higher flexibility
of the DNA entry/exit sites can also lead to chromatin compaction and heterochromatin formation
[54]. The functions of H2A.Z and how its energy required incorporation is facilitated, is presented
in Sections and

1.1.3 Hexasomes

Nucleosome particles are not static but rather dynamic in regard to their composition and structure.
In more detail, nucleosomes can undergo a breathing motion by altering the DNA-histone interac-
tions. Alteration in histone composition leads to the formation of sub-nucleosomal particles that
can be also referred to as non-canonical nucleosomes[55][56]. Among these are tetrasomes that
contain only the H3/H4 tetramer or hexasomes [57]. Hexasomes are composed of six instead of
eight histones, namely the H3/H4 tetramer and only one copy of H2A/H2B [58]. The loss of one
H2A/H2B results in a smaller DNA footprint compared to canonical nucleosomes [56][59]. Hexa-
somes are not only a theoretical construct, but were found in vivo in context of transcription by
RNA Polymerase II (Pol II) as well as DNA replication [58]][55][60]. Both events require a transient
disturbance of histone-DNA contacts to allow the polymerases to pass through nucleosomes [61]].
Furthermore, structural methods [62]] [63] in combination with in vivo mapping [55] suggest that Pol
IT causes the eviction of H2A/H2B thereby creating hexasomes. In addition, a study in Drosophila
melongaster showed that it is either the proximal or the distal H2A/H2B copy that is missing in +1
nucleosomes in relation to promoter DNA [55]. While the loss of the proximal H2A/H2B copy is
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1.2 ATP-dependent chromatin remodelers

linked to transcription elongation and Pol II stalling, [55][64] the loss of the distal one enhances the
passage of Pol II through the nucleosome eventually leading to the eviction of the histone core [55].
Removal of one H2A/H2B copy during transcription is facilitated by the histone chaperone FACT
[65][66] but can also have a stabilizing effect on the histone core. Also other chromatin factors in-
teract with hexasomes and can even re-position them [67][68][69]. One class of chromatin factors
that remodel hexasomes are the so called ATP-dependent chromatin remodelers.

1.2 ATP-dependent chromatin remodelers

The packaging of DNA into nucleosomes controls the access to the DNA, thereby regulating funda-
mental cellular processes. While areas in between nucleosomes are accessible for chromatin factors,
DNA becomes inaccessible when wrapped around nucleosomes. As a consequence, binding sites
of transcription factors for example can be buried in the nucleosome preventing binding events
[9][19]. Nucleosome positioning and re-organization are energy-driven processes that ensure sta-
bility of chromatin while allowing plasticity to adopt to environmental signals. To facilitate the
(re-)organization of chromatin a family of enzymes evolved in eukaryotes that act on nucleosomal
substrates. This enzyme family is called ATP-dependent chromatin remodelers — hereafter referred
to as chromatin remodelers. All chromatin remodelers contain a Snf2-like protein that belongs to
the SF2 superfamily of ATPases [70]. While the Snf2-like proteins differ in their N-terminal and
C-terminal features, they all contain two RecA-like lobes — the N-lobe and C-lobe — forming to-
gether the motor domain (Figure [1.3p). In more detail, the two lobes enclose around nucleosomal
DNA at remodeler specific super helical locations. While both DNA strands are enclosed, one is
referred to as tracking strand which resembles the strand on which helicases translocate [19]. The
second strand is denoted as guide strand [71]][72][25]]. The motor domain contains one ATP binding
pocket that lays at the interface of the two RecA-like lobes. One of the lobes harbors a Walker A
and Walker B motif that enable ATP binding and hydrolysis respectively. The second lobe has lost
these motifs but contributes with an arginine finger motif to ATP hydrolysis [2]]. To accommodate
ATP hydrolysis, the two lobes are closed and reopened upon binding of the next ATP molecule.
The caused movement of the motor lobes is translated into the translocation of the bound DNA.
In more detail, ATP hydrolysis and more specifically the release of inorganic phosphate, causes a
movement of the C-lobe in respect to the N-lobe leading to the insertion of the gating helix and
displacing the tracking strand by one base pair [71]]. This creates a transiently A-form of the DNA
[26]. Upon binding of the next ATP molecule the B-form helix is reinstalled and the guide strand
follows the translocation of the tracking strand. Thereby, during each ATP hydrolysis cycle one
base pair of DNA is translocated alongside the histone core. The DNA entering the nucleosomal
core, is referred to as entry DNA while the opposite end is the exit site or exit DNA. As a result, the
DNA-histone interactions are broken and the nucleosomal substrate gets remodeled. The outcome
of the remodeling reaction depends on the accessory subunits of the respective chromatin remodeler.
They assemble onto the Snf2-like ATPase enabling thereby substrate specificity and facilitating only
a certain reaction outcome. The accessory subunits can be either regulatory proteins or scaffolding
ones that enable the assembly of even more proteins. Chromatin remodelers catalyze at least one
of the following reactions: nucleosome assembly, histone editing, nucleosome sliding and positio-
ning or the eviction of nucleosomes. Through these functions, chromatin remodelers facilitate in an
energy-dependent manner the organization of chromatin and regulate the access of nuclear factors
to DNA and histones. Thereby, chromatin remodelers are involved in fundamental processes like
transcription activation and repression, DNA replication and DNA repair. Based on their Snf2-like
motor domain, chromatin remodelers are subdivided into four families: 1) CHD (chromodomain he-
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licase DNA-binding), 2) ISWI (imitation switch) 3) SWI/SNF (switch/sucrose non-fermentable) and
4) INO80/SWR1 (Inositol auxotrophy 80) [73] (Figure [1.3h). While the ISWI and CHD remodelers
can act as single subunits but also form small complexes, SWI/SNF and INO80 complexes are of
mega-Dalton size harboring a multitude of subunits. Each family harbors a set of chromatin remo-
delers while higher eukaryotes even have subtypes of the same remodeler which are either cell or
tissue-specific or are only expressed during a specific developmental phase [74][27]. Usually these
subtypes differ in their subunit composition as for example the human SWI/SNF complex called BAF.
Despite the different reaction outcomes, it was suggested that chromatin remodelers act based on
the same mechanism that is dictated by the Snf2-like motor domain [75][19]. The translocation of
one base pair of DNA leads to a twist defect that diffuses along the nucleosomal DNA by rotation of
the DNA. This explains how an individual Snf2-type motor can facilitate nucleosome sliding without
the need of accessory subunits. Yet, also larger step sizes of nucleosome remodeling were observed
through biochemical and single-molecule experiments [[76]. In the latter case, delays between DNA
entry and exit were observed speaking against a simple diffusion mechanism. This would be in line
with a proposed motor-rotor-stator-grip mechanism were a grip element downstream of the motor
domain prevents continuous twist diffusion [77]]. Instead, multiple steps of DNA translocation are
accumulated building up a DNA strain. Once the strain is sufficient, the twist diffusion continues
past the grip element leading to nucleosome sliding and a net DNA translocation. Grip elements
are the Arp5-Ies6 dimer of INO80 and Snf5 of the SWI/SNF complex. Alternatively, the DNA strain
can result in the destabilization of the H2A/H2B H3/H4 interface resulting in histone eviction or ex-
change. Rotor and stator elements are the DNA and protein scaffolds of the multi-subunit chromatin
remodelers respectively. Recent advances in cryoEM enabled the visualization of chromatin remod-
elers from all four families bound to nucleosomal substrates which inspired the rotor-stator-grip
mechanism [[77]][13]].
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Figure 1.3: ATP-dependent chromatin remodelers. a Overview of the four families of ATP-
dependent chromatin remodelers (top). Possible reaction outcomes of ATP-hydrolysis and DNA
translocation (bottom). b Chromatin remodelers comprise a common motor domain of an C-
terminal and N-terminal RecA-like lobe. ADP (in yellow) sits in the nucleotide binding pocket.
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1.2 ATP-dependent chromatin remodelers

1.2.1 CHD and ISWI remodelers

Chromatin remodelers of the CHD and ISWI family are small compared to the SWI/SNF and INO80
complexes. They consist either only of the Snf2-type motor domain or a limited number of ac-
cessory subunits that modulate the motor’s ATPase activity or facilitate specific substrate binding.
CHD and ISWI remodelers are involved in nucleosome assembly and nucleosome sliding. During
nucleosome assembly, histone chaperons deliver H2A/H2B dimers and H3/H4 tetramers to nascent
DNA after DNA replication [78]. CHD and ISWI remodelers assist with the assembly of histone
dimers and tetramers into mature nucleosomes [79][80]. Next, they implement regular spacing
between nucleosomes to form a regular array [81]][82] [83]][[84]] through nucleosome translocation.
Thereby, CHD and ISWI remodelers are mostly involved in gene repression by aiding the formation
of heterochromatin [84]][84]]. Apart from DNA replication, nucleosome positions are reinstalled af-
ter transcription as Pol II transcription can lead to either the loss of nucleosomes or change in their
position [85][86]] [[87]].

ISWI family of chromatin remodelers

In the ISWI family the main activity arises from the motor subunit itself. However, the ISWI com-
plexes contain up to four accessory subunits [88][81] that modulate nucleosome binding, linker DNA
binding and sliding activity [89]. The two main complexes from yeast are ISW1 and ISW2 [90]] [91]]
while other prominent family members are the human NURF complex and the ACF complex that
exists in human and flies. ISWI complexes are mainly associated with gene repression through its
activity of creating nucleosomal arrays of evenly spaced nucleosomes. For example, yeast ISW1a
creates a spacing of 30 bp of DNA between two neighboring nucleosomes [24]][91]] [92]] [93]][94] and
places nucleosomes onto NFRs which blocks the assembly of the transcription machinery. In con-
trast to the yeast complexes, the human NURF complex is associated with the promotion of tran-
scription [95]]. ISWI complexes slide nucleosomes away from DNA ends by their directional sliding
activity [88][96][93]. When the amount of DNA is limited, ISWI has a centering activity as for ex-
ample shown for the ACF complex, leading to heterochromatin formation [84]][97][98]. In addition,
ISWI remodelers ISW1a and ISW2 position +1 nucleosomes [99][100]. On a molecular and mecha-
nistic level, ISWI remodelers bind their nucleosomal substrates at SHL +/—2 [90] through the RecA-
like lobes. The interaction is additionally driven by the sensing of linker DNA and binding of the
N-terminal tail of H4 [101]] [102] [103][90][93][89]. Binding of the linker DNA is facilitated through
the C-terminal HAND-SANT-SLIDE (HSS) domain of the ISWI ATPase [104] that undergoes a con-
formational change during ATP hydrolysis [2]. ATPase activity is regulated by the autoinhibitory
N-terminal region (AutoN) and the negative regulator of coupling (NegC) which are located next to
the RecA-like lobes. NegC senses the length of linker DNA and couples ATPase activity to sliding
[105] while the AutoN domain competes with the H4 tail for binding at the RecA-like lobes [102].
CryoEM enabled structural studies of ISWI motor domains bound to mono-nucleosomes [106][107]]
and the yeast ISWI1a bound to a di-nucleosome [108].

CHD family of chromatin remodelers

CHD mostly shares its architecture and function with the ISWI family [[109] but comprises two chro-
modomains at its N-terminus that give rise to the name of the remodeler family [110]. It functions
as a one-subunit remodeler in yeast [110] while the Chd1 remodelers form complexes in higher
eukaryotes [111]][112]. The different CHD subfamilies are involved in various types of reactions:
in nucleosome assembly and spacing [83]], in promotion of transcription by making promoter sites
accessible [113] as well as nucleosome editing as for example the incorporation of the H3 variant
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H3.3 [114]. One prominent member is the NuRD complex in metazoans which enables binding of
repressors resulting in gene inactivation [112][115]. However, yeast Chd1 functions mainly in nu-
cleosome assembly. Chd1 slides nucleosomes in a bi-directional manner [116]. It was also shown to
slide hexasomes, however only in a one-directional manner indicating the involvement of H2A/H2B
recognition for nucleosome sliding [68]].

1.2.2 SWI/SNF remodelers

The SWI/SNF family covers complexes of mega-Dalton size containing a multitude of subunits be-
sides the Snf2-type motor. Thereby, these complexes are larger compared to the ISWI and CHD
families. SWI/SNF remodelers are the only chromatin remodeler complexes that have the ability
to eject nucleosomes which facilitates access to DNA. As a consequence, they aid in the forma-
tion of nucleosome free regions present at gene promoter sites as described in the previous section
[117]. In addition, SWI/SNF complexes can slide nucleosomes towards DNA ends but do not evenly
space them [118]][119]. Furthermore, these mega-Dalton sized complexes can make DNA binding
sites accessible for transcription factors through loop formation that were before buried within the
nucleosome [2]. Apart from the two typical RecA-like lobes, The Snf2-type subunit contains an
HSA domain (helical/ SANT-associated) with an adjacent post-HSA region, AT-hooks as well as a C-
terminal bromodomain. The HSA helix is bound by the actin-related proteins Arp7 and Arp9 [120]
in yeast or actin and Arp4 in the human complexes. The motor lobes engage SHL +/-2 likewise to
the CHD and ISWI remodelers [121]][106][72]]. The SWI/SNF complexes comprise a modular archi-
tecture as visualized by cryoEM [122]] [121]][[123]][124] of 1) the motor module 2) the Arp module and
3) the substrate recruitment model (SRM) (reviewed in [125]). The auxiliary subunits are part of the
SRM module and are remodelers as well as species-specific enabling targeting to different sets of
genes [126]. The Arp module bridges the motor and SRM modules but also functions in modulating
motor activity through the interaction of the post-HSA helix with the motor lobes [127]).
Prominent family members of the SWI/SNF family are the two yeast remodelers SWI/SNF and RSC
that are paralogues and assemble around the Snf2 and Sth1 motor proteins respectively. The yeast
RSC complex is not only larger as the SWI/SNF complex (17 versus 12 subunits) but also at least
ten times more abundant [128]]. In addition, SWI/SNF does not control cell cycle dependent genes
and focuses on Pol II dependent promoters. Despite their overlap in function, the SWI/SNF and
RSC remodelers do not act on the same set of genes. Furthermore, RSC has a sliding activity on +1
nucleosomes thereby moving it away from the TSS [129]. Comparable remodelers exist in human
where the BAF complex resembles SWI/SNF and and pBAF shows similarity to the RSC complex
[130]. Further, SWI/SNF complexes in higher eukaryotes underlie a combinatorial subunit compo-
sition resulting in tissue and developmental stage specific complexes [131]. Finally, the pivotal role
of SWI/SNF remodelers in gene transcription makes them the most abundantly dysregulated targets
in cancer [132]).

1.3 INO80 family of chromatin remodelers

As the INO80 family of chromatin remodelers will be the focus of this thesis, I am introducing them
in a separate chapter. First, focusing on their similarities followed by dedicated chapters on the
INO80 and SWR1 complexes respectively.
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1.3 INOS80 family of chromatin remodelers

1.3.1 Members of the INO80 family and their function

In yeast, the INO80 family of chromatin remodelers comprises two members, INOS80 itself as well
as SWR1. Despite their similar architecture, INO80 and SWR1 perform distinct nucleosome re-
modeling reactions. INO80 has an established function in sliding and positioning of nucleosomes
as well as a debated role in exchanging the histone variant H2A.Z by its canonical counterpart
H2A [76][133]][134]. SWR1 incorporates the histone variant H2A.Z into nucleosomes and catalyses
thereby the counter-reaction of INO80 [135]][136]][137]. It is of note that yeast possess in addition
to SWRI1 the histone acetyltransferase complex NuA4, while higher eukaryotes including humans
possess the Tip60/p400 complex. The latter is a "fusion’ complex of the two orthologous yeast com-
plexes SWR1 and NuA4. Yet, the human SRCAP complex, which resembles the yeast SWR1 com-
plex, can catalyse histone exchange independently of the Tip60 histone acetyltransferase module.
Together Tip60/p400 as well as SRCAP contribute to the pool of H2A.Z containing nucleosomes
in vivo[[138]] [135]] [139]] [51]]. It remains however unclear how their activity is distributed in different
cell types and developmental stages [140] and whether there are additional variants of INO80-family
remodeler complexes in mammals. Recent advances in cryo electron microscopy enabled the deter-
mination of various chromatin remodelers of the INO80 family in complex with mono-nucleosomes
and in different nucleotide states: INO80 (human) [141]], INO80 (C. t.) [77], SWR1 (yeast) [142] SR-
CAP (human) [143]] and also NuA4 (yeast) [144][145][146]. The structures provide a first structural
framework for the common features of the INO80 family.
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Figure 1.4: Subunit composition of yeast (S.c.) and human (H.s.) INO80 and SWR1/SRCAP
complexes. Subunits belong to the Core module (red), Arp module (yellow) or species-specific/N-
terminal modules (blue) of the complexes. The Core module and Arp module subunits of INO80 and
SWR1/SRCAP share a common architecture and are hence listed next to each other. Functions of
the respective subunits are stated on the left for INO80 and on the right for SWR1. The role of the
species-specific subunits Taf14 and Nhp10 are only known for yeast.
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1.3.2 Common features of the INO80 family

The INO80 and SWR1 complexes are evolutinary conserved 'non-identical twins in chromatin re-
modeling’ [147]]. Here, I am mostly focusing on the yeast complexes. On a molecular level, INO80
and SWR1 share a modular architecture with a few shared and some remodeler-specific subunits.
Among these shared subunits are Rvb1, Rvb2, actin and the actin-related protein 4 (Arp4) — the
nomenclature differs in metazoans (see Figure[1.4). The Snf2-type motor proteins are mostly named
after the complex itself but differ in writing between yeast and metazoans [19]. In yeast, the Snf2-
type motor proteins are written in small letters: Ino80 for the INO80 complex, Swrl for the SWR1
complex and Eaf1 for NuA4. In contrast, the motor subunits remain in capital letters in metazoans
e.g. INO80 subunit within the INO80 complex. Overall, the Ino80 and Swr1 subunits function as a
scaffold for the remaining subunits, giving rise to the modular architecture of the complexes con-
sisting of the Core, Arp and species-specific modules. I will write the Core module in capital letters
to distinguish it for example of core features.

o }@g y, remodeler-specific
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Figure 1.5: Common features of the INO80 family. Chromatin remodelers of the INO80 family
commonly comprise an insertion domain within their Ino80 or Swrl motor subunits onto which
the Rvb1/Rvb2 hetero-hexameric AAA* ATPase assembles. Rvb1 and Rvb2 comprise a nucleotide
binding pocket at their base that is occupied by an ADP molecule. Further Rvb1/Rvb2 are composed
of a middle domain and OB-fold (illustrated on the right). The OB-fold functions as a recruitment
platform for remodeler-specific subunits (e.g. in turquoise, yellow and orange). Based on PDB 8AVé6.

The Ino80, Swr1 (SRCAP and p400 in humans) motor subunits share common features based on se-
quence alignments [73]]. The two RecA-like lobes form the motor domain. Uniquely, the Snf2-type
proteins of the INO80 family contain a long insertion domain of about 300 residues that intersects
the C-lobe [[73]. The ATPase lobes and insert of Ino80 and Swr1 are part of the Core module, to-
gether with the AAA™ ATPase Rvb1/Rvb2 hetero-hexamer and some remodeler-specific subunits
(refer to Figures[1.6h, b and [1.8). The Core module subunits facilitate binding to the nucleosomal
substrate. The hetero-hexamer has the shape of a barrel that is formed by a ring of alternating Rvb1
and Rvb2 copies comprising a three-fold symmetry [148]. The Rvbs are structured into three do-
mains: the AAA" at its base, the middle domain and the OB fold on top. Even though each of the
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Rvb1 and Rvb2 subunits comprises an ATPase domain, their activity is not essential for nucleosome
remodeling of neither INO80 nor SWR1 [141][142]. However, the insert of INO80 was shown to
increase the ATPase activity of the Rvbs by 16-fold indicating that the Rvbs serve as a chaperone
for complex assembly [149]. Post-assembly, the Rvbs harbor an ADP as shown by cryoEM struc-
tures [[77][141]][150] highlighting that the Rvb1/Rvb2 hetero-hexamer functions as a scaffold once
the chromatin remodeler is assembled. The three-fold symmetry of the Rvb1/Rvb2 heterohexamer is
broken by the Snf2-type insert domain which shares little of its sequence when comparing different
remodeler types or the same remodeler across different species [147]. The insert determines which
remodeler-specific subunits are recruited to the Core module. Accordingly, INO80-specific subunits
can be exchanged by SRCAP-specific ones in vivo by interchanging the corresponding insert domain
[151]]. Either the insert directly recruits remodeler-specific subunits or the insert induces structural
changes in the Rvbs OB domains resulting in subunit recruitment [77] (Figure [L.5).

The N-terminus of Ino80 and Swr1 harbors a helicase-SANT-associated (HSA) helix which assem-
bles actin and Arp4 that share an actin fold, forming together the Arp module. Notably, also the
yeast SWI/SNF-family complexes contain the HSA helix but recruit Arp7 and Arp9 [152]][153], while
SWI/SNF-family complexes from higher eukaryotes also recruit Arp4 (human BAF53) and nuclear
actin. The post-HSA helix of Ino80 and the Swr1-Z domain of Swr1 are located in between their
respective HSA and ATPase motor domains. Of note is, that Eafl from NuA4 contains as well an
HSA helix. In addition, the HSA helix binds to DNA, which might interact with linker or promoter
DNA in both INOS80 [154][150] and the RSC complex [155]. Arps were shown two decades ago to be
essential for chromatin remodeling [156]]. Furthermore, SWR1 and NuA4 share the Swc4 and Yaf9
subunits. The very N-terminal region of Ino80 and Swr1 assembles further remodeler-specific and
in case of INO80 species-specific subunits [13][157]].

1.4 INOS8O

Nucleosome remodeling by INO80 has implications in fundamental processes like DNA transcrip-
tion, replication and repair [158]]. In regard to this, depletion of INO80 is lethal in mice in early
embryonic stages [159] as cells fail to repair double stranded DNA breaks (DSBs). The linkage of
INOB80 to active gene transcription is hijacked by tumor cells through over-expression of INO80 [160]]
which is generally linked to tumor progression. In turn, down-regulation of INO80 was shown to
decrease cell growth and tumorigenesis [[160]].

1.4.1 Functions of the INO80 complex

Originally, INO80 was identified in a yeast screening in which a set of proteins including INO80 was
mutated and kept in media without inositol, introducing stress for the cells. Upon INO80 mutation, a
subset of genes failed to be activated [161]] giving raise to the complex name: Inositol auxotrophy 80.
INOB80 also plays a role in other metabolic pathways including glycolysis and the respiratory chain
reaction. In addition, INO80 controls osmotic-regulated genes [162] and the expression of its own
subunits [163]]. At the core of the INO80 functions lays its activity for sliding nucleosomes. Thereby,
INOS8O regulates access to the genome as DNA sequence features become accessible or inaccessible
upon nucleosome re-positioning. This impacts binding of nuclear factors like transcription factors or
large chromatin complexes explaining the roles of INO80 in DNA transcription, replication and re-
pair. On a molecular level, INO80 centers mono-nucleosome in vitro and spaces nucleosomes evenly
[156][164] with an equal length of extra-nucleosomal DNA of approximately 30 bp of DNA [164].
Binding of INO80 requires at least 20 bp of DNA while INO80 remodeling occurs at preferentially
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longer stretches of DNA linkers [164]. More recently, INO80 was found to also slide hexasomes [67]].
Hexasomes were remodeled 60-times faster compared to nucleosomes which made the authors spe-
culate that hexasomes are even the preferred substrates and could be an intermediate of the sliding
reaction.

Role of INO80 around gene promoters and in transcription

It is presumably the long stretch of accessible DNA at NFRs that tethers INO80 to transcription start
sites. Additionally, INO80 reads DNA shape features of promoter DNA [165][166][167] and can be
recruited by Pol II at sites of stress genes [168]]. INO80 positions the —1 and +1 nucleosomes around
NFRs as shown by in vitro and in in vivo studies [34][35][24][36][37] in cooperation with ISWIa
[24]. Correct positioning of nucleosomes around transcription start sites is pivotal for transcription
activation [32]][33]. In line, 90 % of promoter sites are occupied by INOS8O0 in yeast [37]. Downstream
nucleosomes are phased by INO80 into regular gene arrays based on the +1 nucleosome as well
as barrier factors like Reb1 and DNA ends (as for example present at DNA breaks) [36]][169]. The
absence of INO80 leads to activation or inactivation of genes at almost the same level [136][163]].
A similar result is obtained upon depletion of the INO80 subunits Arp5-Ies6 [170] underlying the
role of INO80 in regulating access to the genome especially at transcription start sites. In addition,
INOS8O averts bidirectional transcription at promoter sites [171]] and has implications in the control
of long non-coding RNA transcription [172]].

Other functions of INO8O

Besides the pivotal role of INO80 in transcription and shaping the chromatin architecture around
promoter DNA, INO80 is involved in DNA replication. INO80 was found at origins of replication
and seemingly has a role in replication elongation as well as restarting stalled replication forks [173]].
In addition, INO80 is involved in DNA repair as its deletion in yeast made the cells more sensitive
to environmental stresses like UV radiation [174]. In line with this finding, INO80 is recruited to
double-strand breaks (DSB) of DNA that occur upon UV radiation [163]]. Its role at DSB sites is to
create access for the DNA repair machinery to the site of DNA damage. In this light, INO80 removes
or even degrades nucleosomes at DSB sites [175]][176]][177][178] and also assists in the eviction of
RNA Polymerase II [179][180]. Of note is that INO80 performs similarly at replisomes by removing
nucleosomes [158]] or Pol Il molecules that collided with the replisome [181]]. More generally, INO80
increases chromatin mobility during DSB [182][183] which is required for tethering of the DSB to
the nuclear pore complex or Mps3 [184] aiding in DNA repair.

Besides nucleosome sliding, INO80 was found to have a histone exchange activity. INO80 removes
the H2A.Z/H2B variant and displaces it with canonical H2A-H2B dimers thereby catalysing the
counter-reaction of the SWR1 complex [76]. However, this function is debated in the field and could
not be reproduced [133][134]. In regard to this, the depletion of INO80 does not change the occu-
pancy or distribution of H2A.Z containing nucleosomes [185]. Functionally, INO80 might remove
H2A.Z from +1 nucleosomes to enable Pol II to transcribe through it [186], however Pol II was also
found to remove H2A.Z/H2B dimers on its own. Further investigations are therefore required also
as it is unclear how the same remodeler can enable so different reactions as nucleosome sliding and
histone exchange.

1.4.2 Complex composition

INO8O is a 15-subunit complex in yeast [174][187] and 16-subunit complex in human [188]]. Its mo-
dular architecture is composed of three modules: The Core module, the Arp module and the species-

30



1.4 INO80

specific module (Figure , b). However, the Core module is also referred to as the C-module as its
subunits assemble on the C-terminus of the Ino80 subunit. Likewise, the species-specific module is
termed N-module. The subunits assemble directly or indirectly onto the Ino80 subunit. Therefore,
the remodeler architecture was studied by detecting which subunits are lost upon deletion of a series
of Ino80 subunit regions [[188]]. Ultimately, structures of the INO80 core bound to mono-nucleosomal
substrates were determined by cryo electron microscope (human: [141]], C. ¢.: [150]) in addition
to the Arp module (X-ray crystallography: [[154], cryoEM: [150]).
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Figure 1.6: Complex composition of INO80. a. Subunit composition of yeast INO80 shows a mo-
dular architecture comprising a Core module, Arp module and species-specific module. b The same
holds true for C. t. INO80. The Core and Arp modules are conserved among different species, while
the subunit composition of the species-specific module differs. ¢ Structural knowledge on the Core
(PDB 8AV6) and Arp module of INO80 (PDB 8A5P). The Ino804TF3¢ sits at SHL postion —6/—7 close
to the entry DNA. The Arp module sits upstream on the entry DNA connected by the post-HSA
helix that sits in between the Ino80 motor and Ino80 HSA helix. The core module contacts the acidic
patch (black dot) with the Ies2 and Arp5 subunits.

The Core module

The core of the INO80 complex is composed of the Rvb1/Rvb2 hetero-hexameric AAA* ATPase, the
Ino80 motor lobes and its insert domain that folds into the Rvb1/Rvb2 barrel as well as the sub-
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units Ies2, Ies6 and Arp5 (cryoEM structure of the core in Figure [1.6fc). Together, all core subuntis
are essential for nucleosome binding and DNA translocation of INO80. Unlike the small chromatin
remodelers CHD and ISWI, INO80 contacts the nucleosome at multiple sites. The main contact is
enabled by the two RecA-like lobes that bind the nucleosome at SHL —6/-7 [[76]] [[77] [141]] [150] - a lo-
cation unique in the field of chromatin remodelers as the other known remodelers recognize instead
SHL +/-2. Thereby, the motor lobes sit close to the entry DNA pumping DNA into the nucleosome.
Downstream sits the Arp5°°™/Ies6 dimer at SHL —3 which is also referred to the grip [77] of INO0.
Together, Arp5 and Ies6 tether INO80 to the nucleosome and were shown to be essential for INO80
recruitment and coupling the ATPase activity of Ino80 to nucleosome sliding [189][190][191]. The
core of Arp5 contains the actin-fold which is intersected by an insertion that is termed grappler
[77][150], forming a cross close to the dyad of the nucleosome. While this represents the closed
conformation of the grappler, it was also captured in an open, more parallel state [77]. The grappler
and more precisely its foot helix contacts the H2A/H2B acidic patch of the proximal nucleosome face
with arginine residues commonly used for acidic patch recognition [14]]. This interaction is essential
for nucleosome sliding but not ATPase activity of INO80 [77]. A second contact of the acidic patch
is facilitated by Ies2 — however, at the distal site of the nucleosome (Figure [1.6k).

The Arp module

The Arp module binds upstream of the motor lobes to extra-nucleosomal DNA via the HSA helix of
the Ino80 subunit (Figure [1.6c). The HSA helix is connected through the so called post-HSA helix
to the Ino80 ATPase at the Core module. Onto the HSA helix assembles the Arp module subunits
that comprise an actin-fold, namely nuclear actin, Arp4 and Arp8 and in addition Ies4 (yeast) or
YY1 (human) [150]. While the Arp module is not required for nucleosome binding, it is essential
to couple the ATPase activity of the INO80 complex to DNA translocation [187]. The coupling is
likely enabled through the post-HSA helix that translates binding of extra-nucleosomal DNA via the
Arp module to the Ino80 motor domain [71][150]. Thereby, the Arp module functions in reading
DNA-length [192][164] as well as DNA shape features [36] which is relevant for creating evenly
spaced nucleosome arrays as well as positioning of +1 nucleosomes. Of note is that the human
transcription factor YY1 takes the place of Ies4 in humans which raises the possibility that human
INOB8O0 recognizes specific DNA sequences through YY1 [150][193].

The species-specific module

The subunits of the species-specific module assemble onto the N-terminus of the Ino80 subunit. As
the name suggests, its subunit composition varies among species. This becomes apparent when
yeast and Chaetomium thermophilum INO80 are compared (Figure and b). The latter was used
in this thesis for structural studies. In more detail, yeast INO80 contains the yeast specific subunit
Nhp10 which is also eponymous for the whole module in yeast — the Nhp10 module. It was described
to contribute to determining the inter-nucleosome distancing [194]. Taf14, that is present in both
the yeast and C.t. complexes, is the only subunit of INO80 described to have a classical histone
tail binding motif. Other ATP-dependent chromatin remodelers including SWR1 contain motifs
like chromo or bromo domains [158]]. Taf14 harbors a YEATS domain that recognizes acetylated
or crotonylated histone H3K9 [195] which is correlated with active gene transcription. Overall,
the function of the species-specific module however remains largely elusive and might also differ
between species.
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1.4.3 Mechanism of nucleosome translocation

The Ino80 motor lobes bind close to the entry DNA, placing the Arp module upstream onto the extra-
nucleosomal DNA. The INO80 motor translocates likewise to other chromatin remodelers DNA in
1bp steps. In case of INO80 the DNA is pumped towards the Arp5 grip that is hold in place by
the Rvb1/Rvb2 stator element. Pumping of DNA by INO80 does not directly lead to a net DNA
translocation around the nucleosome as observed by footprinting studies [[76]]. Instead, 7-10 bp are
accumulated. This results into DNA underwinding and builds up a DNA strain in-between the motor
lobes and the Arp5 grip [77]. In this time binding of the Arp module presumably prevents back
slippage of the DNA [13]]. Once the DNA strain is too large, a conformational rearrangement of the
grip domain leads to net DNA translocation. Experimental evidence by single molecule or structural
studies are however lacking as one would need to follow the INO80 reaction over multiple ATP
hydrolysis steps. The Arp module and/or Nhp10 module in yeast sense DNA-length and DNA shape
features [192]][164][36] on the entry DNA which resembles for example promoter DNA when INO80
remodels the +1 nucleosome. Once the upstream nucleosome or a favored DNA shape is reached
[194], a conformational change in the post-HSA decouples ATP hydrolysis from DNA translocation.
This stops the reaction and INO8O releases itself from the nucleosome by one more round of ATP
hydrolysis [196]. Of note is that human INO80 functions as a dimer [[197] but it remains unclear
how a nucleosome can accommodate two copies of such a mega-Dalton sized chromatin remodeler.
Less is known on the mechanism of histone exchange by INO80 - especially as no histone chaperons
are described for the complex. It is also unclear how INO80 can perform such different reactions and
how it differentiates between the two reaction types. However, the described DNA strain is built up
close to the proximal H2A/H2B copy resulting in a destabilization of the H2A/H2B-DNA interface
[76] which could also explain the eviction of H2A.Z/H2B dimers.
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Figure 1.7: Mechanism of nucleosome sliding by INO80. a Motor (Ino80), rotor (DNA), stator
(Rvb1/Rvb2 hetero-hexamer), grip (Arp5) architecture of INO80 (based on [13]]). b Ino80 motor uses
each ATP hydrolysis cycle to pump DNA in one base pair steps towards the grip. The latter prevents
direct DNA translocation. Instead multiple DNA translocation steps are accumulated which builds
up DNA strain in between the motor and grip domains. The upstream sitting Arp module prevents
back slippage and additionally senses the entry DNA. Once the DNA strain is sufficient, a large
conformational change occurs releasing the DNA strain and resulting in a net DNA translocation
around the nucleosome (nucleosome sliding).
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1.5 SWR1

1.5.1 Functions of SWR1 and H2A.Z

H2A.Z is essential for mammal and drosophila development [49]][50]. Yet, SWR1 does not incorpo-
rate copies of H2A.Z/H2B randomly into the genome. Instead, SWR1 was shown to have a specificity
for +1 nucleosomes at gene start states [53]][11]], at replication of origins [198] and sites of DNA dou-
ble strand breaks [[199][200]. Thereby, SWR1 plays a pivotal role in DNA transcription, replication
and DNA repair and is consequently miss-regulated in cancer including uterine leiomyoma [201]].
SWR1 preferably binds to nucleosomes with a long extra-nucleosomal stretch of DNA, tethering it
likely to promoter DNA [202]. At its nucleosomal substrates, SWR1 incorporates the histone vari-
ant H2A.Z in a stepwise manner by removing the canonical H2A/H2B dimer and replacing it with
H2A.Z/H2B.

Role in RNA transcription

SWR1 incorporates H2A.Z specifically at promoter sites — more specifically into the +1 nucleo-
somes which is located directly downstream of the NFR [202]] [203]] [204]. More precisely, H2A.Z/H2B
dimers are found in +1 nucleosomes of active and poised genes [52][53] and is used as a switch to
facilitate active gene transcription [51]]. H2A.Z containing nucleosomes are characterised by weaker
dimer-tetramer interactions within the histone core making the nucleosome overall less stable [48]].
As a consequence RNA polymerase II (Pol II) can transcribe through H2A.Z containing +1 nucleo-
somes [[185][205]. Even more so, H2A.Z plays a role in Pol II pausing [[206]][186]], Pol II elongation
[207] and co-transcriptional splicing in yeast [208]. Overall, H2A.Z occupancy in +1 nucleosomes
enables Pol II initiation and its transition from initiation to transcription elongation.

What targets SWR1 to its nucleosomal substrate on a molecular level is incompletely understood.
In part, the NFR and acetylation marks target SWR1 to +1 nucleosomal explaining its role in DNA
transcription. In more detail, yeast SWR1 harbors the Yaf9 acetylation reader subunit that recognizes
H4K9ac and H3K27ac [209][210]. In addition, Bdf1 reads acetylated histones [211]]. In humans the
Yaf9 homologue associates to H3K14ac and H2K27ac on active genes [212]. The NFR can be scanned
by Swc2 as shown by diffusion experiments using optical tweezer technology [213]. On the other
hand SWR1 evidently reads out DNA sequence information [214] targeting SWR1 also to intragenic
target sites [215]]. If sequence information on promoter DNA has a role in SWR1 recruitment to +1
nucleosomes, is however not clear. Lastly, the correct positioning of the +1 nucleosome might play
a role in substrate recognition by SWR1. Other chromatin remodelers like INO80 have been shown
to function in +1 nucleosome and phasing of downstream nucleosomes and might cooperate with
SWR1 to facilitate gene transcription [167]] [169][216].

SWR1 in DNA repair and other roles

SWR1 incorporates H2A.Z/H2B dimers at the nucleosomes around DNA double strand breaks. H2A.Z
functions here as a marker for the recruitment of the DNA repair machinery [199][200]. In yeast, the
presence of H2A.Z leads to an increased activity of exonuclease I during DNA repair [217]. There-
fore, the lack of H2A.Z and SWR1 results in a higher mutation rate. In addition, SWR1 promotes
loading of the non-homologous end-joining (NHE])-Ku70/80 complex in yeast [218] and mammals
[199].
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H2A.Z is enriched in nucleosomes located at replication origins thereby regulating replication initi-
ation and timing of DNA replication [198]. On top of that, H2A.Z was shown to have a pivotal role
in chromosome segregation [219]].

1.5.2 Complex composition

While H2A.Z was already discovered in 1980 in mouse, it took yet another 20 years to discover
the protein complex that catalyses the underlying histone exchange reaction [[135][136]][137]. The
discovery of SWR1 in yeast was complemented by the discovery of its human homologue termed
SRCAP complex [220]]. In the following two decades SWR1 and SRCAP as well as the H2A.Z/H2B
exchange reaction were studied using a mixture of biochemical, structural and single molecule tools.
Here, I focus on the yeast SWR1 complex that contains 14 subunits. The complex assembles onto
the Swr1 protein creating a similar modular architecture like INO80 [13]]. In that way, SWR1 is com-
posed of the Core, Arp and N-terminal module (Figure [1.8). The complex architecture was studied
by different biochemical approaches including Swr1 truncation experiments [221]] and crosslinking
mass spectrometry [222]]. More recently, a cryoEM study on SWR1 bound to a mono-nucleosome
shed light on the molecular architecture that mostly resembles the INO80 nucleosome complex [142]
(Figure [1.8). Yet, the remodeler specific subunit composition of INO80 and SWR1 drives different
reaction outcomes on their nucleosomal substrates through a thus far unknown mechanism. The
published cryoEM structure comprises only subunits from the Core module that interacts through
multiple subunits with the nucleosome.

The Core module

Likewise to the INO80 complex, the Core module of SWR1 assembles onto the Rvb1/Rvb2 hetero-
hexamer. The Swrl subunit is anchored into the barrel shaped Rvb1/Rvb2 sub-complex through its
insertion domain that intersects the two RecA-like motor lobes. Three components that sit on top of
the Rvb1/Rvb2 hetero-hexamer contact the nucleosome: The Swc6/Arp6 dimer, Swc2 as well as the
RecA-like motor lobes. The latter encloses nucleosomal DNA at SHL +/-2 likewise to the chromatin
remodelers from the ISWI, CHD and SWI/SNF families [223]. In contrast, INO80 that belongs to
the same remodeler family, binds to SHL —6. SWR1 exchanges the H2A/H2B copy that lays on the
proximal face of the nucleosome in relation to the binding site of the Swr1l motor lobes. Deletion
of Arp6 leads to the loss of histone exchange activity [221]][224]. Furthermore, Swc6 was captured
in the cryoEM structure close to the motor proximal H2A/H2B, thereby undermining the role of
the Arp6/Swcé6 in histone exchange. Further, Swc2 folds from its Rvb1/Rvb2 anchor towards the
motor lobes and onto the acidic patch of the distal H2ZA/H2B copy which potentially functions as an
anchor during nucleosome remodeling. In addition, Swc3 is part of the Core module as its assembly
to SWR1 depends on the presence of Swc2 but structural data is missing.

The Arp module

The Arp module assembles onto the HSA helix of the Swr1 subunit which is located C-terminal of
the motor lobes. It harbors the subunits Arp4, actin and Swc4. A dimer of actin and Arp4 binds to
the HSA helix with their respective barbed ends as visualized by X-ray crystallography [225]]. Lin et
al. 2017 [221]] showed the presence of a second copy of actin that takes the place of Arp8 in INO80
by Swr1 truncation experiments. In addition, Yaf9 is possibly part of the Arp module as the deletion
of Arp4 in yeast strains, abolishes the presence of Yaf9 in the SWR1 complex. Yaf9 harbors a YEATS
domain that can bind to acetylated histones. By reading H4K9ac and H3K27ac [209][210] SWR1 can
be targeted to +1 nucleosomes as mentioned in the section before. Besides that, the Arp module
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Figure 1.8: Complex composition of yeast SWR1. Lefi: Subunit composition based on crosslinking
mass spectrometry data [222]]. It comprises a Core, Arp and N-terminal module. Right: Structural
knowledge of the Core module of yeast SWR1 bound to a mono-nucleosome (PDB 6GE]) [142].
The Swrl motor sits at SHL+2. Architecture resembles the INO80 structure. The two acidic patch
interactions (dotted square) are facilitated by the N-terminus of Swc2 and the Swcé6 subunit.

functions in histone exchange as the deletion of Arp4 and Swc4 abolishes histone exchange activity
of SWR1 [221]. However, it remains elusive by which mechanism and through which interactions
the Arp module contributes to histone exchange. Finally, the Swc5 subunit can be placed in between
the Arp and Core modules as it crosslinks close to the Swrl HSA helix and C-lobe as well as Yaf9
and actin [222]. Swc5 functions as a histone chaperone by binding H2A/H2B as visualized by X-ray
crystallography [226]]. A recent low resolution cryoEM structure places Swc5 furthermore onto the
acidic patch of the nucleosome. This interactions is essential for successful histone exchange as
shown with mutants and activity assays [227].

N-terminal module

N-terminal of the Arp module lays the N-terminal module. It comprises the N-terminus of Swrl,
Swc7 as well as Bdfl. Bdfl function in addition to Yaf9 as reader of acetylated histone tails. In
addition, its presence is dependent on Swc7 [228] indicating that it rather interacts with Swc7 and
not with Swrl. The N-terminal module of INO80 was also termed species-specific module [13] as
its subunit composition can vary. It remains unclear if this is also the case for the SWR1 complex.

1.5.3 Mechanism of histone exchange

Binding of SWR1 onto its nucleosomal substrate at SHL+/-2 in its ATP bound state leads to DNA
unwrapping prior to ATP hydrolysis [142] resulting in the destabilization of the H3/H4-H2A/H2B
interface probing the nucleosome for histone exchange. The entry DNA close to the Arp6/Swc6 grip
is lifted off the histone core [142][[147]]. Unlike other chromatin remodelers no net DNA transloca-
tion is required for exchanging canonical H2A/H2B with H2A.Z/H2B [142]][143]][223]] . Instead ATP
hydrolysis is used for unwrapping and re-wrapping of the DNA from and around the histone core
[142])[229][230]. The step of histone exchange is supported by a variety of histone chaperons as for
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example the H2A.Z/H2B specific histone chaperone Chzl. In fact Chz1 bound H2A.Z/H2B repre-
sents the major substrate of yeast SWR1 [231]][232]. The incoming copy of H2A.Z/H2B is then taken
over by the Swc2-Z and the Swr1-Z domains respectively [233][234]. Crystal structures resolved the
binding of the short helical features of the Swc2-Z and Swr1-Z domains when bound to H2A.Z/H2B
dimers respectively. While Swc2-Z is located at the very N-terminus of the Swc2 subunit, Swr1-Z
lays between the N-lobe and the HSA helix of Swrl. Binding of H2A.Z/H2B through the Swr1-Z
domain stimulates the ATPase activity and thereby histone exchange [234][235]. A recent struc-
tural study on human SRCAP [143] showed that the Swc6 homologue binds to the acidic patch of
the proximal H2A/H2B copy in relation to the motor domain. Upon ATP hydrolysis the Swc6/Arp6
arm undergoes a conformational rearrangement, potentially facilitating the removal of the H2A/H2B
dimer. The outgoing H2A/H2B dimer is taken over by the Swc5 subunit before it is removed from the
complex by the histone chaperone Nap1 [236]][229]. Overall, the two canonical copies of H2A/H2B
are exchanged in a stepwise manner by a monomer of SWR1 with H2A.Z/H2B [221]][235][229]. This
creates a mixed AZ intermediate nucleosome that contains one copy of H2A.Z/H2B and H2A/H2B
respectively. If it is the same copy of SWR1 or another SWR1 molecule that exchanges the second
histone dimer is unclear and might be subjected to stochastic events. Regardless, the final product
is a ZZ nucleosome that contains two copies of H2A.Z/H2B [214]. On a mechanistic level, SWR1
exchanges the proximal H2A/H2B copy in relation to its motor subunit [[142]][214]. Which H2A/H2B
copy is exchanged first can be DNA sequence dependent [214]]. As a consequence, on +1 nucleo-
somes the distal copy gets exchanged first in relation to promoter DNA [214]. Further, acetylated
H4 stimulates the activity of SWR1 through an increased affinity of SWR1 [237] facilitated by the
reader proteins Yaf9 and Bdf1l. The NuA4 complex of the INO80/SWR1 family acetylates H4 at the
initial phase of DNA repair which targets SWR1 to DNA repair sites [238]].

1.6 NuA4/TIP60

The yeast NuA4 complex and its human counterpart Tip60 acetylate the histones H4, H2A and
H2A.Z [239] as well as more than 250 non-histone targets [240]] [241]][242]. Thereby, the NuA4/Tip60
complexes play a key role in chromatin organisation during DNA repair as well as transcription
regulation [238]][243])[244][245]. Acetylated H2A and H4 residues are subsequently recognized by
SWR1, stimulating its histone exchange activity [237]. NuA4 is composed of three conserved mo-
dules [246]: the HAT module that harbors the catalytic subunit Esal [247], the core module that
forms around the largest subunit Tral (transcription activator-binding) as well as the TINTIN mo-
dule which recognizes phosphorylated RNA Pol IT and functions subsequently in transcription elon-
gation [248]]. The modular architecture was further resolved by multiple cryoEM studies [144][145]
[146]][249] which illustrated that the main contact points to the nucleosome are facilitated by the
HAT module. The Core modules of yeast NuA4 and human Tip60 share four subunits with the
SWR1 and SRCAP complexes respectively: Swc4/DMAP1, Arp4/BAF53a, actin and Yaf9/YEATS4.
Furthermore, the core subunits Eaf1 (yeast) and p400/Domino (human) function as a scaffold for
the remaining NuA4 subunits and contain the conserved HSA helix [250]. While Eaf1/p400 lack
other Snf2-type features like the RecA motor lobes, it shares the HSA helix with other chromatin
remodelers. In addition, NuA4 comprises a Arp module that resembles the one from SWR1 and are
formed by Swc4, Arp4, actin and the Eaf1/Swr1 HSA helices.
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1.7 CryoEM as a tool for structural determination

Ever since the resolution revolution in 2014 [251]], cryo electron microscopy (cryoEM) became the
method of choice for the structure determination of large protein complexes. The advancements
in resolution was mainly driven by the implementation of direct electron detectors that are more
sensitive and faster as previously installed CCD detectors. Compared to X-ray crystallography,
cryoEM enables structural studies of not only large proteins and protein complexes but also to probe
for multiple conformational states from the same sample. Advances in software tools allow to push
the size and resolution limits to proteins as small as 40 kDa [252] and atomic resolutions around
1.25 A [253]][254]]. In addition, subvolumes of cells are imaged by cryo electron tomography (cryoET)
visualizing proteins in their cellular and hence native environment (reviewed in [255][256]]). The
foundations for cryoEM laid the insight that water freezes in a vitreous manner if cooled down at
a rate of 10°K/s [257][258]. Therefore, proteins in aqueous solutions can be imaged by electrons,
also as electrons scatter water differently from biomolecules. The development of the vitrification
technique together with hardware and software advances was appreciated with the Nobel prize in
2017 for some of the pioneers in the field: Jacques Dubochet, Joachim Frank and Richard Henderson.
Protein samples are prepared for the cryoEM workflow, by applying them to a metal support called
grid (reviewed in [259]). The round grids are commonly 3 mm wide and made of copper with an
option for a gold surface. They comprise regularly positioned holes that support ice formation as
well as automated acquisition of images on an electron microscope. Samples are vitrified with the
aid of automated vitrification devices under controlled humidity and temperature conditions. In
this process, the user applies 3-4 pl of protein sample onto a grid which is placed in the humidity
chamber. Excess liquid is blotted away by filter paper with a user-defined force and duration. This
leaves a thin film of about 100 nm, that is sufficiently thin for electrons to pass through. Next, the
grid is rapidly plunge frozen in liquid ethane or a ethane/propane mixture which yields the required
cooling rate for vitreous ice formation. Sample preparation is usually an iterative process where
one screens the grids on an electron microscope, judges the grids visually or based on small datasets
and improves the sample preparation. Protein complexes can fall apart in the thin ice film and
optimal sample conditions have to be identified in an iterative approach. Screening involves testing
of different grid types as well as grid supports including 2 nm of carbon film, graphene or graphene
oxide [260]. However, while they might stabilize protein complexes, these supports can lead to
preferred orientation of the particles in relation to the support resulting in missing views and hence
insufficient quality of the data [261]]. Preferred orientation can also originate from the air-water
interface which is hydrophobic and can therefore align particles homogeneously. This bias can be
overcome by the use of detergents which cover the interface instead of the protein of interest. In
addition, the air-water interface leads to protein degradation which is to be avoided [262]].

Once an optimal sample is identified, a dataset of a few thousand images (called micrographs) can
be obtained at a high end microscope that comprises an electron source of 300 eV. The electron dose
is carefully chosen to at the one hand enhance particle contrast and on the other hand avoid sample
damage by electrons. The signal to noise ratio of proteins is low and lower the smaller the particles
are. In order to increase contrast a defocus of 0.5-3 pM is applied during data acquisition which can
be later accounted for by making use of the contrast transfer function (CTF).

Subsequently, the 2D micrographs are subjected to one of many available cryoEM data processing
tools including RELION [263]], CryoSPARC [264] or CysTEM [265]. No matter which tool is chosen,
the following workflow (reviewed in [[266][267]) is applied to reconstruct a 3D protein model that
can be used to built atomic protein structures:
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1.7 CryoEM as a tool for structural determination

—_

. Pre-processing of the micrographs

[\

. Particle picking

W

. Iterative rounds of 2D and 3D classifications
4. 3D refinements

5. Particle polishing and post-processing (optional)

The overall principle of the data processing is that the bad signal-to-noise ratio of proteins can
be overcome by averaging thousands of individual copies present on the micrographs. Under the
assumption that the particles are randomly distributed on the micrographs, a 3D volume can be cal-
culated from the obtained 2D views. This is achieved by first correcting the micrographs for motion
that occurs during the multiple frame recording and to correct for the applied defocus. Subsequently,
particles are picked by automated software tools, some of which are based on neural networks (these
days) [268]]. The identified particle coordinates are now used to extract the protein molecules with
a user defined box size that depends on the pixel size used for acquisition as well as the size of the
protein of interest. The obtained 2D images can be used for 2D classification and to calculate an
initial model of the best 2D classes. This model can be used as a low-pass filtered template in the
subsequent steps. However, 2D classification should only be used to filter out obvious false-positive
picking hits as one runs otherwise in the risk of excluding rare views. Next, the 2D views are used for
3D reconstruction and subsequent 3D classification. This step is very powerful, as it allows to iden-
tify different conformational states or sub-complexes from the same dataset. For this purpose and
in order to sort out the best particles possible, multiple rounds of 3D classifications are performed.
Finally, the angles of the best volume are refined which can be also focused on mobile domains to
enhance the underlying resolution. In addition, particle re-centering, subtraction or MultiBody re-
finement [269] can be performed to enhance the resolution of mobile domains. Also, tools can be
used to analyse the flexibility of the sample (3DFlex in CryoSPARC [270] or CryoDRGN [271]) in
the first place. In a final step per particle ctf refinements and motion correction can be performed
in RELION which typically enhances the resolution. This is complemented by a post-processing job
in which the obtained map is sharpened with a B-factor (done in RELION).

The obtained EM map is used to build or fit an atomic protein model. Until recently, de novo model
building or creation of homologous models based on published structures, were the only options
to obtain a protein structure. Nowadays, structure prediction tools like AlphaFold [272] and Al-
phaFold Multimer [273] are used as a starting point for model building or can be even automatically
performed (ModelAngelo ([274]]). The models are then further improved in dedicated model building
softwares like COOT [275]] and ChimeraX Isolde [276] and refined (phenix [277], refmac servelcat
[278])), followed by quality control (MOLPROBITY [279]).
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1 Introduction

1.8 Aims of this PhD thesis

The mega-Dalton sized chromatin remodelers of the INO80-family share a modular architecture, yet
shape the chromatin landscape by distinct remodeling reactions. Even in light of recent advance-
ments through cryoEM, the molecular mechanisms of these enigmatic enzyme complexes are still
poorly understood.

The INO80 chromatin remodeler structures of the Core and Arp modules and their interplay, are
well-characterized [[154]][77][141][150]. These studies laid the basis to understand how INO80 acts
on its nucleosomal substrates. However, emerging evidence suggests, that non-canonical nucleo-
somes, including hexasomes, play a key role in chromatin regulation. INO80 was recently found to
slide hexasomes, yet it remains an open question of how INO80 acts on hexasomes on a molecular
level [67]. I hypothesized that INO80 must adopt a completely different mode of remodeling on
hexasomes as they lack one copy of H2A/H2B which was previously suggested to be essential for
nucleosome remodeling. To resolve this conundrum, I sought out to:

« Implement the recombinant protein production, enzymatic activity assays, and cryoEM struc-
tural studies of the evolutionarily conserved C. t. INOS80.

+ Determine a high-resolution structure of INO80 in complex with a hexasome.

+ Biochemically probe the reaction mechanism of INO80 on hexasomes by using site-directed
mutagenesis and enzymatic activity assays.

The SWRI1 histone exchanging complex is less well studied in respect to its molecular structure and
mechanism. The published SWR1 mono-nucleosome structure lacks many subunits including the
Arp module and only resolved a limited number of SWR1-histone core interactions [142]. Further-
more, the role of the Arp module remains elusive as it was not studied in context of the full-length
SWR1 complex and only minimal structural knowledge exists. In summary, it is necessary to solve
cryoEM structures of the full-length complex bound to its nucleosomal substrate. This will not
only enable an understanding for the substrate specificity and mechanism of histone exchange by
SWRI1, but also shed light on how INO80 and SWR1 facilitate such different reaction outcomes on
their nucleosomal substrates. I decided to use the conserved SWR1 complex from the thermostable
Chaetomium thermophilum (C. t.) fungi, as proteins from this organism proved successful in cryoEM
for INO80. The SWR1 project can be divided into the following parts:

« Identify and recombinantly express the so far uncharacterized SWR1 complex from the ther-
mophilic fungus C. t.

« Structurally and biochemically characterize C.t. SWR1 by using an integrative approach of
cryoEM, Al-powered structure predictions, as well as crosslinking mass spectrometry. This
part of the study will initially focus on the nuclear actin-containing Arp module as the basis
for further characterizing the structure and mechanism of the entire complex.

« Establish recombinant expression of S.c. SWR1 to measure its histone exchange activity in
the context of native gene promoter sequences to understand the functional impact of its
mechanism.
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2 Results

2.1 Implementation of biochemical and structural experiments
for INO8O

In this section, I will present how I implemented the recombinant protein production of C. t. INO80
as well as the cryoEM workflow for INO80 bound to a mono-nucleosome. This lay the basis for the
following chapter that focuses on how INO80 acts on hexasomes on a molecular level.

2.1.1 Purification strategy

Chaetomium thermophilum INO80 was characterized in the Hopfner lab in Munich by my supervisor
Sebastian Eustermann. He had cloned a minimal INO80 complex that misses some of the species-
specific subunits (Ies1, Iec3, HMG, ZnF and FHA) and does not include the N-terminus of the Ino80
subunits (residues 1-721). This construct is sufficient to resolve the structure of the INO80 Core and
Arp modules as published previously [150]. [ used this construct for recombinant protein production
from insect cells and the establishment of biochemical and structural tools for INO80 in our newly
founded lab.

In more detail, the gene sequences of INO80 are partitioned among two plasmids. One containing
the core subunits that contact the nucleosome: Ino80, Rvb1, Rvb2, Ies2, Arp5 and les6, while the
other plasmid harbors the Arp module and the remaining of the species-specific subunits namely
actin, Arp4, Arp8, les4 and Taf14 (Figure ) For the generation of baculoviruses, I prepared
Bacmid DNA for each of these two plasmids by blue-white selection and viruses were generated
using Xtreme reagent. After one round of virus amplification, the generated baculoviruses were
used to co-infect Hi5 insect cells. Protein expression was enabled for about 65 hours. I purified C. .
INO80 within one day by an anti-FLAG purification step as the Ino80 subunit was double FLAG
tagged, followed by an anion exchange step (see workflow in Figure 2.1p). This twofold purification
strategy yielded INO80 complexes in high purity (gel of purification in Figure [2.1c). Finally, the
recombinantly produced INO80 was used for biochemical and structural studies.

2.1.2 Nucleosome design and nucleosome preparations

Recombinant nucleosomes were required in this thesis for both biochemical and structural expe-
riments. For this purpose human histones were used from The Histone Source. Histone octamer
reconstitution, DNA preparation and nucleosome reconsitution were executed by the lab manager
Olga Kolesnikova.

As DNA, the asymmetric Widom 601 sequence [280] of 147 bp with a long linker DNA of 80 bp was
used creating ON80 nucleosomes. The nomenclature describes that there are 0 bp of linker DNA on
one side of the nucleosome core, while there are 80 bp on the other side of the 601 sequence. In more
detail, the 601 sequence harbours a TA-rich and TA-poor side separated by the dyad that creates a
pseudo symmetry of the nucleosome (illustrated in Figure [2.2h). The 80 bp linker is placed next to
the TA-poor side. The TA-poor side contains less T and A nucleotides resulting in lower affinity of

41



2 Results

Bacmid preparation
l v

virus generation VO %‘:@

core subunits Arp and
species-specific module

|
virus amplification V1 {@%ﬁ
l

Flag affinity elutions protein expressmn ﬁ ‘
CO- expressmn
~ 65h

E1 E2 E3 E1-3 MonoQ

- - o Anti-flag purlflcatlon e "/A
- - 1 day
T T mr W Ino80
- .- = Arp5 anion exchange H
. - = = = = W A8
= = = @ les2
. .- IR = == z va2 Arp4
o !f54
.. - - ctin
-~ Taf14
4 = les6

l

Figure 2.1: Purification strategy of C. t. INO80. a Construct overview of the two INO80 plasmids.
b Purification strategy. € SDS-PAGE of the two-step INO80 purification. Elutions (E) from FLAG
affinity step are shown alongside the main peak fraction of the MonoQ anion exchange chromatog-
raphy:.

the DNA to the histone core. As a consequence, hexasomes can be reconstituted when the presence
of H2A/H2B dimers is limited. The H2A/H2B close to the TA-poor side will be missing, creating a
longer linker DNA.

The 601 sequence is very potent to wrap around the histone octamer core and is therefore used for
an uniform positioning of the DNA [280]. The long linker of 80 bp enables sufficient INO80 binding
which requires at least 60 bp of extra-nucleosomal DNA for successful binding [194]].
PCR-amplified DNA is then mixed with purified histone octamers at high salt concentrations. Dialy-
sis of the two components into lower salt results in nucleosome reconstitution (example gel in Fi-
gure 2.2b).

I used the purified nucleosomes to test the biological activity of recombinant C. t. INO80. For this
purpose, I chose an INO80 sliding assay which probes not only the ATPase activity of the Ino80 motor
domain but also outputs the biological relevant activity of INO80 which is the sliding of nucleosomes.
I utilized the ON80 nucleosomes in which the nucleosome core particle is end-positioned. Upon
addition of ATP, INO80 uses ATP hydrolysis to slide the nucleosome into a centered position on the
DNA. The slid product has about 40 bp of DNA on each side of the nucleosomal core (see scheme
in Figure[2.2c). The end-positioned and central-positioned nucleosomes run differently on a Native
PAGE. Therefore, one can follow the reaction on a Native PAGE over time (Figure [2.2d). Already
after 30 s one begins to see the sliding activity in form of a a band shift on the Native PAGE. Half
of the nucleosomes are slid after 10 min. The assay clearly shows that the recombinantly expressed
C. t. INO8O is biologically active and can be used for subsequent structural studies.
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2.1 Implementation of biochemical and structural experiments for INO80O
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Figure 2.2: Nucleosome preparation and INO80 sliding assay. a Nucleosome design of 0N80 nu-
cleosomes. The 601 sequence has a TA-rich and TA-poor side. I used nucleosomes with 80 bp of
extra-nucleosomal DNA. b Agarose gel of an exemplary nucleosome reconstitution. Typically, three
peaks were observed in the anion exchange chromatography step resembling fractions of nucleo-
somes, hexasomes and free DNA as shown on the gel. Free DNA is part of the nucleosome and
hexasome samples to some degree. Gel kindly provided by Olga Kolesnikova. ¢ Schematic illus-
tration on how the INO80 sliding assay works. End-positioned ON80 nucleosomes are slid into a
central position upon addition of ATP. d Native PAGE showing the result of the sliding assay. Low-
est band represents free DNA that is always part of nucleosome preparations. Middle bands are
end-positioned nucleosomes (educt) while the upper most bands are INO80-slid nucleosomes (prod-
uct). Also indicated by little cartoons on the right.

2.1.3 CryoEM on the INO80-nucleosome complex

I used ON80 nucleosomes that were produced by Olga Kolesnikova and recombinant C. . INO8O0 to
prepare cryoEM grids and thereby establish the data collection and data processing pipeline of our
lab. Therefore, I collected 11000 micrographs on a Titan Krios microscope equipped with a K2 direct
electron detector.

RELION 3.0 [263] was used for data processing. First, automated picking was performed on the
motion corrected and ctf corrected micrographs (Figure[2.3p). Picked particles were subjected to 2D
classification which is illustrated in Figure [2.3p. Clearly visible is the INO80 Core module bound to
a nucleosome. The latter are mostly captured from the side as one can see the two gyres of DNA.
Besides the INOS8O0 core, one can see a smeared out domain which indicates its flexibility in relation
to the core module. This represents the post-HSA that connects to the Arp module of INO80. A
selection of good 2D classes was used to generate an initial model of INO80-nucleosome particles.
The initial model was used for multiple rounds of 3D classifications on the full dataset to mainly
separate apo INO80 from nucleosome bounds ones. 3D refinement followed by post-processing
and Bayesian polishing resulted into a map with a final resolution of 3.3 A (Figure ) The final
EM density map (Figure [2.3d) was used to fit the published INO80-nucleosome structure into the
density (Figure ; PDB code: 6FML). Overall, the Core complex of INO80 has a Pac-Man-like
shape. Its two arms — the Ino80 motor domain and the Arp5/Ies6 grip — enclose the nucleosome.

43



2 Results

The grips are hold in place by the hexameric Rvb1/Rvb2 AAA* ATPase that functions as a scaffold.
The Ino80 lobes are tethered to the Rvb1/Rvb2 barrel through a long insertion in-between the N and
C-terminal lobe. The two main contacts to the nucleosome are facilitated by the Ino80 motor lobes
and the Arp5-core/Ies6 grip domain. The motor lobes bind the nucleosome at SHL -6 (superhelical
location), while the Arp5 subunit has a secondary contact point enabled through its cross-shaped
grappler domain which folds both against the DNA and the histone core. The latter is enabled by
the Arp5 foot helix that contacts the acidic patch of H2A/H2B. I additionally see some density for
Ies2 close to the nucleosome and on the Rvb1/Rvb2 interface.
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Figure 2.3: Structural studies on C. t. INO80 in complex with a nucleosome. a Example micro-
graph showing picked particles in green circle. b 2D classes of INO80-nucleosome complex with a
box size of 360 A. € FSC curve illustrating the final resolution of 3.3 A. d EM density map of INO80-
nucleosome complex. Rvb1/2 hetero-hexamer is colored in dark gray, Arp5 in cyan, Ies6 in yellow,
Ino80 motor in dark red, Ies2 in orange, DNA in light gray, H2A in yellow, H2B in red, H3 in blue
and H4 in green e Rigid body fitted structure of the INO80-nucleosome based on PDB 6FML. Colors
likewise to d.
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2.2 Structural studies of INO80 bound to a hexasome

In comparison to the published INO80-nucleosome structure in 2018 [77], I resolved some additional
density (colored in light blue) which corresponds to some additional DNA bases and the Arp5 grap-
pler. As an INO80-nucleosome structure including the Arp5 grappler was published in 2022 by the
Hopfner lab [150], I am not discussing the result further in the results part here — more details can
be however found in the introduction to this PhD thesis and in Section Of note is however,
that the Rvb1l and Rvb2 subunits are occupied by an ADP molecule respectively, despite the ab-
sence of nucleotides from the purification strategy as well as the presence of CaCl,. Seemingly, the
ADP molecules were pulled out endogenously from the expression system. In summary, I showed
that the EM pipeline and our transmission electron microscope setup are sufficient to resolve the
INO80-nucleosome complex at near atomic resolution. Finally, the establishing of the biochemical
and structural tools for INO80 at EMBL Heidelberg, laid the foundation for the next chapter: The
study of INO80 bound to a hexasome substrate.

2.2 Structural studies of INO80 bound to a hexasome

A recent publication of the Narlikar lab [67] showed that Saccharomyces cerevisiae INO80 can not
only slide hexasomal substrates but also does so in a preferred and faster manner compared to nu-
cleosomes. Min Zhang — a postdoc from the lab — and myself were inspired by this finding and asked
ourself how INO80 acts on hexasomes on a molecular level. The mechanism remained especially
elusive, as hexasomes comprise only one acidic patch on the remainng H2A/H2B dimer while INO80
contacts both acidic patches on nucleosomes [77]]. In addition, nucleosome sliding is dependent on
the acidic patch. In order to understand the dual substrate specificity of INO80, we teamed up to
perform cryoEM on INO80 bound to a hexasome. We divided the work as follows: Min Zhang pre-
pared the hexasomal and nucleosomal substrates required for this study. Protein production was
performed by myself, Min Zhang and Franziska Kunert — a PhD student from the Hopfner lab in
Munich (Franziska Kunert: mutants and S. c¢. INO80). For the cryoEM part, Min Zhang prepared the
cryoEM grids, collected the cryoEM data and conducted the data processing of the obtained micro-
graphs. Finally, I built the protein structures into the obtained cryoEM maps. For validation of the
structure, I performed INOSO sliding assays. In the revision process of our paper, Min Zhang did
some extra sliding assays that were required from the reviewers. Our work was published in Science
2023 [281]]. While I phrased the results in my own words for the presented thesis, some figures in
Section [2.2| resemble in parts the figures presented in our paper [281].

2.2.1 The INO80 and hexasome samples

For the structural studies on the INO80-hexasome complex, we used the N-terminal truncated INO80
construct from Chaetomium thermophilum as described in Section The very same construct
was used for structural studies before [[77] and I showed by activity assays (Figure [2.7d) that the trun-
cated construct is active on hexasomes and is similarly active in comparison to full-length Saccha-
romyces cerevisiae INO80 on nucleosomes. The truncated INO80 construct is hereafter referred to as
INO80 wild type (wt) to distinguish it from later used mutant INO80. Its subunit composition is illus-
trated in Figure[2.4d. For the biochemical assays, Franziska Kunert prepared three different Arp5 mu-
tants of INO8O0 (gels of purification in Figure[2.4p): The Arp5-heel mutant (R501E/K502E), Arp5-heel-
foot mutant (R501E/K502E/Q507A/R509A/M510S/K511A/1513S) and the Arp5-DBD (DNA binding
domain) (K88A/R90A/R92A/K93A/K96A/R112A/R116A). In addition to C.t. INO8O0, I used INO80
from S. c. (purified sample in Figure [2.4p) to compare the sliding activity of S. c. and C. t. INO80 on
hexasomes and nucleosomes. This was especially important as endogenous S.c. was used in the
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2 Results

study that showed that hexasomes are the preferred substrate of INO80 [67]. In comparison to our
C. t. INO80 construct S. c. INO80 contains the Nhp10 module with its species-specific subunits Ies1,
Iec3, Ies5, Nhp10 and Taf14 (Figure )

For the preparation of 0H80 hexasomes, we made use of the asymmetry of the 601 Widom DNA
sequence as described in Section[2.1.2] Using limiting conditions of H2A/H2B, the TA-poor site does
not reconstitute a copy of H2A/H2B as it has an intrinsically lower affinity for the dimer compared
to the TA-rich side. As the linker of 80 bp is close to the TA-poor side of the 601 sequence, a total
linker length of about 125bp is created (see Figure [2.4c).
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Figure 2.4: INO80 and hexasome samples. a SDS-PAGE of wt C. t. INO80 and Arp5 mutants. Iden-
tities of subunits are labeled respectively. b SDS-PAGE of purified S. c. INO80. ¢ Design of hexasomal
DNA and architecture of reconstituted hexasomes. Linker DNA is composed of 80 bp of DNA plus
45 bp that are unwrapped from the histone core due to the missing H2A/H2B copy. In combination,
the extra-nucleosomal DNA has a length of about 125bp. d Complex architecture of C.t. INO80

(left) and S.c. INOS8O (right). The C.t. INO80 construct lacks the N-terminal region of the Ino80
subunit as well as some subunits of the species-specific module.

2.2.2 CryoEM and model building of the INO80-hexasome complex

As mentioned before, Min Zhang prepared grids of the INO80-hexasome sample and collected 15384
micrographs at a magnification of 105000 on a Titan Krios transmission electron microscope equip-
ped with a K3 camera (example micrograph in Figure [2.5p). In 2D classifications, both classes for
the INO80 core bound to the hexasome (Figure [2.5b) as well as the Arp module bound to DNA were
visible (Figure [2.5c). The Arp module of INO80 is flexibly connected to the Core module by the
post-HSA (data not shown).
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2.2 Structural studies of INO80 bound to a hexasome
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Figure 2.5: Data processing of INO80-hexasome and focused refinements of state 1. a Example
micrograph b Selection of 2D classes of the INO80 core bound to hexasome. ¢ 2D classes of the
INO80 Arp module bound to extra-nucleosomal DNA. d cryoEM map of state 1 (left) and overview
of focused refinements (right). € cryoEM map of state 2 (left) and overview of focused refinements
(right). f Example map (EMDB 17019) of the INO80-hexasome complex highlighting the flexibility of
the hexasome in relation to the Ino80 core underneath. Consequently, the hexasome density shows
less features and is of lower resolution. g Focused refined maps of state 1. Resolved parts are labeled
by a title to each EM density. Color code of the presented subunits on the bottom.
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Figure 2.6: Models of state 1 fitted into cryoEM maps. a Overall model of state 1. Respective
subunits are labeled. b Rvb1/Rvb2 core with Ino80 insert, and Ies2. ¢ Bottom view of Rvb1/Rvb2
hetero-hexamer. In close up, one of the in total 6 bound ADP molecules d Top view of the hexasome.
e View of nucleotides 61—63 in their respective EM density showing that I could assign the sequence
register of the hexasomal DNA f Ino80 ATPase bound to hexasomal DNA. On the right, active site
of Ino80 subunit with a bound ADP molecule and a magnesium ion. Extra density for AIF, as well
as Walker B residue is labeled. g Structure of Arp5 grappler has been built only with alanines due to
the limited resolution. Arp5 foot is labeled separately. h Rosetta modelled Arp5 helix. Extra labeled
are subunits K501 and R501 as well as K511 as they were used later as mutants. i Close up of Arp5
heel (R501 and K502, in red) and foot as they fold alongside the H4 a2 helix (in green). j Built models
for Arp5 core and Ies6 with close up view of Arp5-bound ATP molecule. k Close up of extended H4’
helix.
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2.2 Structural studies of INO80 bound to a hexasome

Therefore, particles for the Core and Arp modules were picked and processed separately. Yet the high
degree of flexibility only allowed to reconstitute the Arp module at 3.7 A resolution. For that reason
the structure was only rigid body fitted based on [150]]. Continuous rounds of 3D classifications and
refinements of the INO80 Core module resulted into two maps termed state 1 and state 2 (Figure[2.5d
and e respectively). They mainly differ in their binding mode of the Arp5 subunit as shown in more
detail in Section The maps of state 1 and state 2 were resolved at a resolution of 3.15 A and
3.08 A respectively. However, the local resolution differs among the various complex domains. Espe-
cially the interface of INO80 towards the hexasome and the hexasome itself are of worse resolution
as the hexasome undergoes a briefing motion. This prevented to obtain high resolution reconstruc-
tion of the INO80 and hexasome domains at the same time (illustrated in Figure [2.5f). Due to the
motion of the hexasome, the Ino80 motor lobes, the Arp5/Ies6 dimer as well as the Arp5 grappler
show heterogeneity resulting in maps that are not sufficient to build atomic models. To overcome
this hurdle, Min Zhang performed focused refinements by creating a mask around different regions:
1) Rvb1-Rvb2-Ino80 insert-Ies2. Arp5 and Arp6 were also present but of worse resolution and were
therefore built into another focused refined cryoEM density. 2) Hexasome with histone core and
hexasomal DNA 3) Ino80 motor bound to hexasomal DNA 4) Arp5 core-les6 and 5) the Arp5 grap-
pler domain (illustrated in Figure [2.5g). For the refinement of the hexasome it was necessary to
perform in addition particle subtraction. In this step, only the density for the hexasome was kept
to improve the angular assignments independently of the remaining INO80 core. With this method,
Min Zhang obtained an hexasome structure at 3.18 A resolution. Overall, the density of state 2 is of
worse quality compared to state 1 and the density of the Arp5 grappler is hardly visible. Therefore,
I first performed model building of state 1 and used them as a starting point for state 2.

The flexibility of the INO80-hexasome complex posed further challenges to the subsequent model
building procedure. First, I built the atomic models in the focused maps based on previously pub-
lished structures (7OHC for nucleosome, 6FML for Arp5 core and les6, 3162 for ADP-AIF,” and 8AVG
for remaining parts) followed by model building in COOT [275]. Next, models were improved using
iterative rounds of the molecular dynamics programme ISOLDE [276] (done by Thomas Hoffmann)
and real-space refinements in Phenix [277] (done by myself). Lastly, composite models were gen-
erated by rigid body fitting the individual models into their respective composite map (state 1 or
2), connecting the chains were necessary and adapting the side chains at the map interfaces. The
interface of the hexasome and INO80 Core complex was carefully inspected and residues were only
interpreted if they were clearly visible in the overall maps. Furthermore, as the interface of the
hexasome and the Arp5-foot was of limited resolution Frank DiMaio modeled the Arp5-foot using
Rosetta. With his model, I was able to build the residues of the Arp5-foot into the respective EM
density, while we deposited the PDB structure with only an alanine backbone. For validation, tables
with statistics on the obtained maps and built protein structures can be found in the methods section
in Tables4.1land [4.2]

The quality of the focused refined maps and the built models can be seen in Figure [lustrated
are only the maps and model for state 1 as it is the one mainly visualized throughout this thesis due
to its better quality around the hexasome. As the resolution of the hexasome is at 3.18 A, I was able
to assign the sequence register of the nucleotides (see Figure [2.6¢). In addition, the quality of the
maps was sufficient to see various nucleotides bound to INO80 subunits. The active site of Ino80
harbors a ADP-AIF, molecule that was added prior to sample preparation (Figure ) It resem-
bles a transition state of ATP which leads to a displacement of the N and C lobes leading to a more
enclosed binding of the motor to the hexasome. Therefore, the complex is more stable and a higher
amount of hexasome-bound complexes was observed compared to preparations without ADP-AIF, .
Even though INO80 was purified in presence of CaCl, which stabilizes ATP, some subunits contain
ADP molecules. In more detail, Arp5 harbors an ATP molecule (Figure [2.6j) while each of the Rvb1
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and Rvb2 subunits contain ADP (Figure [2.6k). The resolution of the obtained cryoEM maps was
sufficient to built the ADP and ATP molecules into the density.

2.2.3 C.t. INO80 recognizes hexasome by multiple binding sites

Overall, the structures of INO80 bound to a hexasome (Figure 2.7h) and a nucleosome (presented
earlier in Figure |2.3d, e) resemble each other. The two main contact points remain to be the Ino80
motor and Arp5/Ies6 domain. However, I did not observe any density for the Ies2 throttle helix which
contacts on nucleosomes both DNA and through its extension the acidic patch of the distal H2A-H2B
copy as shown in [77]]. In contrast, only the Ies2-anchor sitting on top of Rvb1 was captured. This
indicates a higher flexibility of the underlying domain and possibly the hexasomal particle itself.
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Figure 2.7: CryoEM Structure of INO80 bound to its hexasomal substrate. a Structure of C. ¢t
INO80 bound to a hexasome (PDB 8007, from this study) in two views. The major DNA contacts
are made by the Ino80 ATPase and the Arp5/Ies6 grip. Secondary contacts are illustrated in b (Same
view as in panel a, left). Rvb1 residue R166 binds to the entry DNA, Rvb2 residue R212 contacts the
H3a1L1 elbow and Ies6 contacts both the DNA (via a helix from T43 to Q52) as well as the H3a3 helix
that is bound by Ies6 residue Q202. In addition, the Arp5-foot helix binds alongside the H4a2 helix.
¢ Similar view as in panel b but of the INO80-nucleosome complex. The same Rvb1/2 interface and
the Arp5 foot contact here the acidic patch of the proximal H2A/H2B dimer as well as the H2Ba1L1
elbow. d Sliding assay of C.t. INO80 and yeast INO80 on 0H80 hexasomes. C.t. INOS80 is on the
same substrate almost as active as yeast INO&0.

Also some other secondary binding sites of INO80 of the hexasome are different compared to the
INO80-nucleosome complex. The discrepancy arises from the missing H2A/H2B copy in the hexa-
some which consequently exposes the underneath H3/H4 interface. In more detail, the proximal

50
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H2A/H2B copy is absent in relation to DNA linker. The proximal H2A/H2B copy lays in close proxi-
mity to the Rvb1/Rvb2 hetero-hexamer in context of nucleosome binding while the distal copy is
solvent exposed. The uncovered H3/H4 tetramer offers novel binding sites for the INO80 complex
which stabilizes the exposed H3/H4 interface in return (Figure [2.7p). In this context the INO80 sub-
units Rvb2, Arp5 and Ies6 bind to the nearby copies of H3 and H4. In depth, Rvb2 residue R212
contacts the H3a1L1 elbow. The same Rvb2 residue binds to the H2Aa1L1 elbow in context nucleo-
somes (as illustrated in Figure[2.7c). Notably, these histone elbows are known hotspots for chromatin
binding factors [14] and are also used by INO80 to recognize both nucleosomes and as shown here
- hexasomes. In addition, the Ies6 residue Q202 points in the hexasome structure towards the H3a3
helix and the Arp5-foot helix folds against the H4a2 helix. Of note is, that the same Arp5-foot helix
is in contact with the acidic patch of the proximal H2A/H2B, when bound to a nucleosome. How-
ever, this H2A/H2B copy is not available for binding on the hexasome - instead the Arp5-foot binds
to H4. Besides the histone contacts, I observed some additional DNA binding sites of INOS8O0 to the
hexasome: the arginine residue 166 of Rvb1 points towards the backbone of the entry DNA and the
Ies6 helix from T43 to Q52 folds alongside DNA.

The remaining INO80 subunits assembly onto the N-terminus of the Ino80 subunit. The protrusion
helix and the post-HSA helix connect the Ino80 Core to the Arp module which contains the sub-
units nuclear actin, Arp4, Arp8 and Ies4. The post-HSA helix is however not visible in the structure.
Hence, the connection between the INO80 Core and Arp module is more flexible in the INO80-
hexasome complex compared to the nucleosome-bound state. The Arp module binds the extra-
nucleosomal DNA 20 bp upstream of the DNA entry site of the hexasome [281]]. The N-terminal
region of INO80 - also denoted as species-specific module - is absent from this structure due to the
high degree of flexibility in-between the Arp module and the N-terminus. The species-specific mo-
dule contains only the Taf14 subunit in the used construct. Accordingly, the Nhp10 module subunits
are lacking in comparison to yeast INO80. Nonetheless, I could show that the C. t. INO80 construct
has a similarly high sliding activity compared to yeast INO80 which does contain the Nhp10 module
(Figure[2.7d). In conclusion, the Nhp10 module is not crucial for successful hexasome or nucleosome
sliding by INO80.

I showed that the overall INO80 architecture remains the same when binding to a hexasomal sub-
strate instead of a nucleosome. However, unique hexasome features alter the INO80-histone core
interface. Therefore, I will present the adopted binding mode of INO80 on hexasomes in Figure
and Section

2.2.4 Motor domain comparison between different nucleotide states

The INO80-hexasome structure is in an active state: The nucleotide binding pocket in-between the
N and C-lobes harbors an ADP-AIF, molecule which was added shortly before sample vitrifica-
tion. The magnesium and AlF; ions mimic the transition state of ATP. This can be also seen by
the fact that the magnesium ion is coordinated by Ino80 residue T1003 while the AIF; is bound by
E1108 (Figure [2.8k). The latter residue is described as Walker B residue [282] — when mutated to a
non-charged residue, Ino80 fails to catalyse ATP hydrolysis thereby loosing its sliding activity on
nucleosomal substrates.

Together with the INO80-hexasome structure, there are now Ino80 structures in three different nu-
cleotide states available: nucleotide-free (PDB 8AV6), bound to ADP-AIF, (this study) and in the
ADP-BeF; (PDB 8ATF) state. While ADP-BeF; mimics ATP, the ADP-AIF, state resembles the
ATP hydrolysis transition state.
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Figure 2.8: Comparison of Ino80 motor domain in relation to nucleotide state. a Architecture
of the Ino80 motor domain. b Structure of the Ino80 motor domain — adapted from the nucleotide-
free structure of PDB 8AV6. For visualization an ADP molecule is placed in the active site of Ino80. ¢
Active site of the Ino80 motor protein with a bound ADP-AIF, molecule. Residue T1003 contacts the
magnesium ion while the as Walker B known residue E1108 binds the AlF, . d Active site in presence
of different nucleotide analogues. I compared the active sites of nucleotide-free Ino80 (PDB 8AV6,
in dark red) with ADP-AIF; (PDB 8007, in light yellow) and ADPBeF; (PDB 8ATF, in orange)
bound complexes. Upon binding of ADP-AIF;” or ADP«BeF; the active site is closed at the C-lobe
interface (indicated with blue arrows). e This causes a large movement of the C-lobe. This overview
highlights different sites of alterations among the different states: 1) The active site 2) Destabilisation
of Protrusion 1 within the N-lobe 3) Insertion of the gating helix of Protrusion 2 into the minor grove
4) Translocation of 1bp of DNA. Close up views of events 1)-4) visualised elsewhere in the Figure
as indicated. f Comparison of Protrusion 1 among the different nucleotide states. While the large
Protrusion 1 helix is visible in the nucleotide-free state, it is not or only partially present in the
ADP-AIF; and ADP-BeF; state respectively. g M1258 of the gating helix inserts in the ADP-AIF,
state into the minor groove. The same residue is part of the connecting loop in the nucleotide-free
state and is not resolved in the ADP+BeF; state. h Close up view of the C-lobe interactions with the
tracking strand. Shown are only the nucleotide-free and ADP-BeF; state. Residue T1579 interacts
with base pair 62 while the C-lobe movement in the ADP-BeF; state causes a shift by one base pair
causing an interaction of the residue T1579 with base pair 61. Interaction visualized with dotted
black line. Close up of the are on the right in dotted square.
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2.2 Structural studies of INO80 bound to a hexasome

Therefore, comparing the three different Ino80 structures allows to follow the early reaction step of
DNA translocation. As introduced earlier, the Ino80 motor domain is composed of the N and C-lobes
which bind the entry DNA at SHL-6. (Figures and b). Both lobes contain conserved RecA1 (N-
lobe) and RecA2 (C-lobe) ATPases which form the core of the two motor lobes. In addition, both
lobes contain Protrusion 1 and 2 helices which are involved in DNA binding. The C-terminal region
of the C-lobe harbors the Brace helix which folds on top of both lobes — thereby connecting the two
lobes. The active site of the Ino80 motor lays in the back part of the N-lobe in relation to the DNA
binding interface. ATP binding causes the closure of the active site as detectable in the ADP-AIF,
and ADP-BeF; bound structures. In more detail, the closure is facilitated by a movement of the
C-lobe towards the N-lobe as depicted in Figure [2.8d. The closure of the active site causes a large
rearrangement of the motor lobes (Figure[2.8d, e) as the complete C-lobe moves towards the N-lobe,
thereby leading to an overall closure of the motor domain onto the DNA. This movement results
in the insertion of the gating helix (Protrusion 2, C-lobe) into the minor groove of the DNA. Along
the trajectory of nucleotide free to ATP bound to ATP hydrolysis states M1258 of the gating helix
gets inserted into the minor groove (Figure 2.8g). Besides the rearrangements of the gating helix,
also Protrusion helix 1 is repositioned upon ATP binding and hydrolysis. While the long helix of
the Protrusion 1 is well-ordered in the nucleotide-free state, it is not visible and only partly visible
in the ADP.AIF, and ADP-BeF; states respectively (Figures ) The concrete function is elusive,
however, the Protrusion 1 helix is placed close to the guiding DNA strand. Therefore, a role in DNA
translocation is likely. Possibly, the DNA gets first translocated along the tracking strand by one
base pair. Next, the Protrusion 1 facilitates DNA translocation of the same base pair on the guiding
strand. DNA translocation already occurred in the ADP-AIF,” and ADP-BeF; states. For clarity the
ADP-BeF; and nucleotide-free state are compared in the following as Ino80 is bound to a hexasome
in the ADP-AIF, state. The described movement of the C-lobe leads to a large rearrangement of
the C-lobe helices close to the tracking strand (Figures[2.8h). As a consequence, the helix tip around
residue T1579 changes from an interaction with base pair number 62 to base pair 61. However, the
DNA translocation is not yet propagated around the nucleosome core. This is visible as base pair
60 is still bound in both states to serine 1031. I hypothesize, that the release of the phosphate in the
ATP cycle repositions the C-lobe back thereby leading to the propagation of the DNA translocation.

2.2.5 Alternative binding modes of the DNA binding domain of the Arp5 core

As described in the model building section (Section , two distinct states of the INO80-hexasome
complex were classified. The two states differ in their globular architecture. This becomes apparent
when the two states are aligned on the hexasome. While the motor domain location is fixed, the
Arp5/Ies6 grip as well as the Rvb1/Rvb2 hetero-hexamer change their conformation between the
two states. In more detail, especially the Rvb1/Rvb2 stator element is placed closer to the hexasome
in state 1 compared to state 2 (Figure [2.92). On a molecular level, the apparent movement of the
Arp5 grip, translates into a different position of the DNA binding domain (DBD) of the Arp5 core on
the hexasomal DNA. The DNA binding domain consists of a small hairpin between residues 90-96.
While the DBD in state 1 binds to the major groove between SHLO (dyad) and SHL+1, it is inserted in
state 2 into the minor groove at SHL+1. Therefore, not only the position changes but also the binding
mode alters from major groove to minor groove binding (Figure [2.9b, ¢). The interaction is in both
cases mainly facilitated by residue R92, which contacts the DNA sugar backbone (Figure and
e). Overall, the DBD consists of many positively charged residues — mainly arginines and lysines. A
selection of these residues was mutated to alanines to assess the role of the DBD in hexasome and
nucleosome remodeling (Figure [2.9f, g) (K88A/R90A/R92A/K93A/K96A/R112A/R116A). As a result
of the introduced non-charged residues in the DBD-mutant, a similarly reduced INO80 activity is
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observed on both hexasomes and nucleosomes. Likely, the reduction arises from the decreased
binding capability indicating a role of the Arp5/Ies6 grip in progressive DNA translocation.

2.2.6 H3/H4 tetramer is exposed in the context of hexasomes

The captured hexasome has a footprint of only 101 bp of DNA (Figure [2.10p). This is significantly
less compared to a nucleosome where approximately 147 bp of DNA wrap around the histone core.
The decreased DNA footprint arises from the loss of one H2A/H2B copy resulting in unwrapping of
46 bp of DNA off the histone core. Looking at the hexasome from the side, one can acknowledge that
the hexasomal particle consists only of one single DNA gyre compared to two within a nucleosome.
In the presented structure, the proximal H2A/H2B copy is missing. This is remarkable, as the distal
H2A/H2B copy is the one being solvent exposed.

Thereby, the underlying H3/H4 tetramer becomes solvent exposed instead. Both the smaller DNA
footprint and the exposed H3/H4 tetramer constitute an altered interaction surface for INO80 as
outlined in Section [2.2.3]
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Figure 2.9: Dual binding modes of the Arp5 DBD domain. a View of state 1 (light gray) and state 2
(blue). The structures were aligned on the hexasome. Arp5 grip and Rvb1/Rvb2 subunits differ in
their location in between the two states. b, ¢ Bottom view of the hexasome with Ino80 and Arp5
core. Arp5 DBD domain binds to major groove between the dyad and SHL+1 in state 1 (b), while the
same domain inserts into the minor groove close to SHL+1 (¢). Dyad and SHL+1 are highlighted with
black dots. d,e show close-up views of the DBD as indicated by dotted boxes in b and c. Residues
of the DBD-mutant are shown in blue and labeled respectively. f, g Sliding assays of wt C. t. INO80
(black graph) and DBD-mutated INO80 (cyan graph) on 0H80 hexasomes f and 0N80 nucleosomes g.
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Figure 2.10: Comparison of nucleosome and hexasome structure. a Top and side view of a nu-
cleosome (PDB 8AV6). The nucleosome has a DNA footprint of 147 bp. The side view reveals the
presence of two gyres of DNA that wrap around two copies of H2A/H2B and one H3/H4 tetramer.
b Same view for hexasome (this study). The absence of one H2A/H2B leads to the unwrapping of
46 bp of DNA (depicted as dotted line) leaving a DNA footprint of 101 bp. In addition, the side view
at the bottom illustrates that the proximal H2A/H2B copy is missing which leads to the presence of
only one gyre of DNA.

2.2.7 INO8O spin-rotates upon hexasome binding

INO80 binds hexasomes differently compared to a nucleosome substrate. To illustrate this, we first
need to look at the binding mode of INO80 on nucleosomes. Therefore, I focus on the two main hexa-
some interacting subunits — the Ino80 motor domain as well as the Arp5-core and Arp5-grappler
elements. As shown by Eustermann et al. 2018 [77], the Ino80 motor domain binds to SHL-6 which
lays close to the entry DNA of the nucleosome (Figure[2.11j). The Arp5 grip binds to SHL-3 which is
about three helical turns towards the C-terminus of the motor domain binding site. As a secondary
contact site of Arp5, its cross shaped grappler domain is placed close to the dyad. As described
previously, the proximal H2A/H2B copy is missing in the hexasome when bound to INO80. The
proximal H2A/H2B is located in between the Ino80 motor domain and the Arp5 grip. As the loss of
the H2A/H2B copy leads to the unwrapping of 46 bp of DNA, SHL-6 lays now in the unwrapped and
therefore disordered part of the DNA. As a consequence, the entry site of the hexasome is shifted
in comparison to the nucleosome. Therefore, the Ino80 motor lobes bind instead to superhelical
location —3 (Figure [2.11p). Besides the DNA unwrapping caused by the missing H2A/H2B dimer,
an additional 8 bp are lifted off the histone core by the Ino80 motor. The novel binding mode is re-
markable, as it was suggested earlier [75][2] that ATP-dependent chromatin remodelers bind either
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to SHL+/-2 or SHL-6. Therefore, SHL-3 represents a novel binding site for chromatin remodelers. In
addition, it was not seen before, that a chromatin remodeler has a dual binding site on a nucleosome-
like particle. The hexasome with its smaller DNA footprint represents a non-canonical nucleosome
[55][56]. Binding to the hexasome is facilitated by INO80 through an altered binding mode to adapt
to the new interfaces present in the hexasome.

The Ino80 motor lobes are not the only domain changing its contact site in context of hexasome
binding. The reason for this lays in the fixed motor/rotor/stator/grip architecture of INO80 as intro-
duced in Section [1.2]
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Figure 2.11: Dual binding mode of INO80 on nucleosomes and hexasomes. a INO80 bound on
nucleoesome substrate. For clarity only the Ino80, Arp5 and Ies6 subunits are illustrated. The Ino80
motor domain binds at SHL position -6, while the Arp5/Ies6 grip is placed at SHL-3. Location of
the Rvb1/2 stator is indicated with a gray bar. b Same representation of INO80 on a hexasome.
The hexasome is shown in the same orientation compared to the nucleosome on the left (see dyad
position). As a consequence of the DNA unwrapping off the hexasome core particle, SHL-6 lays
in the unwrapped DNA part (red dot). Therefore, the Ino80 motor binds instead to SHL-3 and the
Arp5/Ies6 to the dyad. The unwrapped DNA (colored in light blue) was modeled as B-DNA for
illustration. € Schematic representation of the different INO80 binding modes. INO80 undergoes a
145° spin rotation to bind the hexasome in relation to a nucleosome.
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The Rvb1/Rvb2 stator element places the motor and grip domains of INO80 about three helical turns
apart onto the canonical and non-canonical nucleosome substrates. A change in the binding site of
the Ino80 motor therefore results into an adapted mode of binding of the Arp5 elements. In more
detail, the Arp5 grip binds the hexasomal DNA at SHLO (the dyad) — again three helical turns away
from the motor domain. This places also the Arp5-grappler to a new location. While bound to the
dyad on nucleosomes, it switches to SHL+3 which is nearby the newly exposed H3/H4 histones.
Therefore, the grappler is placed where the proximal H2A/H2B dimer is located on a nucleosome.
On a hexasome, the Arp5 grappler element binds to the newly exposed DNA which was covered by
the second gyre of DNA before. The latter does not exist on a hexasome due to the unwrapping of
DNA. On a globular level, the change of binding site means that the INO80 complex binds to the
hexasome in a 145° spin-rotated mode (Figure[2.11k). This does not only change the interaction sites
of INO80 to the DNA but denotes that the INO80-histone core interface is different. Consequently,
the Arp5-grappler element recognizes the H3/H4 interface as described in Section In more
detail, the Arp5-foot folds alongside the H4ar2 helix. As a consequence of the hexasome binding
mode, DNA is translocated now alongside the H3/H4 interface towards the Arp5 grip. In contrast,
the DNA is translocated on a nucleosome at the interface close to the proximal H2A/H2B dimer —
the one missing in the hexasome structure.

In summary, I showed that INO80 adopts a dual binding mode on hexasomes and nucleosomes. On
top of that, INO80 binds the hexasome at SHL-3 — a novel binding site in the field of chromatin
remodelers. Other chromatin remodelers - except for INO80 — bind on SHL+/-2 [[72][106] [122][121]].
Hexasome binding of INO8O is facilitated by a 145° spin-rotation which positions the complex in a
novel histone context. Therefore, the Arp5 foot is placed onto the exposed H3/H4 interface.

2.2.8 Sliding of hexasomes by INO80 is independent of the acidic patch

The spin-rotated binding mode of INO80 places the Arp5-grappler element onto the exposed H3/H4
interface and the nearby DNA (Figure , b). In the context of hexasomes, a stretch of DNA from
SHL+2 to SHL+4 gets exposed due to the unwrapping of DNA. This stretch of DNA is bound by the
N-terminal helix of the cross-shaped grappler element. At the same time, the tip of the N-terminal
helix points towards the new entry DNA site at SHL-3. Overall, the Arp5 grappler is stabilizing the
exposed H3/H4 interface. For the INO80-nucleosome complex, two distinct conformations of the
Arp5 grappler were observed [[150]]: one inhibitory and one permissive. Here, I only observed the
permissive conformation indicating that the INO80-hexasome complex was trapped in its sliding
prone state.

In our structure, the Arp5-foot helix that extends from the Arp5 grappler, is placed onto the H3/H4
interface. The same helix is located at the acidic patch of the proximal H2A/H2B dimer in context
of nucleosome binding. In more detail, the Arp5-foot folds against the H2A-a2 helix on a nucleo-
some (Figure [2.12c). In addition, the Arp5-heel which connects the rest of the Arp5 grappler with
the foot, is in close contact with the H2A-a2 helix. Due to the lack of the proximal H2A/H2B dimer
and the spin-rotated binding mode of INOS80, the same Arp5 helix folds on the hexasome against
the H4a2 helix (Figure 2.12[d). This interface lays close to the H31L1 elbow which is specifically
recognized by Rvb2 (see Section [2.2.3). The H3 elbow is replaced in the nucleosome structure by the
H2Ba1L1 elbow (compare Figure [2.12, d). In conclusion, altered interactions of INO80 make up for
the missing H2A/H2B dimer which is mainly facilitated by the Arp5 subunit. The Arp5 subunit has
a dual substrate specificity for both the acidic patch of H2A/H2B and the H3/H4 interface. Thereby,
INOB80 recognizes the hexasome specifically by using similar architectural features to its nucleosome
binding mode.

In order to probe the specificity and relevance of the Arp5-foot interaction on the hexasome, I
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Figure 2.12: Arp5-foot helix interactions on nucleosomes and hexasomes. a Arp5-foot interac-
tion on hexasome. The foot helix binds to the acidic patch of the proximal H2A/H2B as marked with
a square. b Spin rotation of INO80 places the foot helix on the exposed H3/H4 interface. For better
representation, the hexasome was rotated compared to the nucleosome on the left. ¢ Bottom view
of the nucleosome. The foot helix colored in cyan interacts with the H2Aa2 helix of the proximal
acidic patch. H2Ba1L1 and H3a1L1 elbows are indicated by arrows on the structure and the pic-
togram at the top. Close-up on the right indicates what residues have been mutated for the sliding
assays. d Same representation for the hexasome. Arp5 foot helix folds against the H4a2 helix on
the exposed H3/H4 interface. The spin rotated binding mode of INO80 places the foot close to the
H3a1L1 elbow.

performed activity assays of INO80. Therefore, I used the introduced sliding assay (see Section[2.1.2)
which allows to probe different hexasome, nucleosome and INO80 substrates. First, I tested an Arp5-
heel mutant where only mutations to R501 and K502 were introduced (R501E and K502E). Secondly,
I performed the same experiment with INO80 where not only the heel residues but also some foot
residues were mutated (R501/K502E/Q507A/R509A/M510S/K511A/1513S) (Figure [2.13p). All experi-
ments were run in triplicates on 0H80 and ON80 substrates. In addition to the INO80 mutants, wild
type INO80 was used for comparison.

When either of the Arp5 mutants is used to probe the sliding activity on nucleosomes, a reduced
activity is observed. Furthermore, The Arp5-heel mutant retains some activity, while the Arp5-
heel+foot mutant abolished its sliding activity almost completely (Figure [2.13c). On contrary, the
same INO80 Arp5 mutants on 0H80 hexasomes not only maintain the activity, but show an even
higher sliding activity compared to wild type INO80 (Figure [2.13d). Taken together, the Arp5-heel
and foot have a distinct function on nucleosomes and hexasomes. While both elements are substan-
tial for successful nucleosome sliding, they have a regulatory function on hexasomes. Therefore,
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2.2 Structural studies of INO80 bound to a hexasome

the sliding activity is increased upon mutation of the Arp5-foot. A similar phenomena is observed
for INO80 on nucleosomes: an H2A.Z mimicking mutant of H2A that is located close to the Arp5
foot leads also to an increase in sliding activity [77].

Next, I wanted to know if hexasome sliding by INO80 is dependent on the remaining distal acidic
patch of the H2A/H2B dimer. The novel placement and function of the Arp5-foot suggests that
hexasome sliding is independent on the remaining acidic patch. In order to probe the activity, I
used the very same sliding assay — this time using nucleosomes and hexasomes comprising acidic
patch mutations on H2A (E61A/E64A/D72A/D90A). These mutations alter the H2A surface from a
negatively charged surface to a neutral electrostatic potential. INO80 shows no activity on the acidic
patch mutated nucleosomes as previously described in the literature [[77]. However, the sliding ac-
tivity of INO80 on the hexasome acidic patch mutant, remains at a similar level compared to wild

type hexasomes. Consequently, hexasome sliding is indeed independent of the acidic patch which
confirms the INO80-hexasome structure.
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Figure 2.13: Sliding assays of Arp5-foot and acidic patch mutants. a Close-up of the Arp5-foot
(cyan) and the H4-a2 helix (green). Mutated residues on the foot are labeled respectively and are
represented as blue spheres. b Sliding assays of wild type INO80 or Arp5 mutated INO80 on 0N80
nucleosomes and 0N80-acidic patch mutated nucleosomes. Activity is measured as fraction of re-
modeled nucleosomes in percent. € Bottom view of a nucleosome showing the proximal H2A/H2B
and the Arp5-foot helix as it interacts with the acidic patch of the nucleosome. Acidic patch mu-

tated residues are colored in purple. d Likewise sliding assay on 0H80 and 0H80-acidic patch mutated
hexasomes.
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2.2 Structural studies of INO80 bound to a hexasome

2.2.9 H3 and H4 constitute altered features due to the absence of one
H2A/H2B copy

The absence of one H2A/H2B copy has also consequences on the hexasome architecture itself. These
changes occur on the H3 and H4 copies that are in contact with the proximal H2A/H2B copy in the
context of a nucleosome. I denote this H3 and H4 copy as H3" and H4’. The copies of H3 and H4
close to the Arp5-foot, that are interacting mainly with the distal H2A/H2B copy, remain denoted as
H3 and H4. On a nucleosome the C-terminus of the H4’ tail folds back to the H4’ helix as a -strand.
Its shape is stabilized by an interaction of the H4’ ff-strand with the f-strand of the proximal H2A
docking domain (Figure[2.14h). In proximity, the same H2A docking domain stabilizes the N-terminal
helix of H3” denoted as H3’ aN helix. As the proximal H2A is missing on a hexasome, the described
H3’ and H4’ histones get restructured showing a so far unanticipated plasticity of the histone core
structure. The missing H2A docking domain leads to an extension of the H4’ tail helix. In more
detail, the C-terminus of the H4’ tail undergoes a ff-a switch. The H4’ helix therefore reaches into
the central cavity of the hexasome, filling the characteristic hole of the histone core (Figure [2.14p).
In addition, the H3’aN helix gets unstructured and is no longer visible in the EM density map. It
was stabilized by the H2A docking domain before, which is missing in the hexasome structure.
The missing proximal H2A/H2B copy exposes the whole H3/H4 interface and thereby the complete
H3/H4 tetramer. The new interface is stabilized by multiple INO80 features as described earlier in
the thesis. The loss of the proximal H2A/H2B is thereby compensated by a closer interaction of
the Rvb1/Rvb2 stator and novel interaction sites of the Arp5 subunit. These are possible due to the
spin-rotated binding mode of INO80. The latter results into a replacement of the proximal H2B-a3
helix with the Arp5-foot (Figure )- In that way, the Arp5-foot mimics the H2B-a2 helix in the
context of hexasome binding. As a consequence, the H3/H4 interface gets stabilized by the Arp5-
foot. In the context of a nucleosome the H4a2 helix was folded against the H2B-a3 helix. Now,
on the hexasome, the same H4 helix is stabilized by the Arp5-foot. This emphases once more the
specificity of the INO80-hexasome binding as well as the dual binding mode of the Arp5-foot helix.

2.2.10 Competition assays - Limited amount of extra-nucleosomal DNA
makes hexasomes the preferred INO80 substrate

I showed previously that INO80 is active on a hexasomal substrate (Section [2.2.3). However, the
question remains if INO80 has a preference for either nucleosome or hexasome substrates. In order
to probe the activity of INO80 on either of the two substrates, I performed sliding assays as described
earlier. In more detail, I probed ON80 (601 with 80 bp of extra-nucleosomal DNA) and 0H80 which
have been used for the structure determination. However, the 0H80 hexasomes contain 40 bp more
extra-nucleosomal DNA in relation to the ON80 nucleosomes due to the unwrapping of DNA from
the hexsomal histone core.

Therefore, I probed the activity also on 0H40 hexasomes which contain beside the 40 bp of extra-
nucleosomal DNA, 40 bp additional base pairs in the linker DNA that unwrapped from the his-
tone core. Consequently, the 0H40 are comparable with 0N80 nucleosomes in terms of their extra-
nucleosomal DNA length (Figure as they comprise as well 80 bp as linker DNA. I observed for
C.t. INO8O a faster kinetic for ON80 compared to the two different hexasome substrates indicating
that nucleosomes are the preferred substrate of C. t. INO80 (illustrated in Methods Section[4.1). For
yeast INO80 a similar sliding activity was observed for ON80 and 0H40. 0H80 with its longer linker
DNA showed here a faster kinetic compared to the other two substrates.

This type of experiment is however limited, as the sliding assays are performed separately on hexa-
somes and nucleosomes. As another aspect, I observed more free DNA in the hexasome samples
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Figure 2.15: Competition assay of nucleosome and hexasome substrates. a Pictogram of 0H40
and ON8O0 substrates. They contain the same length of extra-nucleosomal DNA due to the 40 bp
of DNA unwrapping from the hexasomal histone core. Activity assays of 0H40 and ON80 are per-
formed in the same tube. Band shifts of remodeled vs non-remodeled substrates are detected for
the hexasomes via Cy5.5 fluorescence and in case of 0N80 with fluorescein (6-FAM). b Competition
assay of C.t. INO80 on 0N80 and 0H40 substrates. Native PAGE scan on the right was quantified by
measuring the intensity of unremodeled substrates over time and plotting the fraction of remodeled
substrates (graph on the left). € Same as in b but with S. c. INOS80.

which competes with the hexasome for INO80 binding. I therefore devised a competition assay
in which sliding of Cy5.5 labeled nucleosomes and fluorescein labeled hexasomes are probed in the
same reaction tube. While I conducted the experiment, Min Zhang kindly provided the labeled hexa-
somes and nucleosomes. The competition assay was performed likewise to the sliding assays, but
now using a limited amount of INO80 in comparison to the nucleosomal and hexasomal substrates.
I subsequently ran the samples on Native PAGE and imaged the gel for Cy5.5 and fluorescein fluo-
rescence in two consecutive steps. I used ON80 and 0H40 with comparable extra-nucleosomal DNA
to rule out a preference for a certain linker length. In this case, one can directly probe the inherent
preference for the altered histone interface. Here, for both C.t and yeast INO80 a faster kinetic
was observed for the nucleosome substrate (Figure [2.15b, c). The saturation point of the remode-
ling reaction on nucleosomes is already reached after about 10 min while it takes almost 1h on the
hexasome substrate. Interestingly, C. t. INO80 remodels 0H40 hexasomes close to completion while
yeast INO80 does not reach the same level. In summary, nucleosomes are the preferred substrate
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2.2 Structural studies of INO80 bound to a hexasome

of INO80 when the amount of extra-nucleosomal DNA is comparable. A reason for the observed
kinetics is possibly the second acidic patch of INO80 and the interaction with the Arp5-foot. As des-
cribed earlier, the Arp5-foot has a regulatory role when binding the H3/H4 interface on hexasomes.
Hence its presence makes the remodeling reaction less efficient and overall slower compared to the
remodeling of nucleosomes.

Next, I wanted to know if conditions exist, where the hexasome becomes the preferred substrate of
INOS80. Therefore, I chose substrates with limited amount of extra-nucleosomal DNA. It is known
from the literature that INO80 requires at least a length of 60 bp [194] to place the Arp module on
the DNA connecting two nucleosomes. In this manner, INO80 senses DNA shape features [36][169]
and couples its ATPase activity to productive nucleosomes sliding. I chose to compare ON60 nu-
cleosomes with 0H20 hexasomes which again comprise the same length of extra-nucleosomal DNA
(Figure [2.16). In this case, the preference of INO80 for nucleosomes over hexasomes becomes even
more apparent. Nonetheless, half of the hexasomes are still remodeled within a time span of 90 min.
In contrast to the 0H20 hexasomes, INO80 is almost completely inactive on ON20 nucleosomes. This
resembles a scenario within yeast gene bodies were nucleosomes are spaced by about 18 bp of DNA
[283]. Here, INO80 is not active but when a hexasome is formed, the unwrapped 40 bp of DNA cre-
ate a linker length of 60 bp of DNA - enough for INO80 to translocate DNA and slide the hexasome.
Therefore, hexasomes become a preferred substrates in packed chromatin regions.
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Figure 2.16: Limited amount of extra-nucleosomal DNA makes hexasomes the preferred sub-
strate. a Schematic illustration of used substrates: 0ON60, 0H20 and 0N20. ON60 and 0H20 harbor
the same amount of extra-nucleosomal DNA. b Sliding assays of yeast INO80 on 0N60, 0H20 and
ON20. Sliding assays were run separately in this case. Analysis of remodeled substrates (left) of the
Native PAGEs (right). Substrates were 6-FAM labeled.
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2 Results

2.3 Biochemical characterization of yeast and Chaetomium
thermophilum SWR1

In the following sections, I am focusing on the biochemical and structural characterization of the
SWR1 complex aiming to understand the mechanism of its histone exchange reaction (outlined in
aims of this thesis Section [1.8). In my structural studies, I started with the Arp module of SWR1
which enabled the interpretation of my full-length apo-SWR1 cryoEM data. Finally, I screened SWR1
samples in complex with a nucleosome for structure determination by cryoEM. I used SWR1 from
Chaetomium thermophilum (hereafter: C.t.) for the structural characterization of SWR1, while I
used SWR1 from Saccharomyces cerevisae (hereafter: S.c.) for genome wide biochemical studies
to understand how SWRI1 reads out genomic information to enable its substrate specificity of +1
nucleosomes.
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Figure 2.17: Subunit identification of C. t. SWR1. a Table showing the uniprot identifiers for S. c.
SWRI1 and the corresponding ones for C.t. SWR1 that were identified using Blast®® (National Li-
brary of Medicine) searches. b Exemplary sequence alignment of C.t. Swc2 against mammalian,
yeast and fungi sequences for validation purposes. Plot was generated in Jalview [284]] [285]. ¢ Sub-
unit composition of C. t. SWR1. Complex is divided in Core, Arp and species-specific modules.

2.3.1 Characterization of Chaetomium thermophilum SWR1

The composition of the C.t. SWR1 is incompletely annotated and is not validated as the C. t. pro-
teome was automatically annotated [286]]. Therefore, I had to start with identifying the subunit
composition of C.t. SWR1 and validate the underlying protein sequences. As S.c. SWRI1 is well
annotated and characterized biochemically and structurally, I utilized its amino acid sequences to
identify the C. t. homologues. I performed sequence similarity searches by using Blast®® as well as
the database from the Bork lab [286]].
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Figure 2.18: Investigation of C. t. Arp6, Swc5 and Swc6 amino acid sequences. a-c show at the
top, sequence alignments against mammals, yeast and fungi sequences of Arp6 a, Swc5 b and Swcé c.
While C. t. Arp6 lacks a stretch of conserved amino acids within the protein, C. t. Swc5 misses a part
at its N-terminus and Swc6 on the C-terminus. Bottom parts of each panel represent alignments of
the respective yeast subunit against Neurospora crassa, C. t. and the newly annotated C. . subunits.
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As an intermediate step, I identified the SWR1 subunits from Neurospora crassa (N. c.) which is a
fungi relative of C. t. and is well characterized. Based on these sequences, another round of Blast®
searches was executed to identify the respective subunits in C. t. This method worked for 13 out of
the 14 known yeast SWR1 subunits (Table with uniprot identifiers in Figure [2.17h). A Swc7 ortho-
logue could not be identified in any other species but Saccharomyces yeast. Conclusively, the amino
acid sequence of Swc7 is yeast-specific. Nonetheless, a homologue to Swc7 could exist in C. t. that
does not share its amino acid sequence but 3D structure. I therefore used pulldown experiments of
C.t. SWR1 in addition to bioinformatic tools to investigate the presence or absence of a Swc7-like
subunit (see Section[2.3.5) in C. &. SWRI.

As the C.t. proteome was automatically annotated [286]], I had to validate the identified SWR1
amino acid sequences. For this purpose I performed sequence alignments (ClustalO in Jalview
[287[284]][285]) against human, mouse, drosophila, yeast as well as 10 close relatives of C.t. (ex-
ample in Figure 2.17p). The alignments revealed that the three subunits Arp6, Swc5 and Swc6 are
incompletely annotated. In more detail, an internal part of about 30 amino acids was clearly missing
in C.t. Arp6 as the 10 close relatives of C.t. showed a high degree of conservation in that region
(Figure[2.18p). I therefore amplified Arp6 from a cDNA library that was created by Olga Kolesnikova
for the subsequent cloning of the recombinant SWR1 complex. Sequencing of the amplified Arp6 se-
quence, revealed that C. t. shares the high degree of conservation with its fungi relatives. In contrast
to Arp6, the sequence alignments of Swc5 with vertebrate and fungi homologues, indicated that a
stretch of about 90 amino acids is missing from Swc5’s N-terminus (Figure [2.18p). I therefore used
the seemingly conserved N-terminal region of Neurospora crassa Swc5 and submitted it to another
round of Blast® search. This revealed that the N-terminal region of C. t. Swc5 was falsely annotated
as a separate protein. Swc5 consists of the two uniprot entries GOSHD9 (N-terminus) and GOSHEO
(C-terminus). Lastly, the sequence alignments for Swcé6 indicated that a stretch of 30 amino acids
was missing in comparison to Neurospora crassa and other fungi relatives. This part is particularly
well conserved in fungi (Figure[2.17c). Thus, I used the nucleotide sequence of the conserved region
to search in the scaffolds of the Chaetomium thermophilum genome using the database from the
Bork lab [286].

In summary, the usage of Blast® allowed me to identify the C.t. SWR1 composition illustrated in
Figure [2.17f. It resembles yeast SWR1 except for the potential absence of Swc7. However, the pre-
sented composition might be incomplete as there could be additional subunits being part of the
species-specific module. Therefore, pulldown experiments from C. t. were performed as presented
in Section

2.3.2 Bioinformatic tools identify a candidate for C. t. Swc7

As described in the previous section, I could not identify a homologue for yeast Swc7 in C. t. using
a sequence based search approach. Nonetheless, a Swc7-like protein with a conserved fold could
exist in C. t. comprising a different amino acid sequence. I therefore used the Dali [288] tool which
searches in protein databases for structurally homologue proteins. The Dali search identified a struc-
trual similarity of Swc7 and human Brd8 which is a subunit of the human NuA4/Tip60 complex [246]].
This human super-complex shares subunits with the yeast homologues of the NuA4 and SWR1 com-
plexes. The AlphaFold model of human Brd8 (Figure [2.19d) showed that the first 130 amino acids
have a similar fold compared to yeast Swc7 (Figure[2.19c). Overall, Brd8 incorporated the Swc7-fold
while Swc7 remained a separate protein in yeast (Figure [2.19a). Both Brd8 and Swc7 harbor three
smaller helices and a long one. While the smaller helices are intercepted with small helical features
in Swc7, Brd8 comprises a more classical helix-turn-helix architecture. Despite the high degree in
structural similarity, yeast Swc7 and human Brd8 do not share a common amino acid sequence (Fig-
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ure[2.19p) and only show little similarity. I conclude that evolutionary Swc7 evolved in its amino acid
content while there was a pressure on keeping the 3D structure. Human Brd8 contains besides the
Swc7-fold two Bromo domains which bind acetylated H3/H4 tails [211]]. It shares this feature with
yeast Bdf1 that is an integral part of yeast SWR1 (Figure [2.19d). Yeast Bdf1 contains a NET domain
in comparison to Brd8. The long loop connecting the NET domain helices folds in the presence of
Swrl into a f-sheet alongside the Swrl residues 243-247 which remain unstructured in absence of
Bdf1 (Figure [2.19%, based on AlphaFold Multimer models [[273]). The NET domain therefore tethers
Bdf1 to the SWR1 complex while the bromo domains are connected by an intrinsically disordered
region and are hence ready to bind acetylated H4. As the NET domain is missing in Brd8, I speculate
that the Swc7-fold functions in tethering Brd8 to the remaining NuA4/Tip60 complex.
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Figure 2.19: Swc7-element in human Brd8. a Domain overview of yeast Bdf1, human Brd8 and
yeast Swc7. Numbers indicate the range of amino acids. b ClustalO alignment [287] created in
Jalview of yeast Swc7 and human Brd8. There is some similarity with however little sequence con-
sensus. € Comparison of the AlphaFold predictions of yeast Swc7 (pink) and the Swc7-element of
Brd8 (light purple) d (left) AlphaFold prediction of human Brd8 showing its two Bromo domains
and the Swc7-element (right) Same representation of yeast Bdf1 which does not contain the Swc7-
element but a NET domain which e is a putative anchor of Bdf1 to bind the N-terminal region of
Swr1 (based on AlphaFold multimer prediction)

The finding of the Swc7-element in Brd8, provided me the opportunity to use its structure and amino
acid sequence to look for Swc7 in C. t. For this purpose I turned to FoldSeek which uses similar to
Dali, algorithms to search for structure similarities from databases like the pdb and AlphaFold but
in a much faster fashion [289]. I used the Brd8-Swc7 element that corresponds to the first 130 amino
acids of human Brd8 to search for a similarly folded protein in Neurospora crassa (N. c.)  had to look
first for Swc7-like proteins in N. c. as Foldseek does not allow to search for C.t. proteins directly.
Indeed Foldseek returned one hit which I used for a sequence Blast® search that identified the uniprot
entry GOSFIO of C.t. Next, I compared the predicted structures and amino acid sequences of yeast
Swc7, the Brd8-Swc7 element and the hits from C. t. and N. c. (Figure ) Strikingly, the hits from
C.t. and N. c. resemble the structure of the Swc7 element. However, the helix-turn-helix motif of
the Swc7 element shows altered features in C. t. and N. c. While there are three short helices and a
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subsequent long helix in the human Brd8 and the yeast Swc7, the hits for C. t. and N. c. are composed
of a helix-turn-helix and a third helix that continues as a long helix. The relative position of the long
helix thus differs between Brd8/Swc7 and the fungi variants. The described helix-turn-helix motif
is denoted as Myb domain in the corresponding uniprot entries for the C. t. and N. c. hits. The Myb
domain is a common fold in some transcription factors found in plants [290]].
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Figure 2.20: Identification of Swc7 like protein in Chaetomium thermophilum. a (top) Approach.
(right) Aligned AlphaFold models for yeast Swc7 (pink), human Brd8 (light purple) and the candi-
dates for C. t. (green) and N. c. (blue) Swc7. Structures aligned on Myb domain II of the C. t. and N. c.
candidates. Myb domain I is specific to the fungal proteins and sits at their N-terminus. The three
helixes of the Myb domain II are marked with asterisks. (left) Sequence alignment of Myb domain II.
The structure shows only the residues that align in terms of amino acid sequence. The Myb domain
II of C. t. and N. c. resembles Brd8 at their N-terminus while they are more similar to yeast Swc7 at
the C-terminus. b Sequence alignments of yeast Swc7, human Brd8-Swc7 element and the C. t. and
N. c. Swc7 candidates.
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At the N-terminus of the Swc7-like C.t. and N. c. protein sits a second Myb domain in which the
third helix remains to be short. I denoted the Myb domain that is specific to fungi as Myb domain
I while the shared Myb domain is called Myb domain II. Alignment of the amino acid sequences of
the Myb domain II shows that it consists mainly of non-charged residues in all four proteins. In
addition, the C.t. and N. c. Swc7-like proteins resemble Brd8 at the N-terminus of the motif, while
they are more similar to yeast Swc7 at the C-terminus. When I aligned the full-length proteins,
some conserved motifs were visible showing that the C.t. and N. c. Swc7-like proteins share more
of their sequence with Brd8 (Figure [2.19b). However, the alignment tool ClustalO [287] aligned the
Myb domain I with Myb domain II of Brd8 and Swc7 and parts of the fungal Myb domain II with
the long helix of Brd8 and Swc7. For this reason and as this is only a bioinformatical approach, an
experimental validation is required to confirm that the C. t. Swc7 candidate is an integral part of C. t.
SWRI. For this purpose I used a pulldown approach presented in Section|[2.3.5]

2.3.3 Recombinant protein production of C. t. SWR1

The sequence and structure similarity searches were not sufficient to identify a Swc7 homologin C. .
with high confidence. Nonetheless, the identified Core and Arp module subunits are sufficient to
study the SWR1 interaction with nucleosomes by biochemical and structural methods. In addition,
it was shown by in vitro histone exchange assays that only Swr1, Swc2, Swc5, Swc6, Arp4, Arp6 and
Yaf9 are essential [228]][224] — all of which are present in my recombinant SWR1 construct. For these
reasons, I decided to use a recombinant protein production strategy to obtain high protein yields and
be able to perform site-directed mutagenesis studies for understanding structure-function relations
after obtaining structural insights into SWR1. To clone recombinant C.t. SWR1 I applied a similar
strategy as described for C. t. INO8O0 [77] were the subunits are assembled on Multibac vectors [291]]
followed by Cre recombinations for baculovirus-mediated insect cell expression.

I cloned the 13 subunits into two plasmids as the total length of all gene expression cassettes would
have been too large for efficient insertion into the baculovirus genome. For this purpose I cloned the
gene expression cassettes coding for subunits from the same module on one plasmid. This aimed
to facilitate the assembly of stable modules during recombinant expression. In more detail, I cloned
each subunit in either so-called ’doner’ or "acceptor’ Multibac vector which were previously modi-
fied to contain a polyhedrin and SV40 terminator designed for insect cell protein expression [291]].
Pairs of two subunits were created using InFusion reactions (Takara Bio US). Finally, the plasmids
were derived by combing the acceptor vector with the donor vectors in a stepwise manner (Fi-
gure[2.21j). As each individual vector contains a unique antibiotic resistance, clones can be selected
that contain all desired gene expression cassettes. For quality control, I sequenced the two-subunit
pairs and performed test PCRs of the Cre recombined plasmids to check for mutations and that all
subunits were correctly assembled. Subsequently, baculoviruses were generated likewise to INOS80.
The Bacmid DNA prepared for the virus production was carefully analysed by PCRs (Figure
using primers that generated products of about 250 bp. This allowed me to qualitatively verify that
the Bacmid DNA contained all subunits encoding gene cassettes for stoichiometric expression of the
protein complex.

For pilot expressions and purifications of recombinant C. t., I used the INO80 purification protocol
described in Section and adapted it based on [221]] and [142]. The protocol mainly differed
from the one for INO80 by the adjusted pH value and the usage of zinc chloride as Swc6 is a re-
ported zinc binding protein based on conserved zinc binding residues in its sequence. A C-terminal
double FLAG tag on the Swr1 subunit allows to perform an anti-FLAG affinity step followed by an-
ion exchange chromatography to separate DNA bound complexes. FLAG-tag affinity purification
from 25 ml insect cell expression culture showed a similar band pattern compared to its yeast SWR1
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Figure 2.21: Cloning of C. t. SWR1 complex. a Overview of cloning procedure and division of sub-
untis across the two plasmids. Close-up view for an example donor and acceptor vector on the left
and right respectively. The loxP site enables the Cre recombinations. The acceptor vector contains
an additional Tn7R and Tn7L site to allow for the integration of the viral genome upon baculovirus
production. b Agarose gel showing presence of all 13 subunits in the Bacmid DNA used for bac-
ulovirus generation.

counterpart [142] and I therefore scaled the purification up to 21 which became the regular volume
for SWR1 purifications aimed at cryoEM structural studies. An example purification is depicted in
Figure [2.22p,b. The anti-FLAG purification proved to be sufficient to remove most of the insect cell
proteins. In the subsequent ion exchange purification step, I typically observed one peak at high
protein concentrations and a second representing SWR1 bound to DNA and histones as also visi-
ble on SDS-PAGE. The DNA-bound peak could not be reduced by adding DNAse in the lysate step
nor by varying the sonication conditions. The identity of the bands on the SDS-PAGE was verified
using in-gel digestion and subsequent mass spectrometry analysis which had been performed by
the EMBL proteomics core facility. In addition, the presence of all 13 subunits and their stoichio-
metry was also analyzed by in-solution proteolytic digest followed by mass spectrometry. Both the
SDS-PAGE and mass spectrometry analysis revealed that the Bdf1 subunit was only present sub-
stoichiometrically. However, I observed in some of the purifications that Bdf1 was still present after
anti-FLAG affinity purification (Figure[2.22c) while it was not stably bound during the ion exchange
step. This indicated that the association of Bdf1l to the SWR1 complex might be sensitive to ionic
strength. Usage of potassium chloride instead of sodium chloride had a positive yet unreproducible
effect on the presence of Bdf1. The unstable interaction of Bdf1 with the C. t. SWR1 complex can be
explained by the non-identified Swc7 subunit (see Section[2.3.1]and [2.3.2). It was shown in yeast that
the recruitment of Bdf1 to the SWR1 complex is dependent on the presence of Swc7 which I could
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not identify for C.t. SWR1 [228]]. On the other hand, my pulldown experiments (Section
showed that recombinant SWR1 can stably associate with endogenouss Bdf1 possibly with another
yet unidentified Swc7 orthologue from the lysate. This indicates that Bdf1 is an integral part of the
C.t. SWR1 complex. SWR1 was proposed to contain two copies of actin, residing in its Arp module
[221]]. Unlike INO80, SWR1 does not contain Arp8 and a second actin copy could take its place.
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Figure 2.22: Protein purifications of C. t. SWR1. a SDS PAGE showing lysate, flow through and
elutions of the anti-FLAG purification as well as fractions for the ion exchange chromatography step.
Subunits are labeled according to mass spectrometry analysis b Chromatogram of ion exchange step
showing the absorbance at 280 nm for protein (blue line), at 260 nm indicating presence of DNA (red
line), the percentage of buffer B (green line) and the measured conductivity (yellow line). ¢ Example
gel where Bdf1 was present faintly in the FLAG elutions and not any more after the ion exchange
chromatography. d SDS-PAGEs illustrating the increased amount of SWR1 complex after changing
the baculovirus production from Sf21 to Sf9 cells. Comparable amounts were loaded on the gel.
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The published crystal structure of the truncated SWR1-HSA helix bound to one actin and Arp4
is not sufficient to address this question and further biochemical and structural studies are thus
required. I performed additional biophysical experiments presented in Section as it remained
challenging to estimate the actin stoichiometry of the recombinantly expressed C. t. SWR1 complex
by Commassie stained SDS-PAGE or by mass spectrometry analysis.

Lastly, I want to comment on the protein yields obtained. Initially I produced the baculoviruses in
Sf21 insect cells while I performed the protein expression in Hi5 cells. Using this approach, I obtained
only about 100 pl of protein sample at a concentration of 800 nM. This prevented the cryoEM sample
preparation of the SWR1-nucleosome complex as I had to assemble the complex at a minimum of
600 nM to reach sufficient coverage of the cryoEM grids. Adapting the baculovirus production from
Sf21 to Sf9 cells helped to increase the protein yields ten fold based on the calculated obtained
amount of protein. This optimized protocol also worked to reach a higher protein yield for the
INO80 complex. Therefore, Sf9 cells are now generally used in the lab for baculovirus production.

2.3.4 Biophysical characterization of C. t. SWR1

I used different biophysical methods to further characterize the mega-Dalton sized recombinant C. .
SWR1 complex. Mass spectrometry and SDS-PAGE analysis indicated that the subunit Bdf1 was
present in sub-stoichiometric amounts as mentioned in the previous section. The other 12 subunits
of C.t. SWR1 were robustly detected. To analyse the stoichiometry and homogeneity of the sample,
I utilized mass photometry — a single molecule technique that allows accurate determination of the
molecular weight of protein(/nucleotide) samples [292]. The mass photometry analysis of C. t. SWR1
shows at least four different species (see Figure[2.23p).

The main peak at 1067 kDa is consistent with a SWR1 complex that carries two actin molecules and
lacks Bdf1, as already shown on SDS-PAGE and by mass spectrometry. The calculated molecular
weight of this complex would be 1043 kDa which is close to the observed mass and within the error
range of +/- 20kDa [292]]. A second peak at 930 kDa represents a sub-population that is 113 kDa
smaller. The closest to this value is Swc3 with 83.4 kDa. Thirdly, a sub-fraction at 362 kDa is detected
possibly consisting of the Rvb1/Rvb2 hetero-hexamer which has a calculated mass of 310.5kDa. In
summary, the majority of the sample contains the SWR1 with two actin copies.

Next, I performed crosslinking mass spectrometry together with Mandy Rettel from the EMBL
proteomics core facility. Crosslinking of protein complexes allows to further probe interacting
subunits within the SWR1 complex. In addition, the obtained crosslinked peptide-pairs can be
used for an integrated structural characterization of (low resolution) cryoEM densities [294]. Prior
to crosslinking, I added recombinant C.t Bdfl as well as C.t. H2A.Z/H2B dimers (further de-
scribed in Section to probe if Bdf1 interacts with the remaining subunits without Swc7 and to
identify the histone-interacting subunits. Crosslinking was performed in the presence of 0.25 mM
bis(sulfosuccinimidyl)suberate (BS3) which contains two NHS ester groups and crosslinkes primary
amines as for example present within lysine residues. Accordingly, the crosslinking reaction can be
quenched by adding an excess of Tris-HCI that contains a primary amine group. I performed the
crosslinking reactions (Figure [2.23p), while Mandy Rettel conducted both the trypsin digest as well
as the mass spectrometry experiments. Due to the complexity of the sample it was important to
apply a 120 min gradient allowing the detection of more peptides. I depicted the crosslinks using
the xiView tool [293] from the Rappsilber lab (Figure[2.23). The crosslinking experiment shows the
modular architecture of SWR1. The core subunits Rvb1, Rvb2, the Swrl motor and insert regions
as well as Swc2, Arp6 and Swcé interact as already reported by prior cryoEM [[142]]. Additionally,
crosslinks between Swc2 and Swc3 are observed indicating their interaction. The reported Arp mo-
dule subunits actin, Arp4 and Swc4 show crosslinks however none to Swr1 as it would be expected
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Figure 2.23: Biophysical characterization of C. t. SWR1. a Mass photometry of C. t. SWR1. Shown
are the normalised counts. The protein mass was calibrated using IgG and Tg. The first peak ori-
ginates from the buffer. The fourth peak represents C.t. SWR1 in absence of Bdf1 and presence of
two actin molecules. b SDS-PAGE of input for crosslinking (left) and the final crosslinked sample in
presence of 0.25 mM BS3 (right). € Result of crosslinking experiment illustrated with xiView [293].
d SWR1 architecture based on the presented crosslinking data.

based on the ternary Arp4/actin/Swr1-HSA crystal structure [225]. Yaf9 crosslinks to both Swc4
and the N-terminal region of Swrl. Bdf1 that was added to the SWR1 complex, shows only an in-
teraction with Arp4. Swc5 is linked to Rvb1, Rvb2 and actin, placing it in between the Core and
Arp modules. Besides the internal SWR1 crosslinks, interactions between Swr1 and both H2A.Z and
H2B were detected. This concerns the Swrl residues around 680-760 which lay between the HSA
helix and the N-terminal motor lobe. Yeast Swr1 was shown to bind yeast H2A.Z/H2B dimers [234

with an overall unstructured region that corresponds to residues 770-795 in C. t. Swrl. This region
lays adjacent to the crosslinked region. Overall, the observed binding region of H2A.Z/H2B to C. t.
SWR1 seems to be in agreement with the literature. Besides Swr1, Swc2 interacts with H2A.Z/H2B
based on the literature [233] - a crosslink between Swc2 and the histone dimer is however absent
in the presented crosslinking data. This led me to the SWR1 architecture depicted in (Figure [2.23(d).
Swc2 and Swc3 assemble onto the Rvb1/Rvb2 hetero-hexamer in proximity to the Arp6/Swc6 arm
explaining crosslinks between Swc3 and Swc6. Within the Arp module, Yaf9 is an integral part in-
dicated by the number of crosslinks between Swc4 and the N-terminus of Swrl. Swc5 is located
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at the intersection of the two modules as also shown in [228]. Lin et al. deleted different ranges
of the Swrl subunit and identified the lost subunits [221]]. Interestingly, the Arp module subunit
Swc4 crosslinks to Swcé of the Core module indicating that the Arp module might fold back to the
core of SWRI1. Bdf1 likely associates with the Arp module of SWR1 but the crosslinking data is too
sparse for a confident placement of Bdf1. In summary, the performed crosslinking of C. t. SWR1 is a
valuable addition to the previous MS-XL experiments of yeast SWR1 [222] that yielded a much more
sparse dataset. In their case, Yaf9 was only crosslinked to Swc5 and links between both Swc2-Swc3
and Arp6-Swc6 were absent. In the following section, I will use the presented data to validate the
structural findings.

2.3.5 Pulldowns with Chaetomium therompilum to identify additional SWR1
subunits

I performed pulldown mass spectrometry proteomics to identify a C.t. orthologue of Swc7 and to
investigate whether C.t. SWR1 contains any additional, species-specific subunits. Pulldowns of
chromatin factors are especially challenging, as they might not end up in the soluble fraction that
is accessibly for mass spectrometry analysis. In addition, the occupancy of chromatin factors can
be low and cell state dependent. I used the SWR1 subunit Bdfl and recombinant SWR1 as bait
proteins. The latter was produced as elaborated in Section The choice fell on Bdf1 as it was
described in the literature, that the assembly of Bdfl into the SWR1 complex is dependent on the
presence of Swc7 implying a direct interaction of the two [228]]. Also, Swc3 and Swc5 were tested
as bait proteins for the pulldown as both of them are specific to the SWR1 complex. However, the
C-terminus of Swc3 was not accessible for its purification and Swc5 turned out not to be specific for
SWRI1 (see Section[2.3.6). For an initial trial pulldown, I purified SWR1, Bdf1 and eGFP as a negative
control in triplicates from 0.5 g of insect cell pellets using anti-FLAG affinity beads (see procedure in
Figure [2.24p). Subsequently, beads were incubated with lysate from Chaetomium thermophilum and
subjected to extensive washing. SDS eluted samples were submitted to the proteomics core facility
for tandem mass tag labelling (TMT) and subsequent mass spectrometry for quantitative analysis
comparing the different bait proteins directly. In an optimized set-up, I used the to homogeneity
purified bait proteins for immobilization on the beads.

In the initial pulldown experiment using SWR1 as bait, the SWR1 complex pulled down the cano-
nical histones as well as H2A.Z (Figure2.24p). Interestingly, H2A.Z is among the enriched hits while
H2A was detected with lower abundance indicating a higher affinity of SWR1 for H2A.Z compared
to H2A. This finding is in line with previous reports as SWR1 can bind H2A.Z via its Swc2 and Swr1
subunits [233][234]. Of note is, that Bdf1 is present in the SWR1 pulldown, even though it was not
part of the SWR1 bait as it is lost in the used purification strategy (see Section [2.3.3). However,
it is an integral part of the SWR1 complex according to my pulldown result. While the presence
of the canonical histones indicates the detection of nuclear components, most of the enriched hits
represent proteins of the translation machinery. Arp9 and Taf14 were among the enriched hits, even
though they are part of the SWI/SNF and INO80 complexes respectively. In summary, the data does
not allow to conclude if any additional species-specific subunits were found. Interesting hits were
further analyzed whether they have a Swc7-like fold, which also was not the case. To improve the
data quality, I optimized the pulldown protocol by using pre-purified eGFP and SWR1. I purified
SWR1 and eGFP to homogeneity and added purified proteins to the anti-FLAG beads in equimolar
amounts. In these experiments, I was however not able to fully saturate the beads, due to the limited
amounts of purified, recombinant SWR1.
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Figure 2.24: Chaetomium thermophilum pulldowns using SWR1 as bait protein. a Experimen-
tal procedure. Bait proteins were either purified on the fly on the beads prior to incubation with
Chaetomium lysate or recombinantly purified bait proteins were immobilized on the beads. b Vul-
cano plots of SWR1 pulldowns. SWR1 subunits are labeled in red, while histone and other interesting
hits are labeled in orange. Hits that were followed up by comparing their AlphaFold predictions with
Swc7 are labeled with their respective uniprot identifiers. R scripts for generation of Vulcano plots
were kindly provided by Thomas Dahlet. € Optimized SWR1 pulldown showing overall less proteins.
Bdf1 is no longer pulled down efficiently by the remaining SWR1 complex. d Control SDS-PAGEs
showing Chaetomium lysate input and boiled beads of the final samples. Arrow indicate were bait
proteins run. The two thickest bands represent the light and heavy chains of the anti-FLAG anti-
bodies respectively.
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Figure 2.25: Pulldowns using Bdf1 as bait protein. a Vulcano plot of initial Bdf1 pulldown. In the
presented initial pulldown, Bdf1 did not pull down any of the SWR1 subunits. b In the optimized
condition, Bdf1 pulled down Swc2, Swc5 as well as some histone proteins (in orange). ¢ Control SDS-
PAGEs showing Chaetomium lysate input and boiled beads of the final samples. Arrows indicate
were bait proteins run.

Generally less proteins were detected with the optimized setup (Figure [2.24k, d) indicating that the
beads were more saturated when immobilizing SWR1 from lysate. Also, Bdf1 was not among the
enriched hits. Again, I could not identify any additional species-specific subunits nor the Swc7

candiate GOSFIO described in Section[2.3.2]
In case of the intial Bdf1 pulldown, none of the other SWR1 components were detected as hits but
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were even less abundant compared to the eGFP control (Figure2.25h). This indicated a problem in
the relative amounts of Bdf1 protein in comparison to the eGFP control. However, the optimized
conditions using pre-purified Bdf1 improved the analysis (Figure [2.25). Bdf1 pulled down the cano-
nical histones as well as H2A.Z.The H3 and H4 histones are of almost similar abundance compared
to Bdf1 which is in line with previous reports that Bdf1 binds to acetylated H3/H4 [211]. In this
experiment, the SWR1 subunits Swc2 and Swc5 were detected as hits. Of note is that, those two
SWR1 subunits are histone binding proteins: While Swc2 binds the incoming H2A.Z/H2B dimer
[233], Swc5 binds the canonical H2A/H2B dimer which had just been ejected by the SWR1 complex.
This puts them in close contact to the nucleosome where also Bdf1 binds via its two bromo domains.
In summary, my pulldown experiments were not sufficient to identify any species-specific subunits
or the Swc7 candidate. A solution to this could be the usage of more bait protein or to use crosslin-
king conditions to capture weak interactions. Nevertheless, the identified 13 C. t. SWR1 subunits are
sufficient to study the structure and function of the Core and Arp modules. Further, the pulldown
experiments provided no evidence for a Tip60-like super complex in C. t.

2.3.6 Swc5 is a putatively shared subunit between the SWR1 and INO80
complexes

Chaetomium thermophilum pulldowns were used to identify the repertoire of SWR1 subunits in C. .
For this purpose I looked for SWR1-specific subunits that can be used as bait proteins to identify
additional SWR1 subunits especially in its species-specific module. Swc5 was a good candidate as it
is a subunit unique to SWR1 and is located somewhere between the Core and Arp modules of SWRI1.
The experiment was carried out likewise to the pulldowns described in Section [2.3.5]

The quantitative mass spectrometry result (Figurd2.26p) displays proteins that are enriched in com-
parison to the eGFP control. Among these enriched hits, none of the 12 expected SWR1 subunits
were detected. Based on published crosslinking data on SWR1 [222], it was expected that at least
the subunits Swrl, Yaf9 and actin are pulled down. Apparently, these interactions are not strong
enough to enable Swc5 to pull down these expected subunits and the remaining SWR1 subunits
from the cell lysate. Alternatively, the SWR1 subunits might not be present in the soluble part of the
lysate. Instead of the expected SWR1 subunits, Swc5 pulled down a large proportion of the INO80
subunits, namely: Iec3, Taf14, Arp8, Arp5, les4, Ies1, HMG, Ies2, FHA and ZnF. Of note is that the
subunits shared between INO80 and SWR1 — Rvb1, Rvb2, Arp4 and actin — were not detected as
hits as they were of too low abundance and/or not enriched compared to the eGFP negative control.
The presented result, indicates that Swc5 is a shared subunit between SWR1 and INO80. Another
pulldown was performed likewise to the optimized conditions described in Section[2.3.5] This time,
I detected Bdf1 as an interaction partner of Swc5 which is in line with the Bdf1 pulldown as Bdf1 is
vice versa capable of pulling down Swc5. However, no other SWR1 peptides were detected by any
means indicating that I had used less Swc5 bait protein compared to the first approach. Also less
INOB80 subunits are among the hits, yet this time Arp4, Rvb1 and Rvb2 were detected as hits. Overall,
the repetition of the pulldown confirms what I had seen before: Swc5 can interact with INO80. On
the side, I want to point out that Importin and Importin & were detected as enriched hits indicat-
ing that Swc5 and potentially associated chaperons associate with Importin to enable shuttling to
the cell nucleus. This is in accordance with [295] that identified also Ino80 itself to be targeted by
Importin.
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Figure 2.26: Chaetomium thermophilum pulldown with Swc5 as bait protein. a Vulcano plot of
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Arrow indicates where Swc5 runs. d Summary showing which SWR1 and INO80 subunits were
detected.

In order to probe the Swc5 interaction with INO8O0 in vitro, I performed an MST experiment together
with Karine Lapouge from the EMBL protein expression and purification core facility. For this pur-
pose, I fluorescently labeled a subset of lysines of Swc5. Thereby, one can measure protein-protein
interactions and determine the Kp of the underlying interaction. When I titrated increasing concen-
trations of INO80 to Swc5, I started to see a change in fluorescence indicating binding of INO80 and
Swc5 (data not shown). However, due to the low concentrations of recombinant INO80 in compa-
rison to Swc5, I was not able to reach the saturation point which is required for the determination
of the Kp. Instead, I performed crosslinking MS experiments using INO80 and Swc5 to identify the
subunits involved in the interaction. For this purpose, the evolutionary-conserved 11-subunit INO80
complex was used that contains Ino80718-1848 Arp5, Arp8, les2, Arp4, Rvb1l, Rvb2, Ies4, actin, Taf14,
Ies6. Notably, Swc5 migrates similarly as Ies4 and is therefore not visible as a separate band on the
gel, as shown in Figure[2.27a. To optimize crosslinking conditions, I tested different BS3 crosslinker
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concentrations (Figure[2.27p). At 0.25 mM BS3 minor bands of non-crosslinked INO80 subunits were
still observed, while the majority of protein was crosslinked. Consequently, this condition was used
to proceed with the MS anaylsis. To this end, a larger version of the recombinant C. . INO80 complex
was utilized that contains five additional (species-specific: FHA, Ies1, Iec3, ZnF and HMG) subunits
and was kindly provided by the Hopfner lab in Munich.
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Figure 2.27: XL-MS of INO80 and Swc5. a Running behaviour of INO80 subunits and Swc5 on
SDS-PAGE. b Crosslinking test of INO80 and Swc5 at different BS3 concentrations. A truncated
11-subunit INO80 construct was used. Smeared out bands at high molecular weight resemble
crosslinked peptides. BS3 concentration that was used for final crosslinking is marked by a green
square. € SDS-PAGE of full-length INO80, Swc5 and final crosslinked sample at 0.25 mM BS3. d XL-

MS result depicting crosslinks by xiView tool [293]. Crosslinks between Swc5 and INO80 subunits
are colored in black.

The analysis of the mass spectrometry data shows crosslinks between Swc5 and four INO80 sub-
units: the N-terminus of Ino80 itself, Ies2, Ies4 and Rvb2. Interestingly, these subunits belong to
different modules of INO80: While Ies2 and Rvb2 are part of the INO80 Core module, Ies4 is lo-
cated in the INO80 Arp module and the N-terminus of Ino80 is placed in the INO80 species-specific
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module. This places Swc5 at a similar location as in the SWR1 complex. Here, Swc5 is placed be-
tween the Core and the Arp module of SWR1. In more detail, Nguyen et al. [222] detected crosslinks
for yeast SWR1 between Swc5 and Yaf9, actin as well as Swrl close to the HSA helix and the very
C-terminus of the motor domain. I used recombinant C.t. SWR1 in a similar approach in which
I found crosslinks of Swc5 to Rvb1, Rvb2, actin and the C-terminal region of Swr1 (Section .
Nonetheless, the possibility remains that Swc5 artificially pulls down the INO80 subunits from the
lysate. Michaelis and colleagues [296] recently created an in-depth yeast interactome based on high-
affinity purifications and mass spectrometry. Here, they did not detect an interaction of Swc5 with
any of the INO80-specific subunits. Still, the Swc5-INO80 interaction could be species-specific and
is therefore only detected in C.t. However, more generally I might have detected an artefact that
arises from the similar folds of INO80 and SWR1 especially around the shared subunits Rvb1, Rvb2,
Arp4 and actin. Together they form the interface for Swc5 binding in SWR1. As described in [297]]
it is possible that during post-translational folding and complex formation the binding site inter-
face of the Rvb1/Rvb2/Arp4/actin subunits of INO8O0 is not occupied by any of the INO80-specific
subunits. As a consequence binding of Swc5 to INO8O is possible. In accordance, I detected a large
proportion of proteins of the translation and protein folding machinery. In vivo the assembly of the
SWR1 and INO80 complexes is likely more regulated preventing Swc5 from falsely associating with
the SWR1 complex. Regardless, the performed MST measurement implies that the fully assembled
INO80 complex is still capable of binding Swc5 in vitro. To finally answer the open question of the
observed INO80-Swc5 interaction, I suggest to perform size exclusion chromatography on INO80-
Swc5 and test if they co-migrate. Finally, the question remains what the function of Swc5 would be
within the INO80 would be. In context of the SWR1 complex, Swc5 binds to H2A/H2B when it gets
replaced by H2A.Z/H2B [226]. In this manner, it is prevented that the outgoing H2A/H2B dimer
is immediately incorporated back into the nucleosome core particle. Therefore, the kinetics of the
histone exchange reaction is pushed in the direction of the successful incorporation of H2A.Z/H2B.
INO80 was suggested to perform the counter-reaction of SWR1 namely the exchange of H2A.Z/H2B
by the canonical H2A/H2B [[76]]. This has been however a debate in the field [133]][134] also because
no histone chaperons had been described for INO80 which could bind the incoming H2A/H2B dimer
and/or the outgoing H2A.Z/H2B copies. Based on my findings, it is tempting to speculate that Swc5
may play a role as a histone chaperone in complex with INOS80.

2.3.7 Recombinant protein production of yeast SWR1

While I utilized C.t. SWR1 for structural studies in this thesis, I cloned and purified SWR1 from
Saccharomyces cerevisiae to probe the histone exchange by SWR1 on a genome wide scale. I per-
formed most of the cloning myself but got help from Olga Kolesnikova in the last few cloning steps.
Additionally, Olga Kolesnikova continued my efforts of recombinant protein production and op-
timization of purification conditions while I had already started writing my thesis. However, we
discussed closely the results and next steps.

Cloning of yeast SWR1 was performed likewise to C. t. SWR1. [ again distributed the gene expression
cassettes for the subunits on two plasmids (Figure [2.28a) with the core subunits on one plasmid and
Arp module and potentially species-specific module on the other. However, for technical reasons, I
had to put Swc4 that belongs to the Arp module, on plasmid one. Despite the correct DNA sequences
and the presence of all subunits in the Bacmid DNA (Figure [2.28p), the subunits Swc3, Arp6 and
Swc6 were missing from the first purification trials (data not shown). While for Swc3, this could
be explained by a non-specific primer used for the underlying PCRs, it is unclear why the two
others were missing from the purifications. Also, non-stoichiometric bands on Agarose gel not
necessarily corresponded to non-stoichiometry protein expression, highlighting the challenges and
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Figure 2.28: Cloning and recombinant protein expression of S. c. SWR1. a Plasmid overview for
recombinant yeast SWR1 cloning and protein expression. b Agarose gel with analysis of Bacmid
DNA for the two plasmids. PCRs were performed to check for the presence and stoichiometry of
subunits on the Bacmid DNA. For this purpose primer pairs were used that generated PCR products
of about 250 bp for better comparability on the gel. All subunits are present but Rvb2 and Swc3 bands
are less intense indicating that their amounts are non-stoichiometric (marked with an asterisks).
However, Rvb2 was expressed in stoichiometric amounts while the band for Swc3 was a false positive
one. € SDS-PAGE of anti-FLAG affinity purification step. Illustrated are respecitively two elutions
of different washing and elution buffer conditions: 1) 300 mM KCI 2) 150 mM KCI and 3) 150 mM
mM supplemented with NP40 detergent. Identity of subunits is labeled respectively.

difficulties in recombinant protein expression of multi-subunit complexes. After preparing fresh
Bacmid DNA, all subunits were detectable both on SDS-PAGE and in mass spectrometry analysis.
In parallel, Olga Kolesnikova optimized the purification protocol. I observed that the small scale
anti-FLAG purifications done in high-salt buffer (500 mM) looked promising on SDS-PAGE while
the band pattern as well as protein yields turned out worse in large scale purification. For the
large scale purifications I performed the anti-FLAG purification step at lower salt concentrations
(150 mM) likewise to the INO80 purification. This implied that the difference in salt concentrations
explains the different outcomes. Therefore, Olga Kolesnikova tested different washing and elution
protocols for the anti-FLAG purification step to improve the yeast SWR1 elution. She compared
300 mM KCI with 150 mM plus/minus NP40 detergent for better solubility (Figure [2.28c). A larger
extend of unspecific proteins were bound to the beads at the lower salt concentrations compared
to the 300 mM KCI condition, indicating protein aggregation on the beads. Therefore, less protein
could be eluted from the anti-FLAG affinity beads. The large scale purification was continued for the
300 mM KCl sample. As binding of SWR1 to the anion exchange column is salt dependent, the sample
was diluted to 150 mM KCl prior to loading it to the column. Yeast SWR1 however elutes during a
salt gradient at only around 500-600 mM salt. I therefore suggest to abstain from diluting SWR1 to
lower ionic strength, to maintain complex stability. As mentioned before, the sample obtained from
this purification, contains the 14 expected yeast SWR1 subunits as verified by mass spectrometry.
Additionally, all subunits are visible on SDS-PAGE (Figure[2.28) including Bdf1 and Swc7 which are
absent in the C.t. SWR1 purifications. Bdf1 can be also co-purified with the remaining yeast SWR1
subunits in the lower salt condition which resembles the buffers used for C.t. SWR1. Therefore
I conclude that it is not the purification conditions that lead to the loss of Bdf1 in the C.t. SWR1
purifications shown in Section[2.3.3] It is rather the absence of Swc7 in comparison to the yeast SWR1
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complex in accordance to [221]] where it is described that Bdf1 assembles only in the presence of
Swc7. Despite the optimized purification protocol for yeast SWR1, the obtained protein yield and
concentration after ion exchange chromatography remain low (about 0.5 uM). Through the usage of
an AKTA micro, we hoped to obtain higher protein concentrations around at least 1-2 uM. In order
to be able to adjust the buffer conditions in the following activity and genome wide assays, yeast
SWR1 was concentrated using a spin concentrator which I usually tried to avoid with the mega-
Dalton sized SWR1 complex.

In a next step, I suggest to test the biological activity of yeast SWR1 that can be assessed in histone
exchange experiments similar to [235]. In brief, a native gel based assay is used in which SWR1
acts on H2A/H2B containing nucleosomes in presence of ATP. The H2A.Z/H2B substrate is triple
FLAG-tagged allowing to differentiate between H2A and H2A.Z containing nucleosomes based on
the different running behaviour on Native PAGE. Besides the assurance of having biological active
yeast SWR1 at hand, this assay will be of particular use for the assessment of structure-function
studies based on the structural studies of this thesis.

It took four years from cloning to obtaining the recombinant yeast SWR1 complex that contains
all 14 subunits. Therefore, I could not perform the genome wide study in collaboration with the
Korber lab in Munich as planned. To date, it is unclear what drives the specificity of SWR1 for
+1 nucleosomes and whether there are DNA features that guide SWR1 to its substrate. We want
to address these questions by testing the activity of yeast SWR1 on a DNA library that is used
to reconstitute recombinant nucleosomes which are positioned by INO80 prior to adding SWR1.
Using ChIP-Seq in context of anti-H2A.Z antibodies, one can study the specificity of SWR1 for DNA
sequences and/or DNA shape features similar to the studies on INO80 [169][36]. With the help of
INO80, the nucleosome positioning and more importantly the correct positioning of +1 nucleosomes
is ensured, enabling SWRI1 to incorporate H2A.Z/H2B into the +1 nucleosome. We therefore study
at the same time, the interplay of INO80 and SWR1 around transcription start sites.

In summary, I established protein expression and purification of S. c. and C.t. SWR1. This success
is a major advancement towards whole genome reconstitutions to reveal the molecular mechanism
and functional requirements of histone exchange by SWR1.

2.4 Biochemical and structural characterization of the SWR1
Arp module

As previously described, the Arp module of SWR1 is not well characterized especially in respect
of a possible second actin molecule. Truncation experiments on the Swrl subunit however suggest
the presence of a second actin copy in the SWR1 complex located next to the first actin copy [221]].
Likewise, the performed mass photometry of full-length C. t. SWR1 showed the presence of a second
actin molecule (Figure [2.23p). In order to study the Arp module more closely by biochemical and
structural methods, I designed different Arp module constructs. This approach has the advantage
that different nucleotide states of the actin-fold proteins — Arp4 and actin — can be studied separately
of the overall SWR1 complex. This is paramount as SWR1 contains 10-11 ADP/ATP nucleotide
binding sites. In addition, structural data on the Arp module alone will be of use in context of the
full-length SWR1 complex given that the Arp module is presumably flexibly tethered to the core
of the complex. This will prevent high resolution structure determination of the full complex. I
got some help for this part of my PhD project from my master intern Lena Gottschalk, who joined
me in my efforts for four months. She especially helped me with cloning of the constructs, protein
production, mass photometry measurements and initial cryoEM trials.
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2.4.1 Purification and biochemical characterization of the Arp module

The Arp module of SWR1 contains the subunits Arp4, actin and Swc4 which assemble onto the
HSA helix of SWRI1. I identified the amino acid sequence for the HSA helix based on S. c. Swrl. For
biochemical and structural studies, I designed three different constructs that vary in the length of the
Swr1 subunit. One construct — ArptSA minimal _ contained a minimal HSA version that theoretically
should allow the assembly of the full Arp module including a second copy of actin. The second
construct contains the HSA extension and is therefore termed Arp™A L (full-length). The third
construct is complemented by the Swrl domain at the N-terminus of the HSA helix ( ArpN 54 L),
The rational behind the design of multiple constructs was to find a construct that is biochemically
stable for structural studies. In addition, the length of Swrl might influence the affinity for DNA
binding as I expect Swr1 to behave similarly to Ino80 which binds with its HSA helix to DNA [150]].
It was possible to purify the three constructs using the protein purification protocol from C. t. SWR1
(SDS-PAGE for Arp-module!>A L construct in Figure )
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However, the constructs differed in stability: The Arp-moduletS4A minimal construct showed no peak

at the expected size in mass photometry indicating its instability during the dilution process for
the measurement. As it turned out later in the AlphaFold predictions, the chosen "HSA minimal’
is not sufficient to harbor a second actin copy, explaining the inherent instability of the construct.
CryoEM grids produced from the Arp-moduleMNSAFL construct did not look promising compared
to Arp-modulet™A L Lena Gottschalk and I therefore focused on the Arp-module™4 - construct
for cryoEM that lacked the N-terminal region of Swrl.

Analysis of the purified Arp-module!™> - construct on SDS-PAGE showed only one copy of actin
(Figure [2.29b) based on its band intensity. The purification was performed in presence of calcium
chloride which stabilizes ATP. The effect of ATP on the Arp-module™4 L was tested by mass pho-
tometry showing a shift towards a complex with two actin molecules in the presence of ATP (Fi-
gure [2.29). This is in line with data published on INO80 [154][150] where it was shown by X-ray
crystallography and cryoEM that the Arp4 and actin molecule of the INO80-Arp module are ATP
bound. In order to stabilize the second actin molecule, I purified the Arp module in presence of
ATP and LatB. The latter stabilizes ATP, preventing its hydrolysis and ensuring that actin stays ATP
bound throughout the purification procedure [298]]. Despite the usage of LatB, the stoichiometry of
the complex remained the same — no second actin molecule is visible on the respective SDS-PAGE
(Figure [2.29d). In summary, a stabilization of a second actin molecule was observed in presence
of ATP in single molecule analysis. However, this was only a fraction of the sample and a second
actin copy could not be purified together with the remaining Arp module components. I therefore
conclude that the presence of a second actin is possible but is not bound to the Arp module with
high affinity which prevents its purification. Further evidence comes from the crosslinking data
presented in Section Here, at least one of the actin copies interacts with Swc5, Rvb1 as well
as Rvb2 which are absent in the used Arp module construct. Therefore, it seems that a second actin
copy requires the presence of the other Core module subunits. One actin copy dimerizes with Arp4
and binds to the Swrl minimal HSA helix forming a stable complex that remains intact in the ab-
sence of other subunits [225]. I will discuss the presence of two actin molecules again in context of
the full-length SWR1 complex in Section

2.4.2 Structural characterization of the Arp module using cryoEM

Initial cryoEM data

Based on the presented data of the Arp module, the Arp-module™™A L construct was used to deter-

mine its 3D structure by cryoEM. Lena Gottschalk and I prepared cryoEM grids of the recombinantly
purified Swr1%4 FL_Swc4-Arp4-actin complex in the presence of the detergent S-octylglycoside to
prevent preferred orientation on the EM grids and the adherence of particles to the hydrophobic air
water interface [262]. Despite the usage of detergent, only top and bottom views of the Arp module
were observed in 2D classifications (Figure[2.30). As a consequence, we collected another dataset at
a tilt angle of 30° and merged the two datasets for collective data processing. However, the resulting
3D reconstructions still showed preferred orientations. The reconstructed cryoEM density is highly
anisotropic (Figure[2.30p), which hindered accurate model building of the protein structure. Instead,
I predicted a Swr1™54L-Swe4-Arp4-actin model using AlphaFold2 Multimer [273] and fitted the
model by rigid-body fitting into the cryoEM density. (Figure [2.30f, d). In the predicted structure,
the core of the Arp module is formed by the actin-Arp4 dimer that assembles with its barbed end
onto the Swrl HSA helix (residues 395-435) as also shown experimentally in a previously published
crystal structure [225]. C-terminal of the HSA helix resides the Swrl HSA extension helix that I
termed in accordance with Ino80 HSA%! [154]. Furthermore, AlphaFold predicted the interaction of
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Swc4: Two f-sheets at its very N-terminus fold against the interface of the Arp4-actin dimer. From
there, Swc4 folds into a joint consisting of multiple a-helices that pack against the unstructured
N-terminal region of Swrl. The joint causes a kink within Swc4 so that Swc4 overall resembles the
shape of the letter L. The AlphaFold prediction score of the Swc4 C-terminus is of low confidence
(Figure [2.30d) and is therefore not interpreted. Overall, the core of the Arp module including the
N-terminus of Swc4 with its joint domain, fits into the anisotropic 3D reconstruction (Figure [2.30k).
This is apparent besides the preferred orientation.

100 - high accuracy e
90 - backbone of good quality
70 - low confidence

50 - no interpretation possible

Figure 2.30: Initial cryoEM data and AlphaFold models on the SWR1 Arp module. a 2D classes
from CryoSPARC showing only top and bottom views of SWR1. Scale bar on the left equals 70 A.
b 3D reconstruction of the Arp module in two views show anisotropic cryoEM density indicative of
preferred orientation to the air water interface. € AlphaFold prediction of Swr1SATh_Swc4-Arp4-
actin colored by residue and in d colored by prediction confidence score. On the right, PAE plot of
the model. e 3D reconstruction colored based on fitted AlphaFold model.

Yaf9 is an integral part of the SWR1 Arp module

The crosslinking data on SWR1 in Section indicated that Yaf9 is part or at least in close pro-
ximity to the Arp module. In more detail, Yaf9 was crosslinked to the N-terminus of Swr1 and to
Swc4. For further investigation, I included Yaf9 into the AlphaFold prediction of the Arp module
(Figure [2.31). Indeed, AlphaFold predicts Yaf9 to interact with the Arp module: The Yaf9 helix
protruding from its YEATS domain interacts with the helical architecture of the Swc4 C-terminal
region. The N-terminal region of Swrl folds against Swc4 and continues to the YEATS domain.
Overall, the AlphaFold prediction is in agreement with the crosslinking mass spectrometry data.
For further experimental validation, I performed a co-expression of the Arp module with untagged
Yaf9, testing if Yaf9 can be pulled down when using the Arp module as bait protein. In depth, I used
the Arp module construct containing the N-terminus of Swr1 (SwriNTSAFL) Secondly, I generated
viruses from plasmid number two of the full-length C.t. SWRI1 expression as it contains among
Bdf1, Swc3, Swc4 and Swc5, untagged Yaf9 and hence avoided the need for re-cloning. I prepared
baculoviruses from the Arp module and Yaf9 Bacmid DNA and co-infected the insect cells for co-
expression.
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Figure 2.31: Interaction of Yaf9 with the Arp module. a AlphaFold Multimer prediction of the
Swr1NtemtL construct and one copy of actin, Arp4, Swc4 and Yaf9. Middle panel: prediction colored
by confidence score and underlying PAE plot on the right. b Overview of co-expressed subunits
(left) and anti-FLAG purification gel (right). ¢ Stoichiometry of the Arp module-Yaf9 complex by
mass spectrometry.

Subsequently, the Arp module was purified by anti-FLAG affinity purification by the 2x FLAG tag
on the C-terminus of Swrl. If Yaf9 interacts with the Arp module, it should be pulled down along-
side with the other Arp module subunits. The according SDS gel of the FLAG elution is shown in
Figure [2.31p. The Yaf9 subunit co-eluted with the Arp module subunits Swr1-Swc4-Arp4-actin. The
Arp module-Yaf9 complex also stayed intact during subsequent ion exchange chromatography. I
therefore conclude, that Yaf9 is an integral part of the SWR1 Arp module. Following purification, an
analysis by mass spectrometry confirmed the co-elution with Yaf9 in a one to one ratio to the Arp
module subunits. Actin was underrepresented even when calculating with only one copy. As actin
is well-conserved, I included the Hi5 host actin in the stoichiometry analysis. The amount of Hi5
actin was however negligible (Figure[2.31kc). Of note is that Swc5 was not pulled down with the Arp
module even though it is linked to actin based on the performed crosslinking mass spectrometry
analysis (see Section [2.3.4). Presumably, Swc5 interacts only with the second actin copy that is ab-
sent in the used Arp module construct and requires other core subunits like Rvb1/Rvb2 to assemble
to the Arp module.

CryoEM structure of the C. t. SWR1 Arp module

Next, I prepared cryoEM samples of the Arp module-Yaf9 complex. While the Arp module alone
showed preferred orientation (Figure2.32h), the presence of Yaf9 led to a more diverse particle dis-
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tribution (Figure [2.32p). With the presence of Yaf9, also side views of the Arp module were captured.
However, the particle size itself did not differ in comparison to the previous Arp module sample in-
dicating that the Arp module-Yaf9 complex had fallen apart. Accordingly, there were additional 2D
classes present (Figurd2.32f) that resembled the shape of the separate Yaf9 subunit. Of note is, that
Yaf9 has only a molecular weight of 32 kDa, yet CryoSPARC picked it up in the 2D classification.

a b

Arp module

[+

Arp module-Yaf9

side views

SWR1HSA

S
> i-v’""."“

Figure 2.32: Structure of the SWR1 Arp module. a 2D classes of Arp module comprising the HSA
helix, Arp4, actin and Swc4. Particles show only top and bottom views. b 2D classes of the Arp mo-
dule comprising Yaf9 in addition. Now, also side views are visible. € 2D classes and 3D reconstruction
with fitted Yaf9 AlphaFold prediction. d Arp module map colored by resolution. 3D refinement
comprises an overall resolution of 3.8 A. @ Map colored by subunit. f Built models inside the final
map in mesh representation. g ATP fitted in the nucleotide binding site of Arp4 h and actin.

Subsequently, I calculated a low resolution 3D reconstruction from 20000 particles into which the
AlphaFold prediction of Yaf9 fitted. Attempts to increase the number of Yaf9 particles using the
neural network based TOPAZ picker failed. It was therefore not possible to obtain a 3D re-
construction of Yaf9 at higher resolution. In addition, classes with both the Arp module and Yaf9
were not observed. Nonetheless, I continued processing the Arp module as the observed particles
were of good quality. While I pursued the analysis, RELION 5.0 was released which imple-
ments Blush. Blush is a denoising convolutional neural network, that with regularization during
the iterative refinement procedures has been described to work especially well for small particles in
3D classifications and 3D refinements. The Arp module with the ordered heterodimeric Arp4-actin
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core of around 100 kDa can be still considered small. I performed two rounds of 3D classifications
followed by a masked 3D refinement. Blush refinements resulted in better quality compared to a
volume obtained in RELION 4.0 [263]]. However, the blush tool showed a tendency to hallucinate
especially in 3D classification. This means that density parts were connected while the AlphaFold
predictions did not show an interaction at these sites. 3D classes had hence to be carefully selected.
After post-processing, I obtained a map at overall 3.4 A resolution. As the map was fragmented, I
preferred working with the 3D refined model from the step before which was at 3.8 A. Local resolu-
tion mapping within RELION (Figure[2.32}d) revealed a heterogeneous resolution ranging from 4-6 A.
The latter was present especially at the rim of the volume and the bottom view, resulting from a still
present preferred orientation. The quality of the map was nonetheless sufficient for model buil-
ding (Figure[2.32f) which I performed based on the AlphaFold model presented in Figure [2.30c. The
EM map represents the core of the SWR1 Arp module which consists of Arp4, one copy of actin,
the SWR1 HSA helix and the Swc4 joint and 2W hairpin domains (Figure [2.32¢). Arp4 and actin
are clearly ATP bound highlighting again the quality of the obtained 3D volume (Figure [2.32g, h).
In more detail, Arp4 and actin assemble via their barbed ends as a hetero-dimer to the HSA helix
of SWRI1 (residues 724-775) (Figure [2.33p). The Swc4-2W hairpin is anchored onto actin (proline
residue 367 of the actin molecule) through its two tryptophans on the two f-sheets that give rise to
the underlying domain name. The loop connecting the two f-sheets folds alongside the HSA. The
Swc4-2W hairpin domain is connected to the Swc4-joint domain via an extended loop that runs in
parallel to the C-terminal region of the Swr1 HSA helix.

Comparison of the SWR1 and INO80 Arp modules

The Arp module of SWR1 resembles the Arp module of INO80 in regard to its architecture and
subunit composition. For comparison, I used the presented SWR1 Arp module structure as well
as the INO80 cryoEM structure from [150] while there is also a crystal structure available lacking
Ies4 [154]]. Both Arp modules consist of one copy of actin and Arp4 that assemble onto the Swr1
and Ino80 HSA helices respectively (Figure [2.33p,b). In more detail, the Arp4 and actin molecules
harbor an ATP molecule in their nucleotide binding pockets both in the SWR1 and INO80 complexes.
Actin is anchored via tryptophan anchors onto the HSA helices of Swr1 and Ino80 respectively. In
addition, the Swc4 (form SWR1) and les4 (from INO80) subunits both comprise a so called 2W-
hairpin domain [150]. Two conserved tryptophans anchor Swc4 and Ies4 to the nearby proline of
actin (Figure [2.33f) while the 2W-hairpins themselves are not conserved in terms of amino acid
sequence. A more obvious difference between the Arp modules, is their composition: The Arp
module of INO80 is completed by Arp8 that assembles with its barbed end onto the C-terminus of
the Ino80 HSA helix. Furthermore, Arp8 extends through an unstructured loop domain all the way
to the N-terminus of the Ino80 HSA helix where it folds into the so called Arp8 hook [150]]. Instead
of Arp8, SWR1 contains a second copy of actin which I did not capture in the presented structure
and is therefore not further discussed at this point (but in Section [2.5). More differences become
apparent when comparing the Arp module structures in more detail. The HSA helices differ in their
N-terminal region as the Ino80 HSA helix is ten residues and thereby three helical turns longer
(Figure [2.33k, d). The helical architecture is further stabilized by the nearby Arp8-hook which is
absent in SWR1. Remarkably, the two structures differ at the N-terminus of Arp4. In SWR1, it is
resolved from residue 3 onwards, while it was only captured form residue 13 in the INO80 complex
indicating a higher degree of flexibility.
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Figure 2.33: Structural comparison of the SWR1 and INO80 Arp modules. a Structure of SWR1
Arp module. Enlarged view of (1) is shown in d and (2) in e. b Structure of INO80 Arp module (PDB
8A5D). ¢ Amino acid sequence of Ino80 and Swrl HSA helices. Interactions with Arp4 and actin
are indicated. Actins are anchored to the HSA via tryptophan residues. d Comparison of location
of Arp4N-terminus (dark blue). Bottom: Close-up of Swr1 HSA-Arp4 interaction. e Interaction of 2W-
hairpin of Swc4 and Ies4 with actin residue P367. Bottom: Snippet of sequence comparison of Swc4
and Ies4. The two tryptophans are highlighted with arrows. f Domain architecture of Swc4 and
Ies4. g Overlay of SWR1 (dark blue) and INO80 (light blue) Arp modules on HSA helices. Rotation
of INO80 Arp module in relation to SWR1 is indicated by arrows. Altered position of Arp4!N-terminus
is marked with red asterisks.
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Furthermore, the location of the N-terminus itself differs: In INO8O0 it folds onto the Ies4 2W hairpin
close to the two tryptophans, while in SWR1 it extends alongside the N-terminal region of the Swr1
HSA helix (Figure 2.33/d). Two of the interacting residues are Arp4-P12 and Swr1-H398 that stack
on top of each other. In the Ino80-HSA helix such an aromatic residue is lacking at this location and
it is hence the difference in sequence between the HSA helices that results in the altered Arp4-N-
terminus location. In addition, The Arp4-N-terminus within SWR1 gets stabilized by Swc4 features
that are not shared with Ies4. Ies4 as such is a smaller protein in comparison to Swc4 with less
features (Figure[2.33f). Swc4 contains in addition to the shared 2W hairpin, the joint domain present
also in the structure, a tandem helix and a Yaf9-interacting domain. On a global scale, the structural
similarities and differences become apparent when overlaying the two structures on the HSA (Fi-
gure[2.33p) helix. The Arp4-actin dimer of INO8O is shifted anti-clockwise in relation to SWR1. Yet,
it remains unclear what causes this minimal rotation on a molecular level. The longer Ino80-HSA
helix would clash with Swc4 explaining why the Swr1-HSA helix is shorter at its N-terminus.

2.5 cryoEM on the SWR1 core complex
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T
local-refinement

Figure 2.34: Data processing and model building of the SWR1 Core module. a 2D classes of Core
module and Arp module particles with a box size of 360 A. b 3D refined map of the SWR1 Core
module colored by local resolution. The center of the box lays close to the Rvbs as shown on the left.
The Swc6/Arp6 arm is of worse resolution. € 3D refinement after re-centering and local refinement
on Swc6/Arpé6; colored by local resolution which is significantly better compared to b. d Example
map of the Rvb1/Rvb2 hetero-hexamer showing the good quality of the obtained data. € Nucleotide
binding site of Rvb1 occupied by a molecule of ADP. f Arp6 is bound by an ADP molecule that is
coordinated by a magnesium ion (yellow sphere).

The structural studies on the Arp module of SWR1 laid the foundation to determine the apo struc-
ture of the full-length SWR1 complex. For this purpose I prepared cryoEM grids of the recombi-
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nantly purified C.t. SWRI1 at a concentration of 600 nM and in a buffer with high ionic strength
including 500 mM sodium chloride. I collected a dataset of 5000 micrographs which I pre-processed
in RELION 4.0 [263]. 2D classes in CryoSPARC showed two major types of classes (Figure [2.34p).
The majority of classes were projections of the Core module of SWR1. A minor fraction of classes
showed a similartiy with the Arp module yet indicated additional densities which were not
observed for the isolated module. A more in depth analysis of the Arp module classes will follow at
the end of this chapter. Neural network based particle picking by TOPAZ increased the number of
particles [268]. The resulting 900000 particles were 3D classified in three consecutive rounds resul-
ting in a final class of 166166 particles which was refined in RELION 4.0 [263]] to 2.97 A resolution
(Figure [2.34b). The density around the Swc6/Arp6 subunits showed however a lower resolution of
3.7-5 A, most likely due to structural heterogeneity of the Swc6/Arp6 subunits in relation to the
Rvb1/Rvb2 hetero-hexamer. To refine this part of the structure to higher resolution, I re-centered
the Swc6/Arp6 region and performed a new 3D refinement. In addition, I utilized a local refinement
by restarting the 3D refinement at an intermediate iteration and by providing a mask around the
Swc6/Arp6 region. This resulted in a significantly improved map depicted in Figure with an
overall resolution of 3.6 A. In addition, the rim regions of the map that correspond mainly to Swc6,
are more connected which is important for the following model building process. The underlying
focused map contains in addition to the Arp6 and Swc6 subunits, the Swrl anchoring helices and
the OB fold of the close by Rvb2 copy which is of poor resolution in the overall map and was hence
built in the focused map instead (Figure[2.35c). The obtained maps were sufficient for model building
which was performed based on either published C. t. structures or alternatively generated AlphaFold
multimer models [273]. Model building of Swc6/Arp6 as well as the Swrl anchoring helices and a
small part of one Rvb2 copy were first built into the re-centered and locally refined map. The built
models were subsequently fitted into the overall map, to obtain a full structure of the SWR1 Core
module allowing better interpretation and figure presentation. The good quality of the maps is high-
lighted in Figure [2.34d. Furthermore, the Rvb1 and Rvb2 subunits are bound to ADP (Figure [2.34f)
likewise to the Rvb1/Rvb2 hetero-hexamer from INOS8O (this study and [77]][150]]). Arpé6 is bound to
ADP that is coordinated by a magnisium ion (Figure 2.34f) likewise to yeast Arp6 in the yeast SWR1
complex [142].

Structural features of the apo SWR1 complex

Based on the published yeast SWR1-nucleosome structure [142]], I interpreted the obtained cryoEM
map of the SWR1 core and assigned the map to the different subunits. This enabled me to perform
model building based on the Rvb1/Rvb2 AAA* ATPase from the presented INO80-hexasome com-
plex as well as AlphaFold predictions of the respective C. t. subunits. The map of SWR1 comprises
the Rvb1/Rvb2 AAA* ATPase, the Swr1 insert domain, Arp6, Swcé as well as parts of the Swc2 sub-
unit. The Swrl motor domain was not captured due to its flexibility in absence of a nucleosome.
Nonetheless, it was beginning to appear at high counter level. Besides the identified densities, there
was an additional density on top of Swc2 that could not be assigned and is absent from the S.c.
SWRI1 structure from [[142] (Figure [2.35p). Early biochemical studies of S. c. showed an interaction
of Swc2 with the Swc3 subunit [224] that was also captured in the presented SWR1 crosslinking
mass spectrometry experiment (Figure [2.23). I therefore created an AlphaFold Multimer model of
the Swc2/Swe3 dimer (Figure [2.35f) that fitted well into the additional density on top of Swc2 and
that complements the apo structure of the SWR1 Core module.
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Figure 2.35: Core module structure of SWR1. a Map of overall Core module colored by subunit. In
light blue, unassigned density that is further characterized in €. b Re-centered and focused refine-
ment around Swc6/Arp6 dimer colored by subunit. In red Swr1 anchoring helices of the Swr1 insert
domain and in gray OB fold of the close by Rvb2. ¢ Fitting of an AlphaFold prediction identifies
cryoEM density as Swc2 and Swc3. PAE plot of the prediction on the right. d Structure of the apo
SWR1 Core module. e Two views of Swc3 bound to the Swc2 zinc finger (ZF). f Top: Comparison
of Swc2 zinc finger with RING domain zinc finger (PDB: 2CSY). Bottom: Swc2 anchor folds against
p-sheets of Rvb2 OB fold. g Swc2/Swc3 dimer in context of the S.c. SWR1 structure bound to a
mono-nucleosome. Swc2 and Swc3 from this study, remaining structure PDB 6GE] [142]. h Swr1
insert causes displacement of Rvb2 OB fold close to Swc6/Arp6 dimer; indicated by a black arrow.

At the base of the core complex lays the Rvb1/Rvb2 AAA* ATPase that is intersected by the Swrl
insert domain (Figure[2.35d). It is also one of the Swr1 insert helices that causes a displacement of the
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Rvb2 OB fold close to Swcé6. As a consequence, the hetero-hexameric Rvb1/Rvb2 barrel is asymmetric
(Figure[2.35h). The Arp6/Swc6 dimer is located on top of the Rvb1/Rvb2 hetero-hexamer and makes
additional interactions with anchoring helices of the Swr1 insert domain. Swc3 sits on top of the
Swec2 zinc finger domain on the left to the Swc6/Arp6 arm. Besides the zinc finger, a loop region
of Swc2 C-terminal to the zinc finger folds against Swc3 as illustrated in Figure [2.35k. Sequence
alignment shows that the Swc2 zinc finger fold is degenerated and no longer contains the necessary
cysteine or histidine residues to coordinate a zinc ion which is consistent with the absence of a
zinc ion in the obtained cryoEM map. Figure shows a comparison with another zinc finger
protein that contains cysteine and histidine residues to coordinates a zinc ion. The degenerated zinc
finger domain of Swc2 serves as an anchor for Swc3. A short disordered loop connects the Swc2
zinc finger domain to the Swc2 anchoring hairpin that packs in between the OB fold of Rvb1/Rvb2.
(Figure [2.35f). Superimposition of the Swc2/Swc3 dimer onto the published S.c. SWR1 structure
(PDB 6GE]J) [142] places Swc3 away from the mono-nucleosome and the Swrl motor domain. This
is in line with biochemical data that showed that the deletion of Swc3 does not impair nucleosome
binding nor ATPase activity [228]. In addition, the deletion of Swc3 in context of the S.c. SWR1
complex does not result in the depletion of any other SWR1 subunit [224]]. Swc3 is an evolutionary
conserved component of SWR1 and its funciton remains to be identified.

The Arp module is flexibly tethered to the SWR1 Core module

Next, I focused on analyzing the putative Arp module observed in the SWR1 dataset. Initial 2D
classification identified approximately 34000 particles of this module. I therefore performed TOPAZ
training and picking as described previously, which enhanced the number of Arp modules to 183000
(Figure [2.36R). 2D class averages indicated that the particles aligned well on the core of the Arp
module, while the two protruding densities are smeared out. This degree of structural flexibility
prevented me from determining a high resolution map, as it could not be circumvented by further
3D classifications. Trying other picking methods like template based algorithms to center the parti-
cles on a common feature should be therefore tried in the future. Despite the limiting resolution of
the obtained cryoEM density for the Arp module, I could interpret the density based on my struc-
tural study of the isolated Arp module. In addition, I made use of extensive AlphaFold multimer
predictions. Besides the core of the Arp module, I fitted the Arp module foot that is composed of the
N-terminal region of Swr1, the C-terminal helices of Swc4 as well as the Yaf9 subunit (Figure [2.36p).
The AlphaFold prediction of the Arp module core and foot components presented previously in Fi-
gure [2.31 had to be adapted as the angle between the core and foot part was not correctly predicted
by AlphaFold. The junction of the two parts is hence not accurate and can only be improved by
obtaining a cryoEM map at higher resolution. The second arm that protrudes from the Arp module
consists of another copy of actin bound to the a2 helix of the Swr1 HSA domain which is hereafter
refer to as actin® while the actin that dimerizes with Arp4 is actin® (Figure ,c). Looking at the
HSA domain in more detail, it is composed of the two helices @1 and a2 that are connected by a short
loop of 8 residues. Arp4 and actin® together with the Swc4 subunit assemble onto a1 while it is only
actin® that binds to the a2 helix (Figure ) To further map the interaction of actin®, I performed
an additional AlphaFold prediction of just the @2 helix and actin®. Based on these predictions I was
able to assign and locate the actin® molecule in the low-resolution cryoEM map and to derive a more
complete model of the Arp module. Interestingly, this revealed that two actin molecules bind to the
HSA helix with their barbed end and are further anchored through a common tryptophan residue
(Figure [2.36e). Similarly to SWR1, also within the INO80 Arp module, its actin and Arp8 subunits
are anchored by a tryptophan residue at the end of their interaction site (Figure [2.36f).
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Figure 2.36: Structural characterization of the Arp module in context of apo SWR1. a 2D classes
of the Arp module prior and after TOPAZ based particle picking (box size 360 A). b Obtained low
resolution 3D refined map from RELION with fitted AlphaFold models. Models of Arp module foot,
core and HSA a2/actin® were fitted separately. ¢ AlphaFold model of the SWR1 Arp module. Dashed
square indicates close-up view detailed in e. d The SWR1 HSA domain consists of the SWR1 HSA
a1 and a2 helices that are connected by a loop. e Close up of actin® that is anchored by the Swri
tryptophan anchor (residue W468). f Prediction of Swrl HSA a1/actin®/Swc5 does not fit into the
density. g Comparison of Ino80 and Swr1 HSA domains similar to Figure In blue the common
tryptophan residues that anchor actin and Arp8 molecules respectively. Loop connecting HSA a1
and a2 helices in red.

In both complexes, the HSA helix is interrupted in between the actin and Arp8/actin binding sites
by a short loop. The loop within Ino80 is however only 3 residues long while it is comprised of 8
amino acids in Swrl. In addition, the Swrl HSA «1 helix contains one more helical turn follow-
ing the tryptophan anchor. As a consequence, the two binding sites of the two actin molecules are
further away compared to the actin/Arp8 pair in INO80. Therefore, the dimerization of the two
actin copies is prevented in SWR1. In conclusion, all SWR1 subunits could be assigned to a den-
sity of the apo SWR1 structure, except for Swc5. Based on the crosslinking mass spectrometry data
from Section I suggested an interaction of Swc5 with actin® that sits at the HSA a2 helix.
The low resolution cryoEM density around actin® is large enough to harbor another protein com-
ponent. However, an AlphaFold prediciton of Swr154%2, actin® and Swc5 did not fit into the map
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2.5 cryoEM on the SWRI1 core complex

(Figure [2.36f). Nonetheless, AlphaFold did predict an interaction of Swc5 and actin®. Possibly, Swc5
is too flexible to be captured by cryo electron microscopy.
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Figure 2.37: Single molecule mapping of Arp and Core modules. a Histogram of nearest neighbor
pairs of Core and Arp module particles based on their center of mass. Pictogram on the left explains
the method. Center of mass of the two modules is marked with a cross respectively. b 2D classes
obtained through newly determined coordinates based on the single molecule mapping allowing to
illustrate the Core/Arp module complexes. € Schematic illustration of the SWR1 complex with the
Core and Arp module flexibly tethered. Swr1 subunits are colored in red. 2D classes showed an open
conformation of the SWR1 complex while in a closed conformation the Arp module would fold back
onto the Core module as indicated by an arrow.

The separate 2D classes of SWR1 Core and Arp modules, raises the question if the complex has fallen
apart during the cryoEM sample preparation. To investigate this possibility, I collaborated with
Luis Hauptmann, who performed a single molecule mapping analysis of the apo SWR1 dataset. He
mapped nearest neighbors of Core module and Arp module pairs and plotted them in a histogram
(Figure ). The histogram indicates a non-random peak at a particle distance of 173 A. Addi-
tionally, Luis Hauptmann obtained new particle coordinates that lay in between the two modules
allowing me to re-extract the particles with a larger box size. Subsequently, I performed 2D clas-
sifications of the Core/Arp modules (Figure [2.37b). The 2D classes show low resolution densities
which resemble the Core and Are modules. Some of these classes show a connection between the
two modules. AlphaFold predictions of the Swrl protein show that the HSA a2 helix and motor
domains are intersected by an unstructured region of 150 residues. Based on this data, I conclude
that the Arp and Core modules of the SWR1 complex are flexibly tethered, however at a preferred
distance of about 173 A (Figure ,c). Due to the unstructured region of Swrl it is not possible to
map and confirm the 173 A distance. It is however in a similar range compared to the INO80 complex
[281]]. Interestingly, the 2D classes of the Arp/Core SWR1 complex indicate an open conformation.
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Previous negative staining EM studies reported a mixture of open and closed conformations of S. c.
SWR1 [189].

2.6 Towards a SWR1-nucleosome structure

The presented work on the SWR1 Arp and Core modules lays the basis for the structural under-
standing of the histone exchange activity of SWR1 in complex with nucleosomal substrates. Many
questions remained unresolved form the previous structural studies of S. c. SWR1 [142]]. First, this
SWRI1 structure in complex with a nucleosome resolved only the minimal core which lacks the his-
tone chaperone Swc5 and the Swc3 subunits. Additionally, the Arp module and N-terminal modules
are absent from the structure and it remains unclear how these modules are linked to the core of
SWR1. Only a limited amount of SWR1-histone contacts was resolved, thus, it remains unclear how
SWRI1 incorporates H2A.Z/H2B dimers while it removes H2A/H2B and why SWR1 does not translo-
cate nucleoosmes. To tackle these open questions, I used cryoEM to determine a structure of the
thermostable C.t. SWR1-nucleosome complex.
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Figure 2.38: Binding studies of SWR1 to nucleosomes. a Electromobility shift assay (EMSA) at
different molecular ratios. b Mass photometry comparing apo SWR1 with SWR1 bound to 25N80
nucleosomes. Identity of peaks are labeled with pictograms.

Before starting to screen optimal conditions for the grid preparation of the SWR1-nucleosome com-
plex, I biochemically probed the binding of the recombinantly purified C.t. SWR1 to different nu-
cleosomal substrates. First, I tested the binding to ON80 nucleosomes which have been used for the
structural characterization of the INO80-nucleosome complex (Section [2.1) using an electrophoretic
mobility shift assay (EMSA). It allows to probe binding by detecting a shift of SWR1-bound nucleo-
somes in relation to free nucleosomes on Native PAGE (Figure [2.38a). While the EMSA showed nu-
cleosome binding, it was challenging to assess the homogeneity of complex formation as the SWR1-
nucleosome complex was hardly entering the gel. Consequently, I applied mass photometry which
can be used to determine the molecular mass of proteins-nucleic acid complexes in solution. This
method detects the reflection of light at the single molecule level from which their molecular weights
can be derived. Compared to EMSA experiments, [ used 25N80 which comprise extra-nucleosomal
DNA on both sites of the 601 sequence. Previously, it was reported that extra-nucleosomal DNA on
both ends enhances SWR1 binding [221]][223]]. Performing mass photometry, I detected a population
of complexes with a peak at 1279 kDa, which is consistent with a fully assembled SWR1-nucleosome
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2.6 Towards a SWRI1-nucleosome structure

complex (Figure [2.38b). Notably, a range of other, lower-molecular weight peaks indicated the pre-
sence of unbound nucleosomes as well as partially assembled SWR1 complexes. To improve complex
formation, I decided to include H2A.Z/H2B histone dimers from Chaetomium thermophilum in the
reconstitutions of the complex. I speculate that a pre-loading with the dimer is required for efficient
nucleosome binding. In addition, a structure including H2A.Z/H2B enables a better understanding
of the subunits coordinating the histone exchange.
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Figure 2.39: H2A.Z/H2B dimers. a Expression and purification strategy for C.t. H2A.Z and H2B.
b SDS-PAGEs of S column fractions for H2A.Z and H2B. ¢ SDS-PAGE of reconstituted H2A.Z/H2B
dimers. Shown are the size exclusion fractions. d Mass photometry of SWR1-25N80 nucleosomes in
absence and presence of C. t. H2A.Z/H2B dimers. e Sequence alignment of human and C. t. H2A.Z
created with Jalview.

to this end, I established the recombinant expression of C.t. H2A.Z. Histones are generally very
conserved proteins. C.t. H2A.Z could be easily identified by Blast® sequence searches as it shares
72 % of its amino acid sequence with its human counterpart (Figure [2.39%). Nonetheless, I am ex-
pecting that C.t. H2A.Z/H2B dimers have a higher affinity for C.t. SWR1 compared to the human
dimer. I therefore produced the dimer from C.thermophilum. For the protein production of the
H2A.Z/H2B dimers, I used the same protocol as for human histones (schematic illustration in Fi-
gure [2.3%). In brief, I purified the histones from E.coli inclusion bodies using a TFA dialysis and
S column purification. I analysed all fractions from the S column step to identify the purest and
most similar fractions. Of note is, that the gels showed a multitude of bands at similar molecu-
lar weight as the expected histone sizes. Especially, for H2B a second thick band at about 10 kDa
was detected which could be separated by ion exchange chromatography (Figure [2.39p); mass spec-
trometry confirmed that this band is also full-length H2B. Next, I reconstituted H2A.Z/H2B dimers
by unfolding and refolding of the histone pair. Using size exclusion chromatography I was able to
isolate stoichiometric H2A.Z/H2B dimers (Figure [2.39). Finally, I used mass photometry to probe
binding of H2A.Z/H2B to the SWR1-nucleosome complex (Figure [2.39d). Indeed, I observed a new
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population that was of 30 kDa corresponding to H2A.Z/H2B binding. This small shift is close to the
limit of what one can distinguish by mass photometry. To provide further evidence for H2A.Z/H2B
complex formation with SWR1, I analyzed the interaction also by crosslinking mass spectrometry
as shown in Section [2.3.4

Salt comparison
2080 o (4550 [ 003_SWR1 25N80 50mM Kl
Skewness: 0.000 [01 004_SWR1 25N80 200mM KCI

0.045 - )@L
) vZEﬁ
S 854 counts 245%)
2 4 || skewnes
8
< 0.030 4
2
=
£
5] 1120
g o4l

454 counts (10%)
0.015 Skewness: 0.000
f 1368
lsatuur\t (14%}
ssssss
0.000
0 500 1000 1500 2000
Mass [kDa]
50mM KCI 200mM KCI
Dialysis of

ADP-AIF,;

all components

ae el 's[a el

EEOOE
BOOOO0O8 OOoN0oEE

Figure 2.40: Influence of salt concentration on complex integrity. a Mass photometry of SWR1-
25N80 complex in presence of 50 (blue curve) and 200 mM (orange curve) KCl. Only apo SWR1
observed at 200 mM KCIl. b cryoEM samples of SWR1-25N80 at 50 (left) and 200 mM (right) KCL
Samples had been dialysed to respective salt concentration and ADP-AIF,” was added prior to sample
vitrification. Top: micrographs, Bottom: 2D classes labeled to illustrate identity of classes.

Having probed SWR1-nucleosome binding and having the C.t. H2A.Z/H2B dimers at hand, I was
able to prepare cryoEM grids for the structural studies of the SWR1-nucleosome complex. I first
started to prepare grids by using only SWR1 and nucleosomes. MonoQ ion exchange purification
provides micro-molar concentrations of SWR1, yet a high salt buffer including about 500 mM KCL
To enhance binding of SWR1 to nucleosomes, I dialysed the complex to low salt (50 mM KCl). I col-
lected a small cryoEM dataset and analysed the data by generating first 2D averages of the picked
particles. Lowering the salt, was seemingly not sufficient to stabilize the complex, as I observed only
2D classes for either apo SWR1 or nucleosomes (data not shown). In order to stabilize the complex
further, I added ADP-AIF,” which causes a closure of the motor domain around the nucleosomal
DNA (see also in Section . However, the addition of the ATP transition state analogue did not
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2.6 Towards a SWRI1-nucleosome structure

result in an improvement of the sample. More extensive screening was necessary. However, the fresh
preparation of SWR1 for grid preparation as well as the grid screening and data analysis are very
labour intensive. To circumvent going this, I utilized mass photometry as a pre-screening method
to probe the complex stability in different buffers and additives. First, I tested the effect of different
salt concentrations. The mass photometer showed intact SWR1-nucleoesome complexes at 50 mM
potassium chloride, while at 200 mM salt (Figure 2.40p) there was no complex detectable. Seemingly
the presence of too many salt ions disrupts the electrostatic interactions of the nucleosome with
SWR1. At the same time, high salt seems to be harmful for the nucleosomes themselves as I observe
less nucleosome views in cryoEM at high salt concentrations (Figure|2.40p). Comparing the samples
in cryoEM, revealed that the particles at 200 mM salt are well separated, while they start to form
amorphous oligomers at 50 mM salt (Figure [2.40b). Particles being not well separated, prevents the
usage of automated particle picking tools as the software cannot distinguish oligomerized particles
from aggregates. Also, the extracted particle images would contain information of other particles
preventing successful structure determination. It was hence a goal to improve the distribution of
the particles. I therefore tested the complex integrity also at 100 mM and 150 mM to find the cut-off
when the complex becomes destabilized. As the cut-off lays close to 100 mM potassium chloride, I
decided to dialyse the complex in future grid preparations to 75 mM salt where the particle spread-
ing on EM grids should be better while the complex is still intact.

Besides the different salt concentrations, I tested the effect of ADP-AIF;” on the SWR1-nucleosome
complex using again mass photometry. To my surprise, I did not observe any peak for neither Apo
SWR1 nor the SWR1-nucleosome complex indicating that the ADP-AIF," destabilizes SWR1 (data
not shown). As a consequence I prepared the next grids without the ATP transition analogue. In-
stead, l added H2A.Z/H2B dimers that I had produced in the meantime. Now, at 75 mM of potassium
chloride, I still observed particle clusters on cryoEM images (Figure[2.41h) of copper 2/1 grids. How-
ever, the particles were nicely spread on gold grids. Despite the promising looking micrographs of
the gold grid, (Figure [2.41p) no SWR1-nucleosome complexes were observed in the subsequent data
analysis. As there were no nucleosome classes but only free DNA, I changed the sample preparation
once more. Even if the nucleosomes are exposed to high ionic strength conditions, they should re-
assemble when dialysed to low salt. As this seems to have not worked in my case, I instead dialysed
SWR1 bound to H2A.Z/H2B to low salt prior to assembling the SWR1-Z/B-nucleosome complex
(Figure [2.41kc-f). In this condition, the particles were well distributed on copper grids but not on
grids coated with gold. The pre-dialysis had no positive effective on neither higher nucleosome
numbers nor the stability of the SWR1-nucleosome complex (Figure [2.41k,d) in this case. Besides
the presented data, I tested Tween20 as detergent replacing the otherwise used S-octylglycoside and
I froze the sample on copper 2/1 grids with a 2 nm carbon support. The Tween20 grids did not differ
from the ones prepared with S-octylglycoside and the particles were sticking even more together
on the carbon coated grids compared to ones without the carbon support layer.
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Figure 2.41: Screening for SWR1-nucleosome complex. a-f EM images and 2D classes are shown
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In a last trial,  mixed the SWR1-Z/B-nucleosome complex with the toxic ADP-BeFs;” which had also
been used in the Willhoft publication [142] as ATP analogue. In this condition, the particles were still
sticky (Figure[2.41,f) but separated enough to allow for its analysis by cryoEM. In this case, I saw a
positive effect of the pre-dialysis of SWR1 as I observed multiple nucleosome classes indicating that
they are intact throughout the sample preparation. Yet, the supplementation of ADP-BeF;™ had not
the desired effect of stabilizing the SWR1-nucleosome interaction. Therefore, separate 2D classes of
apo SWR1 and nucleosomes were observed. In summary, [ used a combination of mass photometry
and cryoEM screening to identify conditions that stabilize the SWR1-nucleosome complex. Despite
the extensive screening of multiple conditions, I could not stabilize the SWR1-nucleosome complex
for cryoEM analysis. The conditions included low salt buffers which enhance electrostatic interac-
tions or the usage of detergent to prevent association with the air-water interface. The latter was
described to have a degrading effect on proteins through its hydrophobic characteristic [262]. At the
same time, I tested gold and copper grids with and withough extra carbon support which can have
a positive effect on an even particle distribution [299]]. Finally, also the usage of ATP analogues did
not prevent the complex from falling apart under conditions of cryoEM grid preparation.

Possibly, the used nucleosome with its non-native and generic 601 sequence and flanking DNA,
might just not be a substrate good enough for SWR1 binding leading to its destabilization on
cryoEM grids. Instead, I speculate that SWR1 has a preference for certain DNA sequences which
guides SWR1 in vivo to +1 nucleosomes as well as to histone acetylation. Collectively, these factors
may contribute to its substrate specificity. Preferred DNA sequences of SWR1 can be identified by
genome wide studies. I therefore established a collaboration with the Korber lab to perform genome
wide studies with yeast SWR1 for the identification of promoter DNA sequences that SWR1 prefer-
ably targets.

Complementary, I propose to test a nucleosome variant that harbors a single base mutation close to
the binding site of the SWR1 motor domain at SHL+2. This mutant was used for structural studies
of the Chd1 chromatin remodeler that binds the nucleosome at the same location as SWR1 [300].
Nucleosome reconstitutions of the mutant were already tested but unsuccessful to date. In addi-
tion, one can test acetylated nucleosomes that enhance binding of the Bdf1 and Yaf9 components of
SWR1 [211]][209]. Finally, the cryoEM screening that I performed in the context of this thesis for the
SWR1-nucleosome complex will be a good starting point for future studies tackling this challenging
task.

101






3 Discussion

3.1 Hexasomes as another layer of genome regulation

I presented the structure of C.t. INO80 bound to a hexasome that lacks the proximal copy of the
H2A/H2B dimer in relation to linker DNA (see Section [2.2). The absence of the proximal H2A leads
to a restructuring of the nearby copies of H3 and H4 resulting in a f-a switch of the C-terminal H4’
tail while leaving the H3’aN helix unstructured. On top of that, the H3-H4 interface gets exposed
which creates a novel binding platform and is specifically recognized by INO80 via multiple contact
sites. Unwrapping of 40 bp of DNA from the hexasomal histone core results in a spin-rotated bin-
ding mode of INO80. Due to spin-rotation, INO80 binds SHL-3 in context of hexasomes. Thereby,
INO80 has a dual binding model: the motor lobes sit at SHL-6 on nucleosomes wheras they recognize
SHL-3 in the context of hexasomes. Spin-rotation of INO80 by 145° enables INO80 to adapt to the
changed histone surface. As a consequence, the Arp5-foot helix binds to the exposed H4a2 helix.
On nucleosomes, on the contrary, the Arp5-foot binds the acidic patch of the proximal H2A/H2B on
nucleosomes. As a consequence, hexasome remodeling becomes independent on the acidic patch as
I showed by INO8O sliding assays (Section [2.2.8). Mutation of the Arp5-foot leads to an increased
sliding activity showing that the Arp5-foot has a dual function: While it is essential for success-
ful nucleosome sliding, it has a regulatory function in the context of hexasomes. Lastly, I showed
that the nucleosome is the preferred substrate of INO80 when an equal amount of 60 or 80 bp of
extra-nucleosmoal DNA is available (in results Section . However, if the amount of extra-
nucleosomal DNA is limited to about 20 bp, a hexasome becomes the preferred substrate compared
to nucleosomes. The reason lays in the unwrapping of an additional 40 bp of DNA upon hexasome
formation. This scenario occurs for example in yeast gene bodies where nucleosomes are tightly
packed and spaced by 18 bp of linker DNA [283]. However, many chromatin factors including INO80
require longer stretches of linker DNA [[192][194] for their respective activities on chromatin (Fi-
gure[3.1p). In this regard, INO80 remodeles nucleosomes if at least 60 bp of linker DNA are available
[194]. Hexasomes can be generated through ATP-dependent nucleosome remodeling [[69] [55][301]]
or through active gene transcription by RNA Polymerase II [58]][55][62]. RNA Pol II removes in
context of transcription elongation the distal copy of H2A/H2B in relation to the nucleosome free
region around gene promoters [63]. Here, I describe an example where the +1 nucleosome becomes
a hexasome. I refer to the promoter region as nucleosome-free region (NFR) while the DNA in be-
tween the +1 and +2 nucleosome is the linker. Formation of a hexasome leads to the unwrapping
of about 40 bp of DNA increasing the linker to 64 bp in between the newly generated hexasome and
the +2 nucleosome (Figure 3.1a). Now, INO80 can bind and remodel the formed hexasome. INO8O0 is
tethered through its Arp module to the linker DNA, while the INO80 core complex recognizes the
hexasome (Figure[3.1p). The linker DNA represents the entry DNA which gets pulled into the hexa-
some in 1 bp steps per ATP hydrolysis [70]. Thereby the hexasome is slid towards the +2 nucleosome.
Overall, this scenario is consistent with RNA Polymerase II removing the distal H2A/H2B copy from
nucleosomes (Figure [3.1). Looking again at the +1 and +2 nucleosomes downstream of promoter
DNA, this means that the distal H2A/H2B copy is removed in relation to the NFR. INO80 recognizes
the +1 hexasome as the proximal H2A/H2B is missing in relation to the linker DNA that separates
the +1 hexasome and +2 nucleosome (Figure [3.1). Why the hexasomes need to be slid by INO80 re-
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mains to be investigated. However, it was shown that hexasomes exist in vivo thereby contributing
to the genome-wide nucleosome pool making them a target for energy-driven remodeling.
Of note is, that hexasome formation with its underlying DNA unwrapping and H3/H4 exposure
change the chromatin landscape. Spin-rotation alters the orientation of histone modifications and
thereby how they are read. In this manner, hexasomes represent another layer of gene regulation.
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Figure 3.1: Hexasome remodeling in context of gene transcription a Two nucleosomes are sep-
arated by app. 18 bp within yeast gene bodies. As 18 bp of extra-nucleosomal DNA are not enough
for INO80 to bind, INO80 is not active on these sites. Upon formation of a hexasome through tran-
scription or other remodeling reactions, 64 bp become available for INO80 to bind and remodel the
hexasome. Min Zhanag generated di-nucleosome models by combining two copies of PDB 70HC
separated by a 18 bp linker. Hexasome-nucleosome dimer was prepared from 70HC and 8AV6. In-
teraction sites of Arp5-foot and Ino80 motor lobes are labeled by cyan and red dots respectively.
b INO80 bound to a hexasome and merged with the published 8AV6 INO80 nucleosome structure.
The unwrapped DNA is bound by the INO80 Arp module (light blue) which connects through the
post-HSA (red dotted line) to the INO80 core complex. The hexasome gets translocated towards the
nucleosome as the linker DNA gets pulled into the hexasome by the ATPase. ¢ Illustration of nucleo-
somal array downstream of promoter DNA. RNA polymerase II removes the distal H2A/H2B copy
in relation to nucleosome free region. This is consistent with INO80 binding to the +1 nucleosome
as shown in b and translocation of the hexasome towards the +2 nucleosome.

3.2 Hexasomes as a possible intermediate of the INO80 sliding
mechanism

The presented structural findings are supported by another study of the Narlikar and Cheng labs
(Hsieh et al.) [67] which was published back to back with the here presented results [281]]. The
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3.2 Hexasomes as a possible intermediate of the INO80 sliding mechanism

Narlikar lab used endogenously purified INO80 from Saccharomyces cerevisiae and reconstituted
likewise to our study 0H80-INO80 complexes for cryoEM studies. They observed three major classes
which mainly differ in the positioning of the INO80 motor domain on the hexasomal DNA: SHL-2,
SHL-2.5 and SHL-3. While I only observed binding to SHL-3, the main class of INO80 in Hiseh et
al. [67] is bound to SHL-2. Notably, SHL-2 is a binding hub for ATP-dependent chromatin remodelers
including CHD [72][302][303], ISW1 [107][304] [106], RSC [122][305][306], Snf2 ATPase [307] and
SWR1 [142] which is structurally related to INO80. The same lab described that hexasomes are the
preferred substrates of INO80 [67] when comparing sliding activity of S.c. INO80 on nucleosomal
and hexasomal substrates. However, in my hands nucleosomes are the preferred substrates of C. t.
and S. c. INO80 when comparing nucleosomes and hexasomes with the same amount of linker DNA
and in competition assays. This difference can possibly occur as the Narlikar lab was working with
endogenously purified material while I was using recombinantly purified INO80. On top of that,
I compared nucleosomes and hexasomes with the same linker lengths taking into account the 40 bp
of DNA unwrapping in context of the hexasome. Therefore, I could exclude the possibility, that it is
rather the linker length driving an increase in sliding activity than the composition of the histone
core. Nonetheless, the combined studies of the Narlikar lab and our lab issue the possibility that
hexasomes are an intermediate of the INO80 sliding reaction [67]. This would mean that INO80
starts DNA translocation on a nucleosome to remodel the nucleosome into a hexasome. Subse-
quently, INO80 spin-rotates to bind the formed hexasome at SHL-2/-3 and starts hexasome sliding
which is more efficient due to the reduced amount of DNA-histone contacts compared to a nucleo-
some. This hypothesis is supported by FRET studies showing an initial, ATP-dependent pause step
[194] which is presumably equal to INO80 spin rotation to the freshly formed hexasomal substrate
consuming thereby ATP. At the same time, Hsieh et al. [67] detect an increasing amount of DNA
unwrapping at the entry site in the transition from SHL-3 to SHL-2 binding. A similar detachment of
the entry DNA off the histone core is observed by FRET studies [76] indicating that the unwrapping
of DNA is required for successful nucleosome remodeling. One fact contradicting the hypothesis of
a hexasome intermediate is shown in the Hsieh paper [67] itself: the usage of a dimer dislodgement
mutant, retained INO80 activity. Overall, the exact sliding mechanism of INO80 remains elusive and
requires further investigation. For this purpose, the reaction of INO80 needs to be followed over a
multitude of ATP hydrolysis steps. Studies in the presence of different ATP analogues (as compared
in Section[2.2.4) is not sufficient as INO80 functions in larger step sizes, accumulating about 10 single
base pair translocation steps before a net DNA translocation around the histone core occurs [76]. In
its first DNA translocation steps, INO80 moves 10 bp around the nucleosomal histone core towards
the Arp5 grip, while the INO80 motor sits close to the DNA entry site at SHL-6. Thereby, the inter-
face close to the proximal H2A/H2B is loosened up, suggesting that a dislodgement of H2A/H2B is
in principle possible [77]. The Arp5 grip prevents a net DNA translocation at this point, building
up a DNA strain which leads to DNA underwinding and possibly DNA loop formation in between
the anchored INO80 motor domain and the Arp5 grip (also suggested in [[77]). Backtracking is pre-
vented in this scenario by the upstream sitting Arp module which senses the entry DNA. In order
to shed light on the remodeling mechanism of INO80, I propose to trap the suggested loop interme-
diate in a roadblock study by crosslinking the DNA close to the Arp5 grip to the histone core. By
that, the loop intermediate is accumulated as the DNA propagation through the crosslinked histone
core is not possible. I started to develop a crosslinking and sample preparation strategy in my PhD
work. In brief, I suggest to crosslink a histone cysteine mutant to an NHS ester modified nucleotide
using a bis-maleimide crosslinker. In more detail, H3 residue D82 and H4 residue T81 are close to
the Arp5 grip and the DNA and can be mutated to a cysteine as they do not directly contribute to
DNA binding. I planned to have the NHS ester at 601 position 98 (24 bp downstream of dyad) as this
residue is close enough to the introduced H3 and H4 cysteines. In a pilot experiment, bis-maleimide
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crosslinkers of different lenghts (BMOE (bis-maleimidoethane) 8 A crosslinking length, BMB (bis-
maleimidobutane) 10.9 A, BMH (bis-maleimidohexane) 13 A) (according to Thermofisher) can be
tested in combination with H3-D82C or H4-T81C containing nucleosomes. Unspecific crosslinking
can be further prevented by mutating the only inherently present cysteine residue in H3 (C111) to
an alanine.
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Figure 3.2: a Proposed mechanism for INO80 nucleosome sliding. INO80 translocates DNA to-
wards the Arp5 grip which blocks a net DNA translocation. The accumulated DNA torsion results in
hexasome formation. INO80 then spin-rotates to bind the formed hexasome at SHL-3 and slide the
DNA along the hexasomal histone core. Lastly, the second H2A/H2B copy is reintroduced. b Road-
block study. The histone core is crosslinked to the DNA close to the Arp5 grip (upper part, dotted
square). INO80 translocates about 10 bp towards the crosslink while the Arp module prevents back-
slippage of the formed DNA loop. Crosslinking strategy on the bottom shows that a thiol modified
base close to the Arp5 grip is crosslinked via a bismaleimide crosslinker to either H4-T81C or H3-
D82C.

In the final setup one of the two histone mutants is used with the identified optimal crosslinking
reagents. The reaction is initiated with ATP and cryoEM grids are prepared after a small waiting
time facilitating the formation of the INO80-nucleosome loop complex. Modern data processing
software can be applied to determine structures of different reaction states. With this setup, a pos-
sible hexasome intermediate can be captured and imaged by cryo electron microscopy.
Complementary, I suggest using FRET studies labelling the proximal H2A/H2B copy and the DNA
in between the Ino80 motor and the Arp5 grip. In addition, a simplified time-resolved cryoEM
procedure can be used where one mixes the INO80-nucleosome complex with ATP and a non-
hydrolysable ATP analogue. Thereby, the reaction gets statistically trapped whenever a copy of the
non-hydrolysable ATP is bound to INO80. Overall, the introduced procedures are expected to answer
how the INO80 motor domain and its accessory subunits are concerted to accomplish nucleosome
sliding. Finally, one can achieve an understanding what drives the remodelers’ substrate specificity
and what determines the reaction outcome. The latter point is of special interest considering the
similar architecture of the INO80 and SWR1 remodelers that yet catalyse distinct reactions.
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3.3 Hexasomes are a substrate of other multi-subunit
chromatin remodelers

In light of the dual substrate specificity of INO80, I asked whether other multi-subunit chromatin
remodelers, are capable of acting on hexasomal substrates. Modeling of SWI/SNF and RSC onto a
hexasome [306][121]] suggests that these remodelers could also undergo a 145° spin-rotation likewise
to INO8O (presented in Section[2.2.7). This places the Sfh1 finger helix of RSC and the Snf5 subunit of
SWI/SNF onto the exposed H3/H4. Thereby they recognize the H3ar1L1 elbow — a feature that is also
recognized by the foot helix of the INO80 subunit Arp5. Interestingly, the spin-rotated movemenet
of RSC and SWI/SNF places their motor domains onto SHL-6 suggesting that these multi-subunit
remodelers also have a dual binding mode on nucleosome-like particles. In addition, the unwrapped
DNA is bound by the accessory subunits of RSC and SWI/SNF. In summary, the binding modes to
hexasomes are analogous among the different multi-subunit chromatin remodelers. Evidence for
hexasome binding by RSC was found recently as it was shown that RSC dislodges H2A-H2B dimers
in context of histone acetylation [69]. A similar mode of action is possible for INO80 as illustrated
in the previous paragraph. A H2A/H2B ejection seems plausible as INO80 pumps DNA along the
H2A/H2B interface in context of nucleosomes. However, this hypothesis needs further investigation
by a combination of in vitro structural characterisation as well as studies in context of transcription,
other remodelers and histone chaperones which are likely required for hexasome generation and
re-installation of the nucleosome landscape.
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Figure 3.3: Hexasomes in context of other chromatin remodelers. a Model of SWI/SNF (PDB
6UXW) on a hexasome. SWI/SNF can accommodate a hexasome if undergoing a 145° rotation like-
wise to INO80-hexasome binding. This places the Snf5 subunit close to the exposed H3/H4 interface.
b Similar representation for the RSC complex (based on PDB 6TDA). Here the predicted Sth1 finger
would interact with the exposed H3/H4. In both cases the scaffolding subuntis (in gray) contact the
extra-nucleosomal DNA at the DNA exit site. ¢ Hexasome model of SWR1 based on PDB 6GE]. The
proximal H2A/H2B is replaced in relation to the motor (marked by yellow sphere underneath the
histone core). The Swc6 subunit is close by. The outgoing H2A/H2B is bound by Swc5 while the
incoming H2A.Z/H2B is delivered by the Swr1-Z and Swc2-Z domains.

Finally, the question remains if SWR1 binds and acts on hexasomes. In regard to the stepwise histone
exchange reaction of SWR1 [235], I rather suggest that hexasomes present short-lived intermediates
of the underlying reaction. In more detail, the SWR1 complex anchors the nucleosomal substrate at
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a fixed position through at least three components as captured in the S. c. SWR1 structure [142]]: the
Swr1 motor lobes, Swc6/Arp6, and the Swc2 subunit that interacts with the acidic patch of the distal
H2A/H2B. Potentially the Arp module with its Yaf9 component represents a fourth anchor point.
The motor domain destabilizes histone-DNA contacts as shown for example by single molecule
studies [229] leading to the dislodgement of the motor proximal H2A/H2B copy [142][214]]. This is
the moment where a hexasome might exist. I propose that SWR1 does not undergo a spin-rotation
for its binding to the hexasome but rather stays bound to SHL-2 — fixed at the nucleosome through
the described interactions points. The dislodged H2A/H2B copy stays bound to the nucleosome for
about 10 s [229] through its Swc5 interaction [226]. Next, the H2A.Z/H2B dimer gets delivered to
the previous H2A/H2B binding site by the Swc2-Z and Swr1-Z domains [233]][234]]. The Swc2-Z and
Swr1-Z are located at unstructured regions at the N-terminus of Swc2 and in between the HSA and
motor domain of Swrl. Interestingly, they are potentially closer to the distal instead of the proximal
H2A/H2B copy. Therefore, it remains unclear how Swc2 and Swrl deliver the H2A.Z/H2B copy.
For this purpose, I suggest to solve a cryoEM structure of SWR1 bound to a hexasome and in the
presence of H2A.Z/H2B dimers. In order to verify a SWR1 created hexasome intermediate, dedicated
FRET studies could be performed.

3.4 New perspectives on the SWR1 architecture

Combining previous and the presented structural studies with known biochemical data, provides a
new perspective on the SWR1 complex summarized in Figure3.4f The Core module and its binding
mode was already well described in [142], however lacking the Swc3 core subunit. Swc3 is anchored
to the Core module by the degenerated Swc2 zinc finger positioning the Swc3/Swc2 arm close to
Arp6 (as presented in Section [2.5). Thereby, Swc3 is positioned away from the nucleosome which
is in line with biochemcial data showing that Swc3 does not contribute to nucleosme binding [228]].
The function of Swc3 in yeast and fungi remains however unclear. A human homologue of Swc3 in
the SRCAP complex is not characterized indicating that Swc3 is dispensable and was hence lost in
the evolutionary advancement of the SWR1 complex. The Arp module of SWR1 is flexibly tethered
to the Core module through the Swr1 linker region that connects the Swrl motor domain with its
HSA helix. The length of the Swr1 linker varies among different species. Further, I showed by single
molecule analysis that the mean distance of the Core and Arp modules is 173 A which was calculated
based on the center of mass of the two modules. The Arp module displays the shape of the letter U:
Its subunits assemble onto the Swr1 HSA helix which is split in C. t. into the helices a1 and «2. The
core of the Arp module is composed of the HSA a1 helix, Arp4, actin® and the Swc4 2W hairpin
domain. In line with [221], I identified a second actin molecule within the Arp module (actin®).
However, actin® does not dimerize with its neighboring actin molecule as one would assume when
comparing the SWR1 Arp module to the INO80 Arp module. In more detail, the two actin binding
sites on the Swr1l HSA helix are too far apart thus preventing dimerization. The two HSA helical
parts that also separate the two actin molecules, are connected by a linker that causes a kink. Yet,
the two HSA helices might be straightened upon DNA binding which would however still not lead
to the dimerization of the actins. Furthermore, crosslinking mass spectrometry data places the Swc5
histone chaperone between the actin® on HSA @2 and the Rvb1/Rvb2 hetero-hexamer. AlphaFold
predicts Swc5 to be mostly disordered. Swc5 functions as a histone chaperone for the replaced
H2A/H2B dimer [308]][309] and its localization on the Rvb1/Rvb2 is therefore plausible. Further, my
integrated structural biology study could identify Yaf9 as an integral component of the Arp module.
The joint formed by Swc4 is located adjacent to Arp4 and introduces a 90° kink into the Arp module.
Thereby the Arp module foot formed by Yaf9, the Swc4 C-terminus and the Swr1l N-terminal region,
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can fold backwards towards the Core module of SWR1. In context of nucleosome binding, the 90°
kink of the Arp module could enable its binding to the histone core. In more detail, Yaf9 would be
placed on top of H3/H4 which is in agreement with its recorded binding of acetylated histone tails of
H3K27ac and H4K9ac [209][210]. In addition, Bdf1 recognizes other acetylated histone tails however
in this case through its two bromo domains [211]]. Yet, Bdf1 was absent in the purified C.t. SWR1
complex due to the missing Swc7 homologue. Nonetheless, biochemical data places Bdf1 at
the very N-terminus of SWR1 which would be presumably close to Yaf9 and hence also close to the
nucleosome. Future studies may include different patterns of histone acetylations to capture SWR1
in different nucleosome bound states.
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Figure 3.4: SWR1 architecture based on this thesis. a Left: Scheme of SWR1 architecture based
on its arrangement into the Arp and Core module. Right: Same architecture but with structures from
this thesis. b Model of the Arp module binding to a nucleosome. The 90° kink in the Arp module
allows Yaf9 to fold back onto the nucleosome and interact with H3K27ac and H4K9ac.

3.5 SRCAP and SWR1 share a common Arp module architecture

While writing my PhD thesis, Yu et al. published a cryoEM structure of SRCAP in complex with
a mono-nucleosome which is the human homologue of the yeast and C. t. SWR1 complexes. Unlike
yeast, no homologues for Bdf1, Swc3 and Swc5 were present in the used human SRCAP construct;
partly because they could not be identified. While Bdf1 and Swc3 were shown to be not essential
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for ATPase and histone exchange activity in yeast, Swc5 is required with its function as histone
chaperon for successful H2A.Z incorporation [221]]. In accordance, no histone exchange activity was
observed for the recombinantly purified SRCAP complex [143]. Therefore, the structures obtained
need to be considered to be a non-active state of the SRCAP complex. In addition, the authors utilized
crosslinking to stabilize the complex for cryoEM studies which can cause unnatural protein-protein
and protein-DNA interactions. Nonetheless, their structural findings are of interest to the field and
I will use them to compare my results on C.t. SWR1 and its Arp module. Besides the core-subunits
of SRCAP, the authors captured the Arp module consisting of a long HSA helix, two copies of actin
as well as DMAP1 (Swc4) and ACTL6A (Arp4). In addition, they observed a low-resolution density
at the tip of the pre-HSA helix that they interpret as YEATS4 which resembles Yaf9 in yeast.

a Human SRCAP-nucleosome complex b C.t. SWR1 Arp module

Rvb1/Rvb2 hetero—hxamer

Figure 3.5: Comparison of human SRCAP and C. t. SWR1 Arp module. a SRCAP structure bound
to a mono-nucleosome based on PDB 8X19 [143]. On the right, close up on the Arp module. Structure
is turned by 180°. HSA helix, labeled by dashed black line, is bend. b Similar view of C. t. Arp module.
Homologue subunits are colored likewise to human SRCAP. HSA shows a kink of 90°.

Looking at the architecture of the human Arp module, the long HSA helix protrudes from the motor
lobes and binds about 80 A apart from the motor actin® that does not interact with any other of the
SRCAP subunits. The rest of the Arp module assembles as a quadruple complex onto the HSA helix
— from the C to the N-terminus — actin®, ACTL6A and DMAP1. In more detail, actin® and ACTL6A
form a dimer in between which the DMAP1 subunit is anchored. DMAP1 continues to interact with
SRCAP N-terminal to the HSA helix. Overall, the architecture of the human Arp module resembles
the structural findings of C. t. SWR1 presented in this thesis (Section[2.5) (comparison in Figure[3.5).
Especially the core of the Arp module around Arp4, actin, Swc4 and the HSA resemble each other.
However, the HSA helix of human SRCAP is continuous but slightly bent while the C.t. HSA is
segmented by a short loop region into the HSA helices a1 and a2. Nevertheless, the kink at the HSA
linker residues could form a continuous helix in the presence of DNA likewise to the SRCAP struc-
ture. The presence of a second copy of actin (actin®) in the SRCAP structure is in agreement with
my structural characterization of the C. t. Arp module from Section The SDS-PAGE analysis of
the recombinant SRCAP purification indicates one copy of actin similarly to my C. t. SWR1 purifi-
cations. Conclusively, either the intensity of actin is misleading on SDS-PAGE or a sub-fraction of
SWR1/SRCAP complexes exist with only one copy of actin.
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The actin® is anchored by a seemingly conserved tryptophan residue likewise to the C. t. structure,
while the tryptophan anchor of actin® is located at an altered position laying more towards the N-
terminus of the HSA. Furthermore, the DMAP1 (Swc4) subunit facilitates a similar kink of the Arp
module’s foot part. This places YEATS4 on top of the H3/H4 interface where it is ready to interact
with acetylated histone residues as I suggested in Figure While the densities for Yaf9 are of
low resolution in both the SRCAP and SWR1 structures, I could confirm by co-purification of the
Yaf9-Arp module complex that Yaf9 is an integral part of the underlying module (see Section [2.4.2).
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Figure 3.6: Molecular switch of SWR1 Arp module from closed to open conformation. SRCAP
structure on the left is in closed conformation with the Arp module placed on nucleosomal DNA.
Yaf9 folds back on top of the nucleosome to interact with acetylated H3/H4 histone tails. SWR1 can
presumably switch similar to the RSC complex into an open conformation in which the Arp module
is turned by about 120° around the pivot point. The latter sits at the C-terminal tip of the HSA helix.
As a consequence, the Arp module can bind to the close by linker DNA. Proximal and distal faces
of the nucleosome are labeled in relation to linker DNA. The presented structures are based on PDB
8X19.

On a global scope, the Arp module in human SRCAP extends from the motor lobes that sit at SHL +2
and folds alongside the nucleosomal DNA. The Arp module folds against the proximal gyre of DNA
in relation to the motor lobes. Thereby, the Arp module is placed close to the Rvb1/2 hetero-hexamer
and the Arp6/ZNHIT1 (Swc6 homolog) dimer. The pre-HSA-DMAP1-YEATS4 subunits extend from
the proximal gyre of DNA up to the distal one placing YEATS4 at the distal histone core facilitating
its interaction with acetylated histone tails [212]. Furthermore, the authors present structures in
three distinct nucleotide states of the motor domain: apo-SRCAP, ADP-BeFy and ADP bound. The
location of the Arp module on the nucleosome remains the same while the Rvb1/2 hetero-hexamer
and the Swc6/Arp6 homologue undergo conformational changes that presumably facilitate histone
exchange. Accordingly the authors suggest, that the Arp module promotes through its anchoring
role that the ATP hydrolysis is translated into H2A/H2B destabilisation and overall histone exchange.
Further, the Swc6 homologue ZNHIT1 was identified as key component for histone exchange as it
contacts the proximal H2A that will be replaced by H2A.Z. The Arp module is in close proximity. A
similar location is possible in C.t. SWR1 as I observe crosslinks between Swcé and the Arp module
subunit Swc4. On top of that, crosslinking data presented in this thesis, showed interactions be-
tween actin and Rvb2 as well as of Swc5 contacting actin and Rvb1. Interestingly, this would place
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Swc5 close to the proximal face of the nucleosome where the H2A/H2B dimer is removed and taken
over by Swc5 [309][308]. Recent structural data resolved Swc5 however on the opposite site of the
nucleosome which would be distal to the Swrl motor and proximal to linker DNA resembling for
example promoter DNA [227]]. Of interest is, that the authors showed that an interaction of Swc5
with the acidic patch on H2A/H2B is essential for S. c. SWR1 to perform its histone exchange activi-
ty. However, they present a structure of solely Swc5 and only a structure of the full SWR1 complex
including Swc5 will help to understand the mechanism of histone exchange.

Looking at the position of the Arp module in SRCAP, it becomes apparent that the complex was
captured in a closed conformation. This places the Arp module at an unusual position as it is not
interacting with linker DNA but the nucleosomal DNA. In contrast, INO80 was captured in an open
conformation [150]. Here, the Arp module consists of an HSA helix, Arp4, one copy of actin, Arp8
and Ies4 which is comparable to SWR1/SRCAP as discussed in Section [2.4.2] Yet, these subunits are
placed upstream of the Ino80 motor domain onto the entry DNA which resembles linker DNA for
example at gene promoter sites. As a consequence, INO80 can read out DNA shape features of the
linker DNA, function as a ruler for nucleosome spacing and couple ATP hydrolysis to nucleosome
sliding [167][192]. Also in case of SWR1, interactions with linker DNA are reported by biochemical
studies and even more so, linker length next to the nucleosomal DNA stimulates SWR1 activity
[221][223] and is scanned by Swc2 [213]. Yet, linker DNA interactions of SRCAP are absent and
the presented structure therefore fails to provide a molecular basis for the biochemical data. More
plausible would be an interaction of the SRCAP/SWR1 Arp modules with the linker DNA likewise
to INO80 which would require a switch to an open conformation. The literature provides evidence
that INO80 and SWR1 can be captured in open and closed conformations bound to a nucleosome
[187][189]. The underlying EM data is however of low resolution. Nonetheless, higher resolution
data exists for the RSC complex from the SWI/SNF family [310] in which two distinct conformational
states of the Arp module were resolved. Its motor domain Sth1 connects through an HSA helix to
an Arp module of an altered composition: it contains the actin-related proteins Arp7 and Arp9 as
well as the fungi-specific Rtt102 subunit. The Arp module is rotated through a pivot point on the
motor domain by 120° upon assembly of the full RSC complex [310]. Taken together, I propose a
similar mechanism for SWR1 and SRCAP as depicted in Figure The structure of the inactive
SRCAP complex on the nucleosome can undergo a switch-like reconfiguration in which the Arp
module engages linker DNA and, thereby, activates SWR1. The pivot point would lay on the motor
domain where the HSA helix interacts with the N-lobe of the motor domain. The HSA domain and
the motor are separated by an unstructured linker of species-specific length (350 residues in SRCAP
contrasting 150 residues in C. t.). Yet, the C-terminal region of the HSA helix interacts directly with
the motor lobe. Based on the RSC study, I speculate that the post-HSA helix as well as the Arp
module undergo a rotation by about 120°. Notably, the kink in the Arp module facilitated by the
Swc4 joint, allows Yaf9 to fold back onto the nucleosome and recognize acetylated histone tails. As a
consequence, it is plausible that SWR1/SRCAP reads out DNA sequence information by the promoter
bound Arp module thereby facilitating substrate specificity of SWR1/SRCAP for +1 nucleosomes. It
would be also in agreement with findings that the distal H2A/H2B copy is exchanged in relation to
linker DNA [230]]. Further, I suggest a dual substrate recognition mode for SWR1 to specifically bind
to +1 nucleosomes: 1) recognition of DNA sequence or shape features unique to promoter DNA 2)
binding to acetylated +1 nucleosomes by the reader subunits Bdf1 and Yaf9. The fixed connection
of the HSA helix to the motor domain further provides the possibility of coupling correct substrate
recognition to ATP hydrolysis and thereby to histone exchange as also addressed in the next section.
Overall, these insights provide a framework to understand how the multi-subunit SWR1 complex
enables histone exchange adjacent to promoter sites. How SWR1 acts on DNA replication sites and
DNA double strand breaks remains to be determined.
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3.6 Comparison of Arp modules from the INO80/SWR1 family

The Arp module is an evolutionary conserved feature of both the INO80 and SWI/SNF family of the
ATP-dependent chromatin remodelers as well as of NuA4-like histone acetyltransferase complexes.
Common features within their Arp modules become apparent when looking at their subunit compo-
sition and molecular structures [150] [[143]] [144]][145]][146]]. The Arp modules harbors the actin-fold
proteins Arp4 and actin, which are anchored through barbed end interactions with conserved tryp-
tophan residues of the HSA domain (illustrated in Figure [3.7p) [154] (see sequence comparison in
Figure [3.8c). In yeast NuA4, the HSA helix is part of the Eaf1 subunit, which however does not
contain the typical Snf2-type motor domain. Arp4 and actin are connected by the Swc4 or Ies4 sub-
units respectively which share a common 2W hairpin feature that anchors Swc4/Ies4 onto the actin
molecule [150]. Furthermore, Swc4 is a shared subunit of the NuA4 and SWR1 complexes.
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Figure 3.7: Arp modules of the INO80/SWR1 family. a INO80 Arp module (PDB 8A5P). Green
sphere represents where Swc4 is located in SWR1. b Left: Common Arp module features of the
INO80 family contrasting the Arp module in the SWI/SNF complexes on the right. ¢ Arp module of
C.t. SWR1 (this study). In dark green: C-terminal helix of Swc4 that interacts with Yaf9 (interaction
highlighted by dotted box). d Arp module of NuA4 composed of PDB 7ZVW and my AlphaFold
Multimer prediction of Eafl, Epll, Swc4 and Yaf9. C-terminal Swc4 helix is further away from the
Arp module core compared to SWR1.

Such a minimal Arp module is also part of the SWI/SNF complexes comprising a HSA helix and
actin-related proteins. However, SWI/SNF complexes harbor Arp7 and Arp9 [311] (illustrated in
Figure[3.7p). In yeast, the 2W hairpin feature is conserved in form of the Rtt102 [122][150] subunit
which also binds in between the Arp7 and Arp9 subunits. Coming back to the INO80 family, its
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members comprise remodeler-specific features. While INO80 and SWR1 harbor three actin-fold
proteins, NuA4 contains only one copy of actin and Arp4 due to its shorter HSA helix (see sequence
comparison in Figure[3.8f). The third actin-related protein in INO80 and SWR1 are Arp8 and a second
copy of actin respectively. Arp8 comprises a unique N-terminal extension that folds all the way back
to Arp4 and ends in the Arp8P°°k [150]. It sits where the Swc4°™ is located in SWR1 (Figure ).
The Swrl HSA helix is shorter at this position compared to the Ino80 HSA to make room for the
Swc4l°t as elaborated in Section @ The Ino80 subunit les4 is shorter compared to Swc4 that
folds into the Arp module foot alongside with the Swrl N-terminal region and Yaf9 (Figure [2.33).
Also, the Ino80 subunit extends at the N-terminal end of the Arp module to assemble the N-terminal
module and species-specific subunits. The subunits Ies1, Ies3, Ies5 and Taf14 assemble onto the N-
terminus of the Ino80 subunit, but the flexibility of the underlying features prevented its structure
determination. In addition, their function remains elusive. Yet, the INO80 subunit Taf14 shares the
YEATS domain with Yaf9 which likewise enables the recognition of acetylated histone tails [195]]. If
Taf14 plays a role in nucleosome recognition and read out for nucleosome positions remains however
elusive, especially as Taf14 is only flexibly tethered to the remaining complex. The N-terminal Arp
module regions of SWR1 and NuA4 are better defined as they represent integral features of the
Arp module. Both not only share Swc4 but also the Yaf9 subunit (see Figure [3.7c, d). However,
Yaf9 was absent from the recent structural advances on the S.c. NuA4 complex [[144][145][146].
Therefore, I prepared AlphaFold Multimer predictions of the Eafl, Swc4, Yaf9 and Epll subunits
which showed some interactions with the Swc4 subunit in the published NuA4 structures. The
prediction revealed a conserved interaction of Yaf9 with a C-terminal helix of Swc4 in the SWR1
and NuA4 complexes. While the C-terminal Swc4 helix folds back onto further N-terminal Swc4
helices in SWR1, Swc4 is in an extended conformation in NuA4. As a consequence, the Yaf9/Swc4
domain is further away from the Arp module core in NuA4. This prevents clashes with Eaf1 and Epl1
features. Furthermore, the presented AlphaFold prediction is in line with the published structures
and does not clash with the nearby Tral subunit. Overall, the Arp modules of NuA4 and SWR1
function as scaffolds bridging Yaf9 with the remaining complexes. The recognition of acetylated
histones H3K27 and H4K9ac by Yaf9 drives the complex assembly of NuA4 and SWR1 [312]. As a
consequence, Yaf9 regulates transcription initiation of metabolic genes [312]]. In contrast, the Arp
module of INO80 together with the yeast-specific Nhp10 module functions as a ruler element to
allow for even spacing of nucleosomes [[192][194] (depicted in Figure [3.8h). To enable its length-
sensing function, the Arp8 subunit dimerizes with the close by actin molecule. Instead of Arp8,
the SWR1/SRCAP complexes harbor a second copy of actin which does not dimerize with the other
actin molecule. The SWR1/SRCAP complexes do not slide nucleosomes and consequently do not
require a compact and well-connected length-sensing module like INO80. Instead, SWR1/SRCAP
exchange the canonical H2A/H2B copies with the histone variant H2A.Z/H2B (Figure [3.8p). For
this purpose, they harbor dedicated H2A.Z binding features, namely the Swc2-Z [233] and Swr1-Z
domains [234]]. The Swc2-Z domain is located at the N-terminus of Swc2 and was not captured in
either of the available nucleosome-bound structures despite the addition of H2A.Z/H2B dimers upon
sample preparation [142][143]. The Swr1-Z domain sits in the long insertion (150 residues in C. t.
versus 350 in human) that intersects the Swrl N-lobe and the C-terminal tip of the HSA helix. The
latter folds onto the N-lobe of the motor domain despite the long insertion domain [143]. A similar
architecture is observed in INO80 where the so called post-HSA with its QTELY motif sits on top of
the Ino80 N-lobe (Figure [3.8c) [150]. The QTELY motif is a common feature in INO80 complexes of
different species [154]. In fact, the post-HSA with its QTELY is a continuation of the HSA helix but
can undergo a conformation switch. The conformational change of the post-HSA helix is supposedly
linked to the activation state of the motor lobes that enclose the DNA [71]][150]. The Ino80 post-HSA
sits at the same location as the auto-N domain of ISWI and post-HSA of SWI/SNF [107] [[71]].

114



3.6 Comparison of Arp modules from the INO80/SWR1 family
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Figure 3.8: Structure-function relationship of the INO80 and SWR1 Arp modules. a INO80 Arp
module connected by the Ino80 post-HSA helix to the Ino80 motor. Arp module functions as a ruler
and recognizes DNA shape features of linker DNA. b SRCAP structure (PDB 8X19) highlighting
function of different domains and illustrating locations of H2A.Z interacting domains Swc2-Z and
Swr1-Z. HSA folds likewsie to Ino80 back onto the motor’s N-lobe, however lacks a QTELY motif.
¢ Amino acid sequences of Ino80, Swr1l and Eaf1 HSA domains. QTELY motif in Ino80 highlighted.

The SWI/SNF family of chromatin remodeler contains the comparably QTXX(F/Y) motif within its
post-HSA [154]. This is of interest as the Arp module of the SWI/SNF family couples likewise to
INO80 the DNA translocation of its motor domain to nucleosome sliding and ejection [2]]. Depending
on the nucleotide state of the motor, the post-HSA gets unstructured [150] highlighting again its
function in coupling and its involvement in regulation of motor activity. Furthermore, the Arp
module of INO80 was shown to couple ATP hydrolysis to nucleosome repositioning [154]. It remains
unknown, if a similar coupling mechanism occurs in SWR1. Yet, deletion of Swc4 and Arp4 abolishes
histone exchange activity while the ATPase activity of the SWR1 complex remains similarly high
[221]. Therefore and due to the HSA-motor interaction, a coupling mechanism similar to the INO80
and SWI/SNF complexes is plausible. Correct substrate recognition through acetylated histone tails
by Yaf9 and Bdfl or DNA recognition by the Arp module might be similarly transferred to the
motor domain and therefore convey substrate specificity. In human, the Yaf9 homologue YEATS4
(Gas41) associates with H3K14ac and H2K27ac on active genes which increases SRCAP activity [212]
and functions as recruiting mechanism for the SWR1/SRCAP complex. Strikingly, SWR1 requires
about 50 bp of DNA on the linker DNA which fits to the binding of the Arp module to the extra-
nucleosomal DNA [202]]. Overall a tight regulation for the H2A.Z incorporation can be expected
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3 Discussion

due to its specificity for e.g. +1 nucleosomes or DNA double strand breaks. The motor domain
hence needs careful activation which could be linked to a coupling mechanism of the HSA domain.
However, the current structural model of SRCAP shows a closed conformation of the Arp module
and thereby does not explain such sensing. In order to understand the histone exchange mechanism
an integrative approach that combines further structural, biochemical and genomic experiments is
needed in the future.

3.7 Future directions

The advances of cryoEM in the last decade enabled the structural characterization of single and
multi-subunit chromatin remodelers including INO80 and SWR1 in complex with mono-nucleosomes
[72][77][107]] [[106]] [121]] [122]] [123]] [142] [303][306]. However, we are only beginning to understand
how chromatin remodelers function on a molecular level, how they are regulated and what defines
their substrate specificity as well as reaction outcome. The structural and functional knowledge of
these intricate molecular machines started to shed light on the mechanism of the underlying nu-
cleosome remodeling reactions. However, these structures only present glimpses into the reaction
cycle. While the motor domains of chromatin remodelers were captured in different nucleotide
states, they fail to shed light on the complete reaction cycles. This is the case, as chromatin re-
modelers accumulate multiple ATP hydrolysis steps to acquire enough DNA underwinding or DNA
strain to remodel nucleosomes [76]]. As a consequence intermediate and late reaction stages are un-
known and it remains unclear how chromatin remodeler subunits facilitate larger conformational
changes upon release of DNA strain. As a possible solution, one could prepare cryoEM samples
where one adds ATP just prior to sample vitrification to start the respective nucleosome remodeling
reaction. This would create complex cryoEM samples where one captures a multitude of reaction
stages depending on the reaction time between ATP addition and sample vitrification. Therefore,
large data sets and excessive classifications in the following data processing would be required to
enable the determination of high-resolution structures. To lower the complexity, one should make
use of the arising specialised equipment for time-resolved cryoEM (recently reviewed in [313] and
[314]]). These are dedicated vitrification devices that allow for a precise control of the reaction time
that elapses from start of the reaction to vitrification. Classically, the reaction is started by mixing
the protein of interest with its substrate. In case of chromatin remodelers, I suggest to mix them
with ATP to start and control the nucleosome remodeling. Mixing is either performed on the grid
by two subsequent sample applications or by dedicated microfluidic setups. For fast sample applica-
tion, multiple labs have developed mixing-spraying devices that are not commercially available yet
[315][316][317]. The Spotiton device that uses one or two piezo elements for sample application is
available on the market [318]. With these setups small reaction times of around 10 ms are feasible
depending on the device. Therefore, also short-lived intermediates can be captured as for example
illustrated in ribosome assembly [319]. Yet, the usage of such dedicated devices presupposes the
knowledge of the reaction duration. The usage of single molecule FRET studies can be a help in this
regard as also performed on chromatin remodelers [229][320]. Here, it became clear that the reac-
tions rather happen on the scales of a few seconds. Therefore a dedicated time-resolved vitrification
device might even not be needed. As a consequence, one could simply play around with a mixture
of active versus non-active substrates to slow down the reaction (e.g. ATP vs ATPyS).

More studies are required to understand what kind of (epi)genetic information is required to regulate
nucleosome remodeling and how this information is allosterically transferred to the motor domains.
Remodeler release off the DNA was shown to be also ATP dependent indicating that one last ATP hy-
drolysis step is required at the end [196]. DNA shape features and sequences have been identified to
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3.7 Future directions

regulate nucleosome positioning which would be one possible end point of nucleosome remodeling
[36][169]. Additionally, collision with neighboring nucleosomes might for example regulate nu-
cleosome sliding as postulated for the ISWI remodeler [75][108]. The same features together with
histone modification readers function in recruitment of chromatin remodelers [312]. In addition,
regulatory proteins or transcription factors can target chromatin remodelers to their nucleosomal
substrate [321]][322]. Yet, in cryoEM mostly artificially positioned nucleosomes are used that lack
the context of genomic DNA and histone modifications. Genome wide studies using techniques like
ChIP sequencing can inform on better cryoEM samples to simulate remodeler-promoter interactions
or nucleosome positioning for example. Further, studies on di-nucleosomes or nucleosmal arrays
with possibly also native DNA can be informative. Instead of purified protein samples one could
use lysates that are incubated with pre-formed nucleosome arrays. This would open the possibi-
lities of integrative approaches combining sequencing, mass spectrometry and structural methods
to understand what factors regulate and interact with chromatin remodelers. Ultimately, the usage
of in situ structural biology methods can aid to capture the action of chromatin remodelers in their
native cellular environment.
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4 Materials and Methods

4.1 Subunitidentification of C. t. SWR1

Subunits were identified using Blast®® protein-protein alignments. Amino acid sequences of S. c.
SWR1 subunits were used as starting point to identify their homologues in Neurospora crassa (N. c.).
Based on N. c., hits respective C.t. SWR1 subunits were characterized. Swc7 homologue in N. c. as
well as C. t. could not be identified. Blast® searches of Swc7 returns yeast entries only. Entries for
C.t. SWR1 subunits were validated against respective subunits of Homo sapiens, Drosophila melon-
gastser, Mus musculus, Saccharomyces cerevisiae and Saccharomyces pombe. In addition, sequences
for the ten closest fungi entries of the respective subunit were identified. All of these amino acid
sequences were aligned against the identified C. t. subunits by performing ClustalO [287] within the
Jalview software [284]][285]]. Swc5, Arp6 and Swcé were annotated incompletely. The N-terminus
of Swc5 was found as separately identified protein: both sequences were therefore merged (uniprot
entries: GOSHD9 as N-terminal region, GOSHEO as C-terminal region). Arp6 was missing an inter-
nal conserved stretch of amino acids. Therefore, Arp6 was amplified from cDNA (generated by Olga
Kolesnikova) and sequenced. Further, Swc6 missed some amino acids at its C-terminus. The under-
lying amino acids could be identified when searching for them in the scaffolds making use of the
database from the Bork lab [286]]. The identified sequences for Swc5, Arp6 and Swcé are as follows:

>Swc5h
MTAEFEDQDDNYVSEEDSDFAPDDAAEEDESLSSDDDEAAEGESAPAKPDRKRPAADSSADDVGFENSGDEAIIER
GKKNKRDIRKKLAPTRIGRKRTGHMRAAEKEGKYAKIPKGPVTIDVDKLWQDLISAPVVRVPGQDTTATTQPQPNG
DAQKPSQSKPVPNAADESEYIRIKRTYTFAGKTHTEEKLVHRESAEAKLYLAETGQDPSAPAVSPSDADQQQKRMP
RKAFRSAFEPVPADGTGVSQRSDLNLGIAKLREQREKAEQAKKLNTVEKSRMDWAGYVDREGIKDELEMAGKSKHS
FVARQEFLARSEAVREEEVRRLRLAGKV

>Arp6
MAGGSRKSRSVAGGPAAPSTTLVLDNGADTIKAGLIPTGSSGGDDNTPTQLQPRIIPNCIARDRHKKIYVASELDK
CRDFGEMAFRRPVEKGYIVNWEAQKEIWEREFFDEKAPLRCDPAETRLVLAEQPNALPALQTHCDQMVFEEFGFAS
YVRGIGPAFNAYQDIQSIFQTPCDQNMPVTLPAEIMLLIDSGYSHTTITPLLQGRPLHPAIRRLDVGGKLMTNYLT
RLISMRHFDMRNETYVVNEMKEAACYVSLDFKGDLEKTWKGTRDEKRKDWLTGAGIAKDYVLPDSHTRFHGVLRDY
DPNASRARRGIPNTEDVLTLRNERFVVPELLFHPSDIGLRQPGLADLIMQSLSVLPIGLWPGLLANVVVVGGNAKF
ENFIQRLQMELLERVPTECVVRVARPENPIISTWLGASNFARHEHVERLAVTKQQYEEYGAGWVARKFAAGLGVDS

>Swcb6
MTAEFEDQDDNYVSEEDSDFAPDDAAEEDESLSSDDDEAAEGESAPAKPDRKRPAADSSADDVGFENSGDEAIIER
GKKNKRDIRKKLAPTRIGRKRTGHMRAAEKEGKYAKIPKGPVTIDVDKLWQDLISAPVVRVPGQDTTATTQPQPNG
DAQKPSQSKPVPNAADESEYIRIKRTYTFAGKTHTEEKLVHRESAEAKLYLAETGQDPSAPAVSPSDADQQQKRMP
RKAFRSAFEPVPADGTGVSQRSDLNLGIAKLREQREKAEQAKKLNTVEKSRMDWAGYVDREGIKDELEMAGKSKHS
FVARQEFLARSEAVREEEVRRLRLAGKV
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4 Materials and Methods

4.2 Cloning

4.2.1 C.t. SWR1

C. t. SWR1 was recombinantly cloned making use of the MultiBac system [291]] for insect cell expres-
sion. Codon optimized (for Hi5 insect cell expression) DNA sequences of Swrl, Swc2, Swc6, Bdfl,
Yaf9, Swc3, Swc4 and Swc5 were ordered from Invitrogen (ThermoFischer). Swrl was ordered with
a 2xFLAG tag for affinity purification (amino acid sequence: DYKDDDDKGTDYKDDDDK) Arp6 was am-
plified from cDNA that was kindly provided by Olga Kolesnikova. Rvb1, Rvb2, Arp4 and actin were
already available in the lab from the recombinant protein production of INO80. In a first step, each
subunit was PCR (polymerase chain reaction) amplified and cloned into the gene cassette of one of
the following empty vectors: pIDK (kanamycin resistance), pIDS (spectinomycin resistance), pIDC
(chloramphenicol resistance) or pACEBac1 (gentamycin resistance). While the latter is a donor vec-
tor required for recombination with the baculovirus genome, the other represent acceptor vectors.
They comprise a polyhedrin promotor and SV40 terminator signal for over-expression in insect cells.
First, the vectors were linearized by PCR and purified from a 1 % agarose gel with the QIAEX®II Gel
extraction kit (Qiagen). Linearized vectors were stored at —20 °C. Next, subunits were amplified
with forward and reverse primers, both of which contained a 15bp overhang resembling the two
ends of the linearized vectors. In more detail, 20 ng of template DNA were amplified using the com-
mercially available Polymerase from Thermo Scientific in the respective HF or GC buffer depending
on the GC content of the PCR product. PCR products longer than 2000 bp were amplified with the
specialised KOD hot start Polymerase. PCR products were analysed on a 1% agarose gel and PCR
purified with the QIAquick® PCR purification kit (Qiagen) when only one specific band was visible.
If that was not the case, PCR conditions were optimized by changing the annealing temperature
and extension time or if possible the desired band was cut from agarose gel and gel purified with
the QIAEX®II Gel extraction kit (Qiagen). Subsequently, vector and subunit insert were combined
utilizing the In-Fusion kit from Takara Bio US with a three-fold molar excess of insert DNA. Con-
structs of pACEBac1 were transformed by heat shock at 42 °C into XL1blue cells (Stratagene) while
the others were transformed into pIR cells (Geneva Biotech). Plasmids were miniprepped with the
QIAprep®Spin Miniprep kit (Qiagen) and sequenced with the Eurofins GATC sequencing service.
In this manner Rvb1, Rvb2, Bdf1 and Yaf9 were cloned into pACEBac1; Arp4, actin, Swc3 and Swc4
into pIDK; Swr1, Swc2 and Swc5 into pIDS and lastly Swc6 and Arp6 into pIDC respectively. Subse-
quently, plasmids containing two subunits were prepared by PCR and In-Fusion reaction. For this
purpose the plasmid of one subunit was linearized while the second subunit was amplified only to-
gether with its promotor and terminator. Again, primers with a 15 bp overhang were used allowing
subsequent In-Fusion reaction. Likewise, minipreps and sequencing were performed. The final plas-
mids were assembled through Cre recombination (New England Biolabs, NEB) by combining one of
the donor vectors with one acceptor vector resulting in a plasmid that contained in total four gene
cassettes of the respective subunits. Plasmids were miniprepped and analysed by PCR to check if the
desired subunits were present. The product was used again as a donor plasmid for the next round
of Cre recombination. In this way, two plasmids were generated containing all subunits. The first
plasmid contained: Rvb1, Rvb2, Swrl, Swc2, Arp4, actin, Swcé6 and Arp6, while the second plasmid
comprised the subunit of Bdf1, Yaf9, Swc3, Swc4 and Swc5. One plasmid would have been to large
for handling. Of note is, that typically XL1blue cells (Stratagene) were used for transformation but
also DH5« cells (Life Technologies) were tested and worked. With each Cre recombination step also
the number of used antibiotics for colony selection grew, however cells tended not to grow on more
than two antibiotics.
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4.3 Protein expression and purifications

In the later stages, I therefore plated on a maximum of two antibiotics and streaked the picked clones
onto the remaining antibiotics to make sure that they had all desired antibiotics resistance genes on
the plasmid.

4.2.2 S.c. SWR1

Genes were ordered from Invitrogen (Thermofisher) except for Rvb1, Rvb2, actin and Arp4, which
were amplified from cDNA from the Miller lab at EMBL. The same cloning strategy and procedure
was applied like for C.t. SWR1. Subunits were cloned into the following vectors: pACEBac1: Swrl,
Swc5, Swc7; pIDS: Swrl, Arp4, actin; pIDK: Swc6, Arp6, Swc3; pIDC: Swc2, Swc4, Bdf1, Yaf9. It was
necessary to place Swrl onto the donor vector pACEBac1 due to its size. Having it on pIDS, pre-
vented successful Cre recombination. Swr1 subunit contained a double FLAG-tag on its C-terminus.
Lastly, the following two final plasmids were generated through consecutive rounds of Cre recom-
binations: Plasmid 1: Swrl, Rvb1, Rvb2, Swc6, Arp6, Swc2, Swc4; Plasmid 2: Swc5, Swc7, Arp4,
actin, Swc3, Bdf1, Yaf9. Final plasmids were sequenced via the Plasmidsaurus service to check for
potential point mutations.

4.2.3 Arp module constructs

C.t. Arp module constructs were cloned based on the MultiBac system introduced in Section [4.2.1]
Briefly, three constructs of Swrl were cloned onto pACEBac1 including a C-terminal double FLAG
tag: 1) residues 386-458 for ArptSAminimal constryct 2) residues 386-535 for Arp™SAFL construct 3)
residues 1-535 for ArpNHSA L construct (FL: full-length, N for N-terminal region). The different Arp
module constructs were assembled by Cre recombination (from NEB) by adding Swc4-pIDC and
Arp4-actin-pIDK to the Swr1-pACEBac1 plasmids respectively.

4.2.4 Cloning of other constructs

The single subunits Swc5, Bdf1 and eGFP were required for Chaetomium thermophilum pulldowns
and expressed in insect cells. The single subunits were cloned onto a pACEBac1 vector to enable
baculovirus production and subsequent protein expression in insect cells. In addition, a C-terminal
double FLAG tag was added. The double FLAG tag was inserted into the Swc5-pACEBac1 vector by
amplifying the tag from another construct and using it as a megaprimer. As the megaprimer was
designed with complementary overhangs to the Swc5-pACEBac vector, the tag could be inserted by
PCR. The original vector was cleaved with Dpnl (NEB) prior to PCR clean up and transformation.
For Bdf1 and eGFP, the new Swc5-2xFLAG-pACEBac1 vector was linearized with primers occluding
the Swc5 sequence and gel-purified with the QIAEX®II Gel extraction kit (Qiagen). In a second
PCR, Bdf1 or eGfP were amplified with primers creating 15bp overhang to the linearized 2xFLAG-
pACEBac vector. Finally, 2xFLAG-pACEBac1 vector and Bdf1 or eGFP inserts were combined using
the In-Fusion reaction kit (Takara Bio US).

4.3 Protein expression and purifications

4.3.1 Baculovirus generation and protein expression

Swc5, Bdf1, eGFP, Arp module constructs, SWR1 and INO80 were expressed in insect cells. The latter
two were expressed by co-infecting insect cells with two separately generated baculoviruses. For
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4 Materials and Methods

this purpose, Bacmid DNA was prepared by transformation of the respective construct into electro-
competent DH5a embacY cells (Geneva Biotech) that contain a plasmid with the genetic blueprint
for the baculovirus. Cells were picked according to blue-white selection and cultivated overnight in
5 ml LB medium. Cells were lysed using the Qiagen miniprep buffers: P1, P2 and N3. The supernatant
of the first centrifugation step (about 700 pl) was mixed with 700 pl of 100 % isopropanol and kept on
ice for 30 min allowing the DNA to precipitate. Next, the DNA was pelleted for 30 min at 20 000 g and
4 °C. The resulting DNA pellet was washed in 70 % ethanol once, followed by another centrifugation
step of 15 min. Finally, the pellet was air-dried under a sterile hood for about 15 min and dissolved
in 30 pl deionized water. The procedure resulted in DNA stocks of about 4000 ng/pl and were kept
in the fridge until usage. Presence of subunits was checked performing PCR reactions with 10 ng of
Bacmid DNA in a volume of 25 pl. Baculoviruses were generated (V0) using the X-treme transfection
reagent (Roche). Therefore, 15 pg of Bacmid DNA were mixed with 100 pl of Sf900™ SFM (1x)
Serum free medium complete (Gibco). At the same time 5 pl of X-treme reagent were mixed with
50 pl medium. The two components were combined and left for 15 min while 3 ml of Sf9 or Sf21 cells
(ThermoFisher Scientific Cat. 11497013) were prepared at 0.3 X 10° cells/ml in a six-well plate. The
transfection mix was added to the cells drop-wise and incubated in the dark for about 60 h at 27 °C.
Resulting viruses were checked for eGFP fluorescence, collected and used for virus amplification
(V1). For this purpose 500 pul and/or 1 ml of VO viruses were added to 25 ml of Sf9 or Sf21 cells in an
Erlenmeyer flask. Viruses were harvested after 65h and cell parameters were checked. Ideally, the
cells should have doubled about once - otherwise the virus was too strong. In later virus generations,
Sf9 cells were used for both VO and V1 preparations as this results in higher protein expression
yields. Final protein expressions were performed in Hi5 cells (ThermoFisher Scientific Cat. B85502)
for about 60 h at 27 °C at virus dilutions ranging from 1:100 (INO80 and SWR1; alternatively 1:200
or 1:500 used) to 1:1000 (single subunits). Insect cells were harvested by centrifugation at 800 g for
30 min. Resulting pellets were resuspended in PBS buffer (phosphate buffered saline) and centrifuged
once more for 15 min in a table top centrifuge. Pellets were flash frozen in liquid nitrogen and stored
at —80 °C until usage.

4.3.2 INO8O
C.t.INO8O

C.t. INO80 was expressed and purified likewise to Eustermann et al. [77]. Constructs from the
Hopfner lab were used in which the eleven INO80 subunits are divided among two Multibac vec-
tors [291]]. In more detail, the N-terminal truncated INO80-complex (Ino80 residues 718-1848) com-
prises a double FLAG tag on the C-terminus of the Ino80 subunit that was used for an anti-FLAG
affinity purification step followed by ion exchange chromatography. Two litres of Hi5 cells were
lysed by sonication (Beckmann, JA 25.5 rotor; at 40 %) in 30 mM HEPES pH 7.5, 500 mM NaCl, 10 %
glycerol, 0.25 mM DDT and EDTA-free protease inhibitor tablets (Roche, one tablet per 50 ml of ly-
sis buffer, 3 ml of lysis buffer per 1 g of pellet). In the following centrifugation step, the lyaste was
cleared at 20 000 g for 1 h. Next, the supernatant was kept and incubated with 1 ml of anti-FLAG M2
affinity gel (GenScript, Cat. L00432) for 2h. Beads were captured in a flow through column (Biorad)
and washed with 25 column volumes of lysis buffer followed by 15 volumes of wash buffer (30 mM
HEPES pH 7.5, 150 mM NaCl, 5% glycerol, 0.25 mM DDT and 0.25 mM CaCl,). Elution was per-
formed in six column volumes of wash buffer supplemented with 0.2 mg/ml single FLAG peptide.
For this purpose, three times two column volumes of elution buffer were incubated for 20 min with
the beads before capturing the eluted protein. Finally, INO80 was purified over a MonoQ 5/50 GL
column (GE Healthcare) or CaptoQ™HiRes Q5/50 (Cytiva) to remove DNA bound complex. The
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4.3 Protein expression and purifications

sample was loaded in presence of low salt buffer (30 mM HEPES pH 7.5, 150 mM NaCl, 0.25 mM
DDT and 0.25mM CaCly). INO80 was eluted through a salt gradient that increased to 1M NaCl
over one hour. Due to the collection of 50 pl fractions and the usage of an AKTA micro setup, no
protein spin concentration was required. Instead, INO80 fractions were pooled and flash frozen in
liquid nitrogen in the presence of 25 % glycerol. For cryoEM purposes, INO80 was stored over night
in the cold room (4 °C) and used for fresh grid preparations. INO80 was analysed on SDS-PAGE
NuPAGE™ 4-12 % Bis-Tris Gel 1 mmx 10 or 12 wells in MOPS buffer (invitrogen).

INO80-Arp mutants

The INO80-Arp5 mutants (Arp5-heel: R501E-K502E, Arp5-heel+foot:R501E-K502E-Q507A-R509A-
M510S-K511A-1513S) were generated by Franziska Kunert applying the quick change mutagenesis
technology (NEB) on the Arp5-Ies2-Ies6-pIDK contruct. First the heel mutant was generated to use
the resulting construct for the heel plus foot mutant. The Arp5-les2-Ies6-pIDK construct was added
to the Ino80(2xFLAG)-Rvb1-Rvb2-pACEBac plasmid using Cre recombination (NEB). Expression and
purification was done likewise to wild type C. t. INO80.

Yeast INO8SO

Yeast INO80 was purified by Franziska Kunert according to [150].

4.3.3 C.t. SWR1

SWR1 was purified likewise to INO80 with some minor changes in the buffer compositions. As
SWRI1 contains the zinc finger binding subunit Swc6, 20 uM ZnCl, were added in the purification
buffers. Otherwise, similar buffers where used compared to [323]. As KCI seemed to stabilize Bdf1
within the SWR1 complex, it was used in the wash buffers and for the ion exchange chromatogra-
phy. This results in the following buffer compositions: Lysis Buffer: 50 mM HEPES pH 7.0, 500 mM
NaCl, 10 % glycerol, 0.25 mM DDT, 20 uM ZnCl;; Wash Buffer: 50 mM HEPES pH 7.0, 150 mM KCl,
5% glycerol, 0.25 mM DDT, 20 uM ZnCl,, 0.5 uM CaCl,; Elution Buffer: Wash Buffer supplemented
with 0.2 mg/ml single FLAG pepetide; MonoQ Buffer A: 50 mM HEPES pH 7.0, 150 mM KCI, 0.25 mM
DDT, 20 uM ZnCl,, 0.5 uM CaCl,, MonoQ Buffer B: 50 mM HEPES pH 7.0, 1 M KCl, 0.25 mM DDT,
20 uM ZnCl,, 0.5puM CaCl,. SWR1 was analysed on SDS-PAGE NuPAGE™ 4-12 % Bis-Tris Gel
1 mmx 10 or 12 wells in MOPS buffer (invitrogen).

4.3.4 Arp module constructs

HSA minimal AI‘pHSA FL ArpN—HSA FL N-HSA FL

The Arp module constructs Arp as well as Arp -Yaf9 were
purified likewise to SWR1 as described above. For the expression of ArpNSATL with Yaf9, Hi5
insect cells were co-infected with viruses for the Arp module and the Bdf1-Yaf9-Swc3-Swc4-Swc5
construct. The HSA helix of the Arp module was double FLAG tagged and could hence pull down
the unlabeled Yaf9 subunit. Hi5 cells were co-infected with virus ratios of 1:300 respectively. In one
trial ArpNHSA Lconstruct was purified in presence of LatB (Latrunculin B) and ATP. The protocol
from the SWR1 purifications only differed in this point: After washing the anti-FLAG affinity beads
two times with 10 ml lysis buffer, the beads were incubated with lysis buffer supplemented with
10 uM of LatB and 1 mM of ATP.
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4 Materials and Methods

4.3.5 Yeast SWR1

Yeast SWR1 was similarly purified compared to C.t. SWR1 but with minor adaptations. Sonication
was performed at milder conditions at 20 % intensity for two times 20s (Sonifier® W-250 D). For
cell lysis, a buffer including EDTA and magnesium chloride was used to resemble the buffer used
for yeast SWRI1 purifications [221]]. The buffer composition was therefore: 50 mM HEPES pH 7.0,
500 mM NaCl, 10 % glycerol, 0.25 mM DDT, 20 uM ZnCl,, 1 mM EDTA and 2 mM MgCl,. Washes
of FLAG beads was performed in 50 mM HEPES pH 7.0, 300 mM KCl, 5% glycerol, 0.25 mM DDT,
20 uM ZnCl,, 1 mM EDTA, 2 uM MgCl; meaning that a higher salt concentration compared to the
C.t. SWR1 purifications was used for washing. Eluted yeast SWR1 was diluted to 150 mM KClI prior
to loading on a CaptoQ column. The CaptoQ chromatography step was performed likewise to C. t.
SWRI1.

4.3.6 Swc5 and Bdfl
Swch

Swc5 was purified likewise to SWR1 using the same buffers. However, the incubation of the lysate
with the anti-FLAG beads was performed overnight and the purification procedure was continued
on the next day. Also, a more efficient bead washing protocol was used, which started with three
10 ml lysis buffer washes of the beads in a Falcon tube with subsequent 800 g centrifugation steps.
Next, the beads were transferred in 15 ml wash buffer to the flow through column (Poly Prep Chro-
matography gravity flow column, Bio-Rad). Here, the beads were only washed with an additional
10 ml of wash buffer prior to sample elution. Anion exchange chromatography was performed with
a CaptoQ™HiRes Q5/50 (Cytiva) column which is equivalent to a MonoQ column.

Bdf1

Purification of Bdf1 was performed likewise to C. t. SWR1 and Swc5. Binding to the anti-FLAG beads
was enabled overnight. Capto Q buffers were adjusted to Buffer A: 50 mM HEPES pH 7.0, 150 mM
KCl, 0.25 mM DDT and Buffer B: 50 mM HEPES pH 7.0, 1 M KCl, 0.25 mM DDT.

4.3.7 eGFP

The protein eGFP was purfied via its C-terminal double-FLAG tag followed by protein spin-concen-
tration. The protocol for cell lysis and the anti-FLAG purification was adapted from SWR1 purifica-
tions. However, the buffer composition and washing procedure differed. Cell lysis was performed in
50 mM HEPES pH 7.0, 500 mM NaCl, 10 % glycerol 0.25 mM (lysis buffer). Initial washing of FLAG
beads was done three times in 10 ml of wash buffer 1 (50 mM HEPES pH 7.0, 150 mM NaCl, 5%
glycerol, 0.25 mM DDT) by centrifugation prior to transferring the beads in 10 ml of wash buffer 1
into a Biorad flow-through column. Washing was continued with 20 ml of wash buffer 1 and wash
buffer 2 (wash buffer 1 minus glycerol). Elution was performed in wash buffer 2 supplemented with
0.2 mg/ml single FLAG peptide (4x 2 ml). FLAG elutions were concentrated in a Millipore spin con-
centrator (3kDa cut-off, Amicon® Ultra Centrifugal Filters). Aliquots were flash frozen in liquid
nitrogen in presence of 15 % glycerol and stored at —80 °C until further usage.
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4.3 Protein expression and purifications

4.3.8 C.t. H2A.Z and H2B
Expressionin E.coli

C.t. HA2.Z and H2B were expressed in BL21 Rosetta cells (Novagene). For this purpose, bacteria
were plated on kanamycin and chloramphenicol LB-Agar plates on the day prior to protein expres-
sion. A pre-culture of 20 ml per one litre expression culture was prepared by rinsing off the colonies
from one plate per three litre of expression culture (only used kanamycin for pre-culture). Pre-
culture was grown at 37 °C for 2.5h. The 11 expression culture was inoculated with 20 ml of the
pre-culture and grown to an ODgqy of 0.6 at 37 °C and 190 rpm. Expression was started with 1 mM
IPTG and was enabled for 3 h. Cultures were pelleted at 3000 g and stored at —80 °C until usage.

Inclusion body purification

Histones were purified from inclusion bodies as follows: E.coli pellets from 31 were resuspended in
30 ml wash buffer (50 mM Tris-HCL pH 8.0, 100 mM NaCl, 1 mM DDT) that was supplemented with
1 mg/ml lysozyme (BioChemica, PanReac AppliChem). Cells were further lysed by sonication for
three times three minutes and pelleted at 15 000 rpm (Beckmann, JA 25.5 rotor) and 4 °C for 15 min.
Pellets were washed four times in 40 ml wash buffer (first two washes in presence of 1% Triton
X-100) using a glass homogenizer. Inclusion bodies were pelleted in between the washing steps at
15000 rpm for 15 min (Beckmann, JA-25.5 rotor). Final pellet was frozen and stored at —80 °C.

Dialysis against trifluoroacetic acid

In brief, the purified histones are unfolded in this step by guanidinium HCI. Next, the guanidinium
was removed in a dialysis against TFA (trifluoroacetic acid) which in turn causes the precipitation
of nucleic acids. In detail, inclusion bodies were disolved in 1 ml of DMSO at room temperature for
30 min. Afterwards, 30 ml of unfolding buffer (50 mM Tris-HCL pH8.0, 100 mM NaCl, 6 M Guani-
dinium HCI, 1 mM EDTA, 10 mM DDT) was added for 1 h. The solution was centrifuged at 12 000 rpm
for 1h at 4°C. The resulting supernatant was dialysed three times against 21 of 0.1 % (v/v) trifluo-
roacetic acid (TFA) for 3 h for respectively. Dialysed material was centrifuged for 1h at 12 000 rpm
(Beckmann, JA-25.5 rotor) and 4 °C to remove precipitated nucleic acids. Histones were lyophilized
for at least 48 h. Samples were stored at —20 °C until histone purificaton.

Histone purification

Lyophilized histones were dissolved in 7 ml of buffer A (20 mM HEPES pH7.0, 7M Urea, 10 mM
lysine) and cleared by a short centrifugation. H2A.Z and H2B were purified on an AKTA purifier
on a HiTrap SP (5ml) column. A two-fold washing step was performed at 10 % and 20 % buffer B
(20 mM HEPES pH 7.0, 7M Urea, 1 M NaCl, 10 mM lysine). Subsequently, histones were eluted on a
20-60 %B gradient within 30 min. Fractions of 2 ml (better to use 1 ml) were collected and carefully
analysed on a SDS-PAGE NuPAGE™ 4-12 % Bis-Tris Gel 1 mm, 10 or 12 wells (invitrogen) in MES
buffer (invitrogen) before pooling similar fractions. Purified histones were dialyzed (3.5 kDa cut-off)
against 15 mM Tris-HCI pH 7.5-7.7, aliquoted in 1 mg portions and lyophilized over night.
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4 Materials and Methods

4.4 Nucleosome, hexasome and Histone dimer reconstitutions

4.4.1 Histone octamer reconstitution

Individual canonical human histones (H2A, H2B, H3.1, H4) were purchased from The Histone Source
(Colorado State University, USA) and dissolved in unfolding buffer (25 mM Tirs-HCI, pH7.5, 7M
guanidiniumchloride, 5mM pS-mercaptoethanol). Histones were mixed with the following molar
ratios: H2A:H2B:H3.1:H4 1.2:1.2:1.0:1.0. Histones were diluted to 1 mg/ml and dialysed four times
against 11 of refolding buffer (10 mM Tris-HCI pH 7.5, 2M NaCl, 1 mM EDTA, 5 mM p-Mercapto-
ethanol) for 1h respectively but the last step over night. Formed octamers were concentrated to
a final volume of 1-1.5ml and purified on a Superdex 200 increase 10/300 (Cytiva) column in the
presence of refolding buffer. Octamer fractions were concentrated to at least 1 mg/ml and stored in
50 % of glycerol at —20 °C.

4.4.2 Synthesis and purification of nucleosomal DNA

Nucleosomal DNA was produced by amplifying the DNA template from a pEX vector containing the
601 sequence with adjacently available DNA that could serve as linker DNA. Either 0N80, 25N80,
60N80 or 80N80 were produced. For the hexasome project 0N80, 0H80, 0H40, ON20 and 0H20 were
produced. The forward primer was designed to determine the linker on the 5’ end of the 601 se-
quence, while the reverse primer set the linker on the 3’ end. Therefore, the following primers were
use:

« forward primer for 0 bp linker: 5° CTGGAGAATCCCGGTGCCGAGG 3’

« forward primer for 25 bp linker: 5° GTGATGGACCCTATACGCG 3’

« forward primer for 60 bp linker: 5° AAAGCATGATTCTTCACACCGAG 3’

« forward primer for 80 bp linker: 5° GGGATCCTAATGACCAAGGAAAGC 3’

« reverse primer for 0 bp linker: 5 ACAGGATGTATATATCTGACACGTGC 3’

« reverse primer for 25 bp linker: 5 GGTCGCTGTTCAATACATGCACAGGATG 3’

« reverse primer for 80 bp linker: 5° CGGTACCCGGGGATCCTCTAG 3’

This resulted in the following DNA sequences for 0H80 and ON80 used for the structural studies of
INO80 (601 sequence in bold):

5’-CTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGCAAGCTCTAGCACCGCTTAAACGCACGTACGC
GCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGTG
CATGTATTGAACAGCGACCTTGCCGGTGCCAGTCGGATAGTGTTCCGAGCTCCCACTCTAGAGGATCCCCGGGTAC
CG-3’

DNA sequence of 80N25 nucleosomes:
5’ -GGGATCCTAATGACCAAGGAAAGCATGATTCTTCACACCGAGTTCATCCCTTATGTGATGGACCCTATACGC
GGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGCAAGCTCTAGCACCGCTTAAACGCACGTA

CGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCT
GTGGCAAGGTCGCTGTTCAATACATGC-3’
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4.4 Nucleosome, hexasome and Histone dimer reconstitutions

For PCR amplification, 2x 96-well plates with a PCR volume of 100 pl per well were prepared. PCRs
were performed in the presence of 50 % glycerol and HF buffer (Thermo Scientific). Extension time
was set to 15s. PCR products were pooled for subsequent anion exchange chromatography with a
Source15Q 4.6/100 (Cytiva) column. The column was equilibrated in 25 mM Tris-HCI pH 7.5 and
bound DNA was eluted through a gradient with 25 mM Tris-HCI pH 7.5 and 2 M NaCl. Fractions
were analysed on a 1% agarose gel to differentiate between the desired PCR product and later elut-
ing primers. Fractions were pooled and dialysed overnight against 11 of 5mM Tirs-HCI at pH7.5.
Subsequently, DNA was ethanol precipitated and resolved in water.

4.4.3 Nucleosome reconstitution

Octamers were dialysed against N2000 buffer (25 mM Tris-HClpH 7.5, 2 M NaCl, 0.5 mM f-Mercapto-
ethanol) to remove the glycerol. DNA and octamers were mixed at a molar ratio of 0.9:1. DNA-
octamer mixture was transferred into a slide-A-Lyzer® (0.1-0.5 ml, 3.5 kDa cutoff, Thermo Scientific)
and placed into a bucket of 300 ml of N2000 buffer. In an overnight procedure, the salt concentra-
tion was lowered by titration with 31 of N50 buffer (25 mM Tris-HCI, pH7.5, 50 mM NaCl, 0.5 mM
B-Mercaptoethanol) through the usage of a peristaltic pump (Minipuls®3 from Gilson). The next
day, nucleosomes were purified on a Source 15Q 4.6/100 (Cytiva) column in the presence of N50
buffer. Nucleosomes were eluted over a gradient with N2000 buffer. Typically, the chromatogram
profile showed three peaks: the first one being the nucleosomes, then hexasomes eluted and finally
free DNA. Nucleosomes were dialysed over night to buffer N50 and were concentrated in a 0.5 ml
spin-concentrator with a cut-off of 10 kDa (Amicon® Ultra Centrifugal Filters).

4.4.4 Preparation of hexasomes

Hexasomes were prepared likewise to [68]]. In brief, human H2A/H2B and human H3.1/H4 tetramers
were reconstituted likewise to the octamer preparation described above. Next, dimer, tetramers and
DNA were mixed at a ratio of 1.2:1.1:1 in N2000 buffer and purified likewise to nucleosomes.

4.4.5 C.t. H2A.Z/H2B dimer reconsitution

C.t. H2A.Z/H2B dimers were reconstituted by unfolding the individual histones followed by refol-
ding in presence of the other histone binding partner. Finally, dimers were purified by size exclusion
chromatography. In more detail, 1 mg of H2A.Z and H2B were dissolved in 250 pl unfolding buffer
(25 mM Tris-HCI pH 7.5, 7 M guanidinium chloride, 1 mM EDTA, 5 mM fS-mercaptoethanol) respec-
tively. Equimolar amounts of H2A.Z and H2B were mixed and diluted to 1 mg/ml by adding 5 ml
of unfolding buffer. Histones were dialysed (SpectraPor3 dialysis membrane, 3.5kDa) four times
against refolding buffer (10 mM Tris-HCI pH 7.5, 2 M NaCl, 1 mM EDTA, 5 mM pS-mercaptoethanol)
for 1.5h each, while the last step was performed over night. Formed dimers were concentrated to
approximately 1-1.5ml (3kDa cut-off, Amicon® Ultra Centrifugal Filters) before loading them on
a superdex 200 16/600 column which had been pre-equilibrated in refolding buffer via a 2 ml loop.
Fractions of 750 pl were collected and checked for stoichiometry on SDS-PAGE NuPAGE™ 4-12 %
Bis-Tris Gel 1 mm (MES buffer, invitrogen). Dimers were spin-concentrated and stored in 50 % gly-
cerol at —20 °C.
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4 Materials and Methods

4.5 Structural studies of INO80 on ON80 nucleosomes

INO80 was mixed 1:1 with ON80 at a concentration of 600 nM in a buffer containing 20 mM HEPES
pH8, 50 mM KCl, 0.25 mM, CaCl; and 0.25 mM DDT. INO80-nucleosome sample was plunge frozen
on a Vitrobot Mark IV (ThermoFisher) in liquid ethane. For this purpose, the sample was mixed
with 0.05 % of the detergent f-octyl-glycoside. Further, Quantifoil copper mesh 200 R2/1 grids were
plasma cleaned with the FISHIONE Instrument Nanoclean in the presence of 90 % argon and 10 %
oxygen for 15 s. Vitrobot was set to 100 % humidity, 4 °C, wait time 0 s, blot time of 2 or 3 s and a blot
force of 2 or 3. A total of 11000 micrographs was collected on a Titan Krios transmission electron
microscope (TEM) from FEI at a magnification of 130 k which corresponds to a pixel size of 1.04 A.
Furthermore, images were illuminated with a total dose of 41.6 e/AZ.

Data processing was handled throughout in RELION 4.0 [263]] where micrographs were subjected
to motion correction with the RELION implemented MotionCor2 followed by ctf estimation with
Gectf. Particles were automatically picked in RELION with a threshold of 0.05 and an inter-particle
distance of 250 A. Particles were extracted with a diameter of 360 pixel whereas a binning factor
of 2 was applied (new box size 180 pixel). Subsequently, particles were 2D classified and INO80-
complexes were selected for the creation of an initial model. Next, the initial model was used in
order to perform 3D classifications on the full dataset. In consecutive rounds of 3D classifications,
apo INOS8O classes were separated from the desired classes of nucleosome bound INO80. Particles
were further 3D refined and subjected to per-micrograph ctf refinement, Bayesian polishing as well
as per-particle ctf refinement. Finally, before performing the final 3D refinement, particles were re-
extracted without binning. A total amount of 70091 particles were utilized for the final 3D refinement
and subsequent post-processing.

4.6 Structural studies on INO80-hexasome

4.6.1 CryoEM sample preparation, data collection and data processing

INO80-hexasome samples were prepared by Min Zhang. Details on the sample preparation, data
collection and performed data processing steps are outlined in the methods section of [281]].

4.6.2 Model building

EM densities for state 1 were used for initial model building due to the better quality compared
to state 2. Models of state 1 were then used as a starting point for state 2. Model building was
performed in both DeepEMhancer [324] sharpened maps and unsharpened maps from the different
focused refinements. As starting models, already published data was used: PDB 6FML for Arp5 core
and Ies6; PDB 8AVG for Ino80 ATPase and insert as well as Rvb1/2, Arp5 grappler and Arp5 foot; PDB
70HC for histone core and DNA; PDB 3162 for the ADP<AIF, ~ configuration within the active site
of the Ino80 motor lobes. Structures from the PDB were rigid body fitted in ChimeraX (version 1.4)
[325]] and next flexibly fitted in COOT (version 0.9.7) [275]]. Within COOT, the protein models were
rebuilt using self-restraints while I built the DNA beyond SHL—-3 using German McClure restraints.
Side chains were built except for the Arp5 grappler which was only built as poly-alanine model from
residues 311-602 in state 1 (including the Arp5 foot) and residues 311-603 in state 2 (excluding Arp5
foot). The Arp5 foot interaction with the H4a2 helix was modelled using RosettaES [326] (done by
Frank Dimaio) for analysis and visualization but was truncated in the PDB deposited model. The
ADP.AIF, ~ within the active site was built according to PDB 3162 with Ino80 residue threonine
1004 located at the water molecule position that coordinates the magnesium ion in the PDB. Next,
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4.6 Structural studies on INO80-hexasome

iterative runs of ISOLDE 1.4 [276] with self-restraints, followed by real-space refinements in PHENIX
(version 1.20.1) [277] were performed. DNA restraints were separately generated in ACHESYM
[327]. First, PHENIX refinements were done into the unsharpened maps. In the last step, sharpened
maps from LocScale (version 2.1.5.) [328]] were used instead. Lastly, composite models of both state 1
and 2 were generated from the individually refined local models by initially rigid body fitting the
respective models in the composite EM densities. Then, chains were connected and side chains at
map interfaces adapted. Composite models were used to generate a composite map in PHENIX for
molecular dynamics adaptations in ISOLDE. Models were real-spaced refined with self-restraints
one last time to generate the refinement statistics for the composite models. Statistics of the refined
maps and built models is outlined in Table [4.1|for state 1 and in Table |4.2|for state 2.
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INO80-core Ino80 Ino80 Rvb1/Rvb2 Arp5 Arp5
module hexasome whole ATPase- composite| ATPase- Hexasome Ino80 core, grappler
(statel) hexasome DNA insert, les6
les2
PDB 8007 8009 800A 800C 800F 800K
EMDB EMD- EMD- EMD- EMD- EMD- EMD- EMD- EMD-
17019 17023 17006 17007 17008 17010 17012 17017
For each reconstruction
Refined particles (no.) 72,400 72,400 72,400 72,400 72,400 72,400 72,400
Final particles (no.) 72,400 72,400 72,400 72,400 72,400 72,400 72,400
Symmetry imposed C1 C1 C1 C1 C1 C1 C1
Resolution (global, A, 3DFSC) 3.15 3.57 3.22 3.18 2.93 2.90 5.69
FSC 0.5 (unmasked/masked) 7.59/3.75 8.22/4.42 8.00/3.75 8.00/3.89 7.59/3.40 7.59/3.36 8.70/7.59
FSC 0.143 (unmasked/masked) 3.89/3.15 4.29/3.57 3.75/3.22 3.89/3.18 3.05/2.93 3.70/2.90 3.79/5.69
Resolution range (local, A) 2.9-10.9 3.3-11.9 3.2-7.3 3.1-6.5 2.9-4.7 3.1-4.5 3.7-8.6
Map sharpening B factor (A%) —-65 -91 -89 -70 —-51 —64 —155
3DFSC sphericity 0.881 0.774 0.795 0.795 0.923 0.875 0.744
Initial model used for model 8AV6 70HC 8AV6 6FML 8AV6
building (PDB code) 3162
Model composition (for each model)
Protein 4693 439 529 3626 556 199
Ligands (ADP, Mg, ATP) 7 ADP 1ADP 0 6 ADP 1ATP 0
1ATP 1Mg 1ATP 1Mg
2 Mg 1AIF4 1Mg
1AIF4
DNA 226 42 204 - - -
Model refinement (for each model)
Refinement package Phenix Phenix Phenix Phenix Phenix Phenix
1.20.1- 1.20.1- 1.20.1- 1.20.1- 1.20.1- 1.20.1-
4487 4487 4487 4487 4487 4487
real or reciprocal space real real real real real real
resolution cutoff 2.40 2.92 2.80 2.50 2.55 5.00
Model-Map-scores
CC (mask) 0.81 0.78 0.76 0.86 0.84 0.71
CC (peaks) 0.73 0.70 0.67 0.81 0.75 0.46
CC (volume) 0.80 0.78 0.75 0.85 0.83 0.66
Map versus Model FSC 0.5 (A) 2.8 3.2 3.1 2.7 2.7 8.5
B factors (A?)
Protein residues 64.34 61.99 37.73 66.43 58.74 495.92
Ligands 46.52 57.92 - 47.65 39.05 -
DNA 65.94 41.69 51.87 - - -
R.m.s deviations from ideal values
Bond lengths (A) 0.005 0.010 0.008 0.003 0.005 0.005
Bond angles (°) 1.098 1.260 1.194 0.694 1.038 0.942
Validation (for each model)
MolProbity score 1.10 1.19 0.99 1.09 1.21 0.72
CaBLAM outliers (%) 1.16 1.42 0.59 1.18 0.94 0
Clashscore 2.54 3.29 2.17 2.46 2.60 0.69
Poor rotamers (%) 0 0.0 0.0 0.0 0.0 -
C-beta outliers 0.0 0.0 0.0 0.0 0.0 0.0
EMRinger score (if better than 4 A 3.75 3.72 3.22 3.73 4.92 -
resolution)
Ramachandran plot
Favored (%) 97.74 97.68 98.45 97.72 97.06 100
Allowed (%) 2.26 2.32 1.55 2.28 2.94 0
Qutliers (%) 0 0 0 0 0

Table 4.1: Table with refinement and model building statistics for state 1 maps and models.
Table was adapted from the INO80-hexasome publication [281]].
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4.6 Structural studies on INO80-hexasome

INO80-core Arp5 Ino80 Rvb1/Rvb2 Arp5 core
module hexasome whole grappler composite ATPase- Ino80 les6
(state2) hexasome insert, les2
PDB - - 800P 800S 800R 800T
EMDB EMD-17029 EMD-17676 EMD-17025 EMD-17027 EMD-17026 EMD-17028
For each reconstruction
Refined particles (no.) 98,967 98,967 98,967 98,967 98,967
Final particles (no.) 98,967 98,967 98,967 98,967 98,967
Symmetry imposed C1 C1 C1 C1 C1
Resolution (global, A, 3DFSC) 3.08 7.59 3.29 2.87 2.85
FSC 0.5 (unmasked/masked) 6.58/3.61 8.00/8.70 7.79/4.05 7.59/3.40 6.88/3.29
FSC 0.143 (unmasked/masked) 3.75/3.08 4.23/7.59 4.05/3.29 3.05/2.93 3.61/2.85
Resolution range (A) 2.9-10 3.5-10.3 3.2-8.0 2.9-4.4 2.9-5.1
Map sharpening B factor (A?) —-62 —-688 -83 —51 —-65
3DFSC sphericity 0.907 0.871 0.828 0.944 0.852
Initial model used for model building 8AV6 8AV6 6FML
(PDB code) 3162
Model composition (for each model)
Protein 4677 966 3626 556
Ligands (ADP, Mg, ATP) 7 ADP 1ADP 6 ADP 1Mg

2 Mg 1Mg 1Mg 1ATP

1ATP 1AIF4 1ATP

1AIF4
DNA 217 217 0 0
Model refinement (for each model)
Refinement package Phenix Phenix Phenix Phenix

1.20.1-4487 1.20.1-4487 1.20.1-4487 1.20.1-4487
real or reciprocal space real real real real
resolution cutoff 2.50 2.70 2.50 2.60
[ Model-Map scores |

CC (mask) 0.83 0.73 0.88 0.87
CC (peaks) 0.75 0.59 0.84 0.77
CC (volume) 0.82 0.72 0.88 0.87
Map versus Model FSC 0.5 (A) 2.7 3.2 2.5 2.9
B factors (A?)
Protein residues 68.62 67.24 63.79 93.26
Ligands 51.99 79.40 46.60 81.73
DNA 71.42 66.41 - -
R.m.s deviations from ideal values
Bond lengths (A) 0.006 0.007 0.011 0.004
Bond angles (°) 1.190 1.167 0.959 1.005
Validation (for each model)
MolProbity score 0.94 1.29 1.19 1.20
CaBLAM outliers (%) 1.31 1.84 1.35 1.13
Clashscore 1.28 3.08 2.70 2.03
Poor rotamers (%) 0 0 0 0
C-beta outliers 0 0 0 0
EMRinger score (if better than 4 A resolu- 3.82 2.66 4.13 5.43
tion)
Ramachandran plot
Favored (%) 97.58 96.83 97.27 96.51
Allowed (%) 2.42 3.17 2.73 3.49
Outliers (%) 0 0 0 0

Table 4.2: Table with refinement and model building statistics for state 2 maps and models.
Table was adapted from the INO80-hexasome publication [281]].

4.6.3 INO8O activity assays - ATP-dependent nucleosome sliding assays

Sliding assays were used to probe the INOS80 activity on various nucleosome and hexasome con-
structs [[77][67]. For this purpose 6-Carboxyfluorescein (6-FAM) labeled ON80 nucleosomes, 0H80
or 0H40 hexasomes were used. 100 nM of nucleosomes or hexasomes were mixed with 30 nM of C. t.
or S.c. INO80 in the presence of sliding buffer (25 mM HEPES at pH 8.0, 60 mM KCl, 0.1 mg/ml BSA
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(bovine serum albumin), 7 % glycerol,0.25 mM DDT, 2 mM MgCl,). Components were pre-incubated
at 26 °C for 10 min before starting the sliding reaction with a final concentration of 2 mM MgCl, and
1 mM ATP. Probes of 10 pl were taken for each time point and mixed with 5 pl of Lambda DNA (Bio-
Labs 500 pg/ml) to compete off INO80 and stop the reaction. Time points were taken at 30 s, 1 min,
2 min, 5 min, 10 min, 30 min, 60 min and 90 min. In addition, one sample prior to ATP and MgCl, in-
corporation was kept. Samples were analysed on 10-well Native PAGEs (Invitrogen NativePAGE™
4-16 % Bis-Tris Gel, 10-well 1.0 mm) and mixed for this purpose with 1 pl of 20 % Ficol solution. 15 pl
per sample were loaded and gels ran at 100V for 1.5h , followed by another 0.5h at 150 V. Gels
with hexasome samples were prepared as follows: 100V for 1.5h then 1.5h at 150 V to achieve good
separation of remodeled versus non-remodeled hexasome bands. Gels were scanned on a Typhoon
FLA9500 machine and analysed using Image] [331]]. Corrections were applied to account for small
differences in terms of sample loading and for hexasomes being present in nucleosome samples and
reversely. To achieve this, the total sample amount was calculated by adding up the band intensities
of non-remodeled, intermediate and remodeled bands. Next, the percentage of the non-remodeled
substrate (%S) in relation to the total amount was determined. The minus ATP samples represents 0 %
of remodeled nucleosome or hexasome samples. Based on its value, the percentage (%) of remodeled
samples were calculated for all time points. Graphs were plotted in GraphPad Prism version 9.5.1
(Dotmatics). Figure 4.1/ shows comparison of activity of INO80 on 0N80, 0H80 and 0H40 substrates.
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Figure 4.1: Comparison of sliding activity of C. t.and S.c. INO80 on ON80, OH80 and 0H40.
a Left: Native PAGEs of sliding assays. Right: Graphs showing sliding activity of C.t. on ON8O0,
0H80 and 0H40. 0N80 and 0H40 comprise the same amount of extra-nucleosomal DNA. Yet, INO80

slides ON80 with the fastest kinetic. b The same representation and sliding assay setup but for S. c.
INO30.
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4.7 Structural studies on Apo SWR1

4.6.4 Nucleosome/Hexasome competition assays

Competition assays were performed and analysed likewise to the sliding assays. However, ON80
nucleosomes and 0H40 hexasomes were used in the same reaction tube to determine the INO80
substrate preference. 0N80 nucleosomes were 6-FAM labeled, while 0H40 contained a Cy5.5 label.
Substrates were pre-analysed on Native PAGE to precisely calculate molarities in relation to each
other. The assay was run by mixing 100 nM of 0N80 and 0H40 substrates with 30 nM of yeast or
C.t. INO80. Gels were run at 100V for 1.5h followed by another 1.5h at 150 V. Finally, gels were
scanned for 6-FAM and Cy5.5 to detect nucleosomes and hexasomes from the same gel.

4.7 Structural studies on Apo SWR1

4.7.1 Sample preparation

Apo SWR1 sample was neither concentrated nor crosslinked for cryoEM. Instead a fraction was
directly taken from the anion exchange chromatography step that was performed at an AKTA micro
setup. Quantifoil mesh 200 R2/1 grids were plasma cleaned (FISHIONE Instruments, Nanoclean) at a
mixture of 10 % of oxygen and 90 % of argon for 15 s. Subsequently, 3 pl of Apo SWR1 at 600 nM were
applied to the grid inside the humidity controlled FEI Vitrobot Mark IV (ThermoFisher) at 4 °C and
100 % humidity. Apo SWR1 was mixed directly prior to sample vitrification with S-octyl-glycoside
at a final concentration of 0.05 %. Grids were blotted with Whatman blotting paper (Cytiva, CAT No.
10311807) without wait time, blot force of 2 and blot time of 2 s and plunge frozen in liquid ethane.

4.7.2 Data collection

Micrographs were collected on a Titan Krios electron microscope (FEI) harboring a K2 direct electron
detector (from Gatan). Six shots per hole were recorded using beam tilt in an automated way within
the SerialEM [329] resulting in a total number of 5064 micrographs. Images were generated at a
spot size of 8, an exposure of 10 s and at a magnification of 130k which corresponds to a pixel size
of 1.04 A/pixel. The microscope settings resulted in a total electon dose of 47.34e/A? that was
distributed over 40 frames.

4.7.3 Data processing and model building

Particle picking was performed on the fly during data acquisition with the software WARP [330].
Pre-processing of the micrographs was done in RELION 4.0 [263] which included motion correction
with the RELION implemented MotionCor2 as well as ctf estimation with Gctf. Particle coordinates
of WARP were used to extract 619519 particles with a box size of 360 A. Subsequently, motion cor-
rected micrographs as well as extracted particles were transferred to cryoSPARC [264] to perform
2D classifications. Classes showed mainly the Core complex of SWR1 (168877 particles) while a
sub-fraction represented the Arp module (35000 particles). In order to pick more particles, I trained
separately the neural network based picking tool TOPAZ [268] for both modules. Training and
picking was performed in three consecutive rounds. This resulted in 356180 Core and 183000 Arp
module particles. A subset of 2D classes was utilized to generate ab-initio reconstructions within
cryoSPARC. Particles of the Core module were further processed as follows: All TOPAZ picked par-
ticles from the last job were subjected to a heterogeneous refinement which created two garbage
classes and one volume showing features of the Core module (422267 particles). All TOPAZ picked
particles were utilized as an input to avoid removal of rare views at this stage. Another round of
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heterogeneous refinement separated one class with the overall Core module (268443 particles) from
a class that missed the Swc3 subunit. This step was repeated which resulted again in one class with-
out Swc3 and one with the intact Core module. The resulting 166166 particles were transferred back
to RELION by creating a star file with the new particle coordinates and refinement parameters. In
addition, the 3D class of the previous heterogeneous refinement (268443 particles) was imported
into RELION as an initial model. Next, particles were re-extracted in RELION and classified into
one 3D class using the map from cryoSPARC as initial model. Particles were then subjected to 3D
refinement using the 3D class as a reference (initial low pass filtered to 40 A) and applying a mask.
The resulting 3D map was of good quality except for the rim region of Swc3 and the Swc6/Arp6 arm.
To generate an overall map of high quality first, I proceeded with post-processing, which included
per-micrograph ctf refinement, Bayesian polishing as well as per-particle refinement yielding a map
of an overall resolution of 2.97 A. In order to improve the map density around the Swc6/Arp6 arm,
particle re-centering onto the Swc6/Arp6 subunit was applied. For this purpose, a mask around the
Swc6/Arp6 arm was generated and used to calculate the offset from the box center with help of
the RELION image handler tool in the terminal. Based on these x, y and z values, particles were
re-extracted and subjected to the same procedure of 3D refinement and post-processing workflow
using masks for the whole Core module. However, the final 3D refinement was re-started at itera-
tion 13. The resulting map showed a better connectivity at the rim of Arp6 and Swcé6 and had an
overall resolution of 3.04 A.

Model building was performed based on published structures (Rvb1/Rvb2 from PDB 8AV6) or Al-
phaFold Multimer predictions [273]. The following AlphaFold predictions were generated: Swc2-
Swe3, Swrl as well as Swrl anchor-Arp6-Swc6. The focused map around the Swc6/Arp6 arm was
utilized for model building of Swc6, Arp6, the Swrl anchoring helices and one of the Rvb2 OB-folds
that sits close to Swc6. The remaining subunits and domains were built into the overall map. First,
pdb models were rigid body fitted in ChimeraX [325]], followed by flexible fitting in COOT [275]]
applying molecule self-restraints. Models were carefully inspected, Ramachandran and Rotamer
outliers resolved. Due to time restrictions, I did not continue to improve the models in Chimera
Isolde [276] and did not perform phenix refinement. However, model building will be continued
for later publication. Likewise to the Core module of SWR1, TOPAZ picked particles of the Arp
module as well as the initial model were exported to RELION. The initial model was used as a ref-
erence to classify the TOPAZ picked particles into one 3D class to generate a RELION internal 3D
reference. The resulting density of both the initial model and the 3D class was of low resolution. It
comprises the Arp module core as well as two arms. The map could not be improved by neither 3D
classifications nor local refinements in cryoSPARC as well as RELION. Instead, one 3D refinement
was performed. In order to apply an integrative approach of cryoEM and structure predictions, two
AlphaFold multimer models were created: 1) Swr1 HSA helix, two copies of actin, Arp4 and Swc4 2)
Swrl N-term and HSA helix, one copy of actin, Arp4, Swc4 and Yaf9. Density of N-terminal region
of Swr1, Yaf9 and Swc4 fitted well into the foot that extends from the Arp module core. However, Al-
phaFold did not predict the angle of the foot correctly. The round blob on top of the other site of the
Arp module harbors the second copy of actin. In order to improve the fitting, three more AlphaFold
models were generated that contained: 1) The Arp module core of Swr1 HSA helix (@1, N-terminal
region of Swc4 including Swc4 joint and 2W hairpin, actin and Arp4 2) C-terminal region of Swc4,
N-terminal region of Swr1 and Yaf9 3) actin and a2 helix of HSA. The three models were separately
fitted into the 3D refined Arp module map. The interfaces do not fit perfectly as AlphaFold did not
predict the conformations correctly but the fitting can only be improved when an EM map of higher
resolution is obtained.
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4.8 Structural studies on SWR1 Arp module

4.7.4 Single molecule analysis of Core and Arp module pairs

The single molecule pipeline was set up by Luis Hauptmann and performed as described in [281]]. In
short, Luis Hauptmann mapped nearest neighbor pairs of the final set of Core module (166166 par-
ticles) and Arp modules (183000 particles). Distances were plotted and showed a preferred distance
of 173 A. A selection of Core-Arp module pairs was created that comprise a distance of 90-210 A.
The outputted star file was imported into RELION and utilized to re-extract Core-Arp module pairs
with a box size of 480 A. Particles were subjected to 2D classification asking for 20 classes.

4.8 Structural studies on SWR1 Arp module

4.8.1 Sample preparation

The Arp moduleN ™A Lyaf9 sample was diluted to 4 uM and 50 mM HEPES pH 7.5, 500 mM NaCl,
0.5mM CaCl,, 0.25mM DDT. From this sample, 3 ul were applied to Quantifoil copper mesh 200
R2/1 grids in the presence of 0.05 % of the detergent f-octyl-glycoside and plunge frozen with the
following settings at a Vitrobot Mark IV (ThermoFisher): 100 % humidity, 4 °C, wait time 0's, blot
time of 2 s and a blot force of 2. Grids were before plasma cleaned using the FISHIONE Instrument
Nanoclean.

4.8.2 Data collection

Date was acquired at 300 keV on a Titan Krios transmission electron microscope (TEM) from FEI The
microscope was equipped with a K3 direct detector and an energy filter from Gatan set to a width of
20 eV. A total of 3315 micrographs with a defocus range of 0.8 to 1.8 were collected by imaging five
shots per hole. I made use of automated data acquisition based on a beam-tilt acquisition scheme
and hole references within SerialEM [329]]. Furthermore, images were acquired at a magnification
of 105000 which corresponds to an equilibrated pixel size of 0.822 A. Micrographs were collected by
an exposure time of 1.57 s and a dose of 46.39 e/A? spread over 40 frames. Finally, WARP [330]] was
utilized for pre-processing and particle picking.

4.8.3 Data processing and model building

Micrographs were again pre-processed in RELION 4.0 [263] making use of the RELION implemented
motion correction tool MotionCor2 as well as Gcetf for ctf estimation. WARP picking parameters of
1163571 particles were imported and used for particle extraction of the Arp module with a box size
of 256 px. Subsequently, extracted particles and motion-corrected micrographs were imported into
the data processing software cryoSPARC [264]. Arp modules were subjected to 2D classification
which revealed three type of classes 1) Arp module 2) Yaf9 3) junk particles. Only two classes re-
presented Yaf9 with a total number of 24717 particles. the identity of Yaf9 classes was clear from
AlphaFold predictions. Yaf9 particles were used for three rounds of TOPAZ training and subsequent
particle picking respectively. However, the number of Yaf9 particles could not be increased. In-
stead, initial model creation and non-uniform refinement were performed that were utilized to fit
the AlphaFold predicted model. Back to the Arp module classes, 499450 particles resembling the
Arp module were selected and re-imported together with the initial model to RELION. Based on an
AlphaFold multimer prediction of Swr154-Arp4-actin-Swc4, it was apparent that the initial model
was mirrored. Therefore, the underlying volume was volume flipped in ChimeraX [325]. Particles
were re-extracted in RELION this time with an adapted smaller box size of 180 px which corresponds
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to 148 A. Using the initial model from cryoSPARC, Arp modules were classified into one 3D class to
obtain a RELION internal reference. During this process RELION 5.0 [252] was released which has
a novel implementation of Blush regularisation and is based on a denoising convolutional neuronal
network [252]]. Thereby, 3D classification and 3D refinements of smaller particles, like in the pre-
sented case, can be improved. To make use of the blush option, I imported the particles and 3D class
for reference to RELION 5.0 were the remaining steps were performed. I created a soft mask (volume
for mask creation lowpass filtered to 15 A, extended binary map and soft-edge by 3 px respectively)
for subsequent 3D classification (with blush option) asking for three classes. One class was showing
a weaker density around the Swc4-joint, therefore the other two classes were combined and sub-
jected to another round of 3D classification again asking for three classes. The best two classes were
combined resulting in a total number of 89998 Arp module particles. During the inspection of 3D
classes, I carefully compared the volumes to the AlphaFold model as in my hands the blush func-
tion seemed to hallucinate density in weaker resolved areas. The final set of particles was refined
applying the same mask and reference (initial lowpass filter to 15 A, use blush regularisation). Next,
post-processing, per micrograph ctf refinement, Bayesian polishing as well as per particle ctf refine-
ment were applied in this order. The final post-processed map is at 3.44 A resolution. However, I
preferred to use the final 3D refinement after per particle ctf refinement which was at 3.79 A. For
model building, I fitted the mentioned AlphaFold Multimer predictions within ChimeraX [325] into
the final density. Next, I used the flexible fitting option of COOT [275] to refine the model applying
self-restraints. Resulting ramachandran and rotamer outliers were fixed and the model was carefully
inspected. For time restraints, I did not perform further model improvement or refinements yet, but
will do so for later publication of the results.

4.9 Towards a SWR1-nucleosome structure

CryoEM samples were prepared with either 60N25, 80N25 or 25N80 nucleosomes. I aimed at com-
plex concentrations from 600 to 900 nM. For this purpose, SWR1, nucleosomes as well as H2A.Z/H2B
dimers were mixed at a 1:1:1 molar ratio. In cases where dialysis of the complex was performed,
SWR1 and H2A.Z/H2B were premixed at a high salt concentration (about 500 mM KCI). Next, di-
lution buffer (50 mM HEPES pH 7.5, 0.25 mM DDT, 0.5 mM CaCl,, 20 uM ZnCly) and finally the
nucleosomes were added. Absorption was measured prior and post dialysis to calculate the concen-
tration. Typically the dialysis of the complex was prepared with the highest complex concentration
possible and diluted after dialysis if necessary. Dialysis was performed in 500 pl Slide-A-Lyzer MINI
Dialysis Units (Thermo Scientific ) against 300 ml of dialysis buffer (50 mM HEPES pH 7.5, 75 mM
KCl, 20 uM ZnCl,, 0.5 mM CaCl,, 0.25mM DDT) for 0.5-1h. Calciumchloride was left out when
nucleotide analogues were added. If SWR1 and H2A.Z/H2B were pre-dialysed in the absence of nu-
cleosomes, they were mixed in dilution buffer and subjected to the same dialysis procedure. If the
nucleotide analogues ADP-AIF,” or ADP-BeF; were tested, they were added post-dialysis and right
before sample preparation for cryoEM. In both cases 10x pre-mixtures of 20 mM ADP/33 mM MgCl,
and 100 mM NaF/20 mM AICl; or 160 mM NaF/20 mM BeF; were prepared and added to the complex
sample to reach a final 1x dilution. Further, 0.05 % of the detergent f-ctyl-glycoside or Tween20 at
0.005 % was added right before sample vitrification. Samples were prepared on 1) Quantifoil copper
mesh 200 R2/1 2) Quantifoil copper mesh 200 R2/1 2 nm Carbon or 3) Quantifoil gold mesh 200 R2/1
grids. Grids were plasma cleaned in the FISHIONE Instrument Nanoclean with the following set-
tings: Gold grids: 75 % argon, 25 % oxygen, 45 s, Copper grids: 90 % argon, 10 % oxygen, 15s. Grids
were plunge frozen with the help of the Vitrobot Mark IV (ThermoFisher) set to 100 % humidity, 4 °C,
wait time 0 s, blot time of 2 s and a blot force of 2 or 3. Copper grids with carbon support were pre-
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pared at lower complex concentration (80 nM but with a wait time prior to vitrification of 1-2 min).
Grids were inspected at a FEI Talos Arctica TEM (200 kV, Falcon 3 camera) and small datasets of a
few thousand micrographs were collected on a Titan Krios transmission electron microscope (TEM)
from FEI equipped with a K3 direct detector from Gatan. Pre-processing of micrographs (motion
correction and ctf estimation) was performed in RELION 4.0 [263]] likewise to particle extraction of
WARP picked [330] particles. 2D classifications were performed in cryoSPARC [264]. These revealed
that complexes of SWR1 and nucleosomes were falling apart in the tested conditions.

4.10 AlphaFold Multimer predictions

AlphaFold Multimer predictions were performed with the publicly available version 2.3.2 [273].
Thomas Hoffmann created scripts for running subsequent MSAs (multiple sequence alignments),
feature prediction, a finalizing job as well as model relaxation. I created 25 models per prediction
and compared them, however I used only the model with the best scores (ranked,). PAE plots were
inspected as quality control and the models were colored in ChimeraX based on their confidence
score of AlphaFold (stored and accessible as B factor value).

4.11 Chaetomium pulldowns

In brief, the purified bait proteins eGFP (negative control), SWR1-complex, Swc5 or Bdf1 were used
to pull down interacting subunits from Chaetomium thermophilum. Experiments were prepared in
triplicates and TMT-labeled by the mass spectrometry facility for subsequent analysis. The following
three experiments were performed: 1) eGFP and Swc5 2) eGFP and Bdf1 3) eGFP, Bdf1 and SWR1-
complex.

In the initial setup, the bait proteins were purified on the fly. Per replicate 0.5 g of insect cell pellets
of the respective bait protein were lysed and immobilized on 50 pl of anti-FLAG beads (GenScript,
Cat. L00432). After washing of the beads, Chaetomium lysate was added. In an optimized setup,
bait proteins were purified to homogeneity and then immoblized in equimolar amounts on anti-
FLAG beads. For experiments 1) and 2) 9.15 uM and for experiment 3) 2 uM bait proteins were added
each to 50 pl anti-FLAG affinity beads that had been equilibrated in lysis buffer (50 mM HEPES pH7,
500 mM NaCl, 10 % glycerol, 0.25 mM DDT and 20 pM ZnCl,). Bait proteins were immobilized for
about 1 hour on a rolling wheel at 4 °C. Beads where washed twice in lysis buffer. In the meantime,
10 g of freeze-milled Chaetomium thermophilum lysate (prepared by the Héaring lab in Wiirzburg)
was dissolved in 25 ml of lysis buffer supplemented with 0.05 % NP-40. Samples were fully dissolved
on a rolling wheel for about one hour. Samples were then mildly sonicated at 40 % intensity for 2 min
(Sonifier® W-250 D). Lysate was cleared at 30 000 g at 4 °C for 45 min in a Ti-40 rotor before adding it
to the prepared FLAG beads. The lysate was incubated with the FLAG beads for 3 h in the cold room
on a rolling wheel. FLAG beads were transferred into Eppendorf tubes and washed ten times in
1 ml wash buffer (50 mM HEPES pH7, 150 mM NaCl, 5 % glycerol, 0.25 mM DDT and 20 pM ZnCl,,
0.5mM CaCl,). Proteins were eluted off the beads with 60 pl of 2x SDS buffer. While 50 ul were
handed over to Jennifer Schwarz from the EMBL proteomics core facility, 10 pl were analysed on
SDS-PAGE. Mass spectrometry data was analysed as follows. Enriched hits and enriched candidates
(compared to the eGFP control) were further analysed by checking their identity using the uniprot
database. Hits for the transcription and translation machinery were not followed up. Remaining
interesting hits were checked on the AlphaFold database and compared to the AlphaFold prediction
of Swc7. Plots of results were generated in R studio using and adapting scripts provided by Thomas
Dabhlet.
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4.12 INO80-Swc5 crosslinking studies

Testing of different crosslinking conditions

To test different BS3 concentrations, 5 pg of AN-INO80 was mixed with an equimolar amount of
Swc5 in crosslinking buffer (30 mM HEPES pH 7.8, 150 mM NaCl, 0.5 mM CaCl; and 0.25 mM DDT).
A stock of 50 mM BS3 was prepared in water. The following BS3 conditions were tested: 0 mM,
0.025mM, 0.05 mM, 0.075mM, 0.11 mM, 0.125 mM, 0.25 mM, 0.5 mM and 1 mM. The BS3 was added
and crosslinking allowed for 30 min shaking at 350 rpm at room temperature. The reaction was
stopped by adding Tris-HCI pHS at a final concentration of 100 mM and incubation at 600 rpm and
35 °C for 10 min. Samples were then mixed with 5 pl 5x SDS buffer and analysed on a SDS-PAGE
NuPAGE™ 4-12 % Bis-Tris Gel 1 mm.

Large Scale Crosslinking experiment and mass spectrometry

For the final crosslinking mass spectrometry experiment, 55 pg of full-length INO80 (received from
the Hopfner lab in Munich) were mixed with an equimolar amount of Swc5 and crosslinking buffer
(see above). Crosslinking was enabled by addition of 0.25 mM BS3 for 30 min at room temperature
while shaking at 350 rpm. The reaction was quenched with a final concentration of 100 mM Tris-
HCI pH 8.0. An amount of 5 pg of the reaction was analysed on SDS-PAGE. The remaining sample
was submitted to mass spectrometry analysis by Mandy Rettel of the EMBL proteomics core facility.
Crosslinking data was visualized with xiView [293]].

4.13 SWR1 crosslinking mass spectrometry

Crosslinking was performed likewise to the INO80-Swc5 crosslinking. However, a BS3 concentration
of 0.15mM was chosen for crosslinking. Peptides were separated on a 120 min gradient to enable
detection of more peptides in the mass spectrometer.

4.14 Mass photometry measurements

Mass photometry measurements were performed on a Refeyn Two MP mass photometer machine.
Samples or complexes were prepared at an initial concentration of 200 nM. SWR1 samples and com-
plexes were mixed in filtered buffer (through 0.2 um filter) of 20 mM HEPES pH?7.5, 50-200 mM KCl,
20 pM ZnCly, 0.25 mM DDT. A respective buffer volume of 19 pl (without the DDT) was applied to
the Refeyn for calibration before adding 1 pl of the protein sample. Depending on the used amounts,
the protein sample was thereby diluted 1:18 or 1:19. SWR1-nucleosome and SWR1-nucleosome-
H2A.Z/H2B complexes were analysed at 1:1:1 ratios.

Arp module constructs were prepared likewise at 200 nM but in a buffer of 50 mM HEPES pH?7.0,
75 or 200 mM NaCl and 0.25 mM DDT. The effect of 1 mM of either ADP or ATP in the presence of
0.25mM DDT was tested.

138



4.15 Applied software

4.15 Applied software

| Software | Publisher |
UCSF ChimeraX, version 1.5-1.7, ISOLDE | UCSF Resource for Biocomputing, Visualization and
plugin Informatics [325] [276]
WARP [330]
SerialEM [329]
CryoSPARC, version 3.3 and 4.0 Structura Biotechnology [264]
RELION, version 3.0, 4.0, 5.0 [263] [252]

COOT (Crystallographic Object-Oriented
Toolkit, version 0.9.7)

Medical Research Council Laboratory of Molecular
Biology (MRC-LMB) [275]

AlphaFold2 Multimer (2.3.2) [273] [272]
PHENIX (version 1.20.1) [277]
Jalview [284][285]

Clustal Omega

European Molecular Biology Laboratory
(EMBL-EBI), [287]

xiView

Rappsilber lab, [293]

AcquireMP, DiscoverMP, version 2.3

Refeyn

Prism

Graphpad, Dotmatics

RStudio Posit Software, PBC
SnapGene GSL Biotech

Fiji ImageJ [331]

Adobe Illustrator’ Adobe

Table 4.3: Applied software and respective publishers.
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