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1 Summary 

DNA is the carrier of the genetic information in all kingdoms of life. Cells face the challenge to 

pack DNA and ensure its integrity on the one hand while enabling access to the genetic code on 

the other hand. This holds in particular true for eukaryotes, whose genomes are typically larger 

than those of prokaryotes and organized in multiple linear DNA molecules, termed 

chromosomes, within the nuclear envelope. Their genetic information is stored as a 

nucleoprotein complex referred to as chromatin, in which DNA is associated with histone 

proteins. It compacts DNA and at the same time provides an elaborate platform to regulate 

access to the genetic code. Various fundamental cellular processes depend on this access and 

thus are regulated by the organization of chromatin, such as transcription, cell division, cell 

differentiation and DNA repair. The fundamental unit of chromatin is the nucleosome core 

particle, in which 147 bp of DNA are wrapped around an octamer of the four core histone 

proteins (H2A, H2B, H3 and H4) or variants thereof, giving rise to a disk-shaped particle. The 

nucleosome core particle originated from archaea. These possess one or two histone proteins, 

which are orthologous to eukaryotic histones and assemble with DNA in an overall similar 

fashion. 

Being the fundamental unit of chromatin, the formation, disassembly, localization and 

composition of the individual nucleosome core particles directly impacts the chromatin 

landscape and therefore gene regulation. These actions are carried out by chromatin 

remodelling complexes (‘remodellers’). The catalytic core of all remodellers is a Snf2-type 

ATPase, which converts the energy of ATP hydrolysis in DNA translocation. Based on flanking 

domains and additional subunits, remodellers can be grouped into four families: ISWI, CHD, 

SWI/SNF and INO80. While ISWI and CHD carry out their function as small complexes or even 

as single subunits, remodellers of the SWI/SNF and INO80 families form multi -subunit 

complexes in the megadalton range. In the past twenty years, several hallmark studies 

characterized the biological functions of these multi-subunit complexes and analyzed their 

composition and architecture. However, insights on a detailed structural level into how the 

individual subunits cooperate remained elusive, mainly due to technical limitations. These 

could partly be overcome in the past years, especially by the advent of high-resolution 

cryogenic electron microscopy. 

This thesis analyzes the INO80 chromatin remodelling complex (INO80), the founding member 

of the INO80 family, from a structural and functional perspective with an emphasis on its action 

on the nucleosome core particle. INO80 translocates DNA around the nucleosome core particle 

and spaces nucleosomes to form genic arrays. The presented results reveal, how the 

evolutionarily conserved subunits of INO80 interact with the nucleosome and catalyze DNA 

translocation in a coordinated fashion. A cryo-EM structure of the core module of INO80 bound 

to the nucleosome core particle demonstrates that the ATPase domain and the actin fold of 

Arp5 bind nucleosomal DNA at SHL -6 and SHL -2, respectively, while the insert domain of Arp5 

contacts the acidic patch. The Rvb1/2 heterohexamer connects these subunits without forming 

major nucleosome contacts. This arrangement provides valuable information about the 

mechano-chemical catalysis cycle of INO80, in which the ATPase domain acts as a motor, Arp5 

as a counter grip and the Rvb1/2 ring as a stator element. The ATPase pumps DNA inside the 

nucleosome core particle against Arp5, which leads to a DNA strain. Once sufficient force is 

generated, the counter grip is released and DNA translocation occurs.  Thus, these results 

explain the biochemically and biophysically observed step size of 10 – 20 bp of DNA 

translocation catalyzed by INO80. The X-ray structure of the Arp8 module in combination with 

biochemical data shows that the module binds outside the nucleosome core particle to 
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extranucleosomal DNA. Arp8, actin and Arp4 organize the HSA domain of Ino80 in a way that 

a number of conserved and positively charged lysine and arginine residues interact with entry 

DNA ahead of the ATPase domain. This interaction is crucial for the catalysis of DNA 

translocation by INO80. The combination of these structures leads to a composite model of the 

evolutionarily conserved subunits of INO80, which is supported by a more recent cryo-EM 

structure. It suggests that the Arp8 module prevents DNA residing in a transition state between 

the ATPase and Arp5 from slipping back. Moreover, the Arp8 module could also act as a 

molecular ruler as its footprint matches the distance between two nucleosome core particles 

in genic arrays formed by INO80. Small molecule analysis reveals that histone tails regulate 

nucleosome invasion by INO80. They constitute a regulatory barrier and constrain 

conformations of nucleosome-bound INO80. 
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2 Introduction 

2.1 Chromatin organization in eukaryotes 

Walther Flemming introduced the term “Chromatin” in the late 19th century describing easily 

stained material, which he extracted from nuclei1. In the subsequent decades, extensive 

research characterized it as a nucleoprotein complex through which the genomic information 

of eukaryotes is stored in their nucleus2,3. Its organization is fundamental to all processes 

depending on genomic DNA and consequently for maintenance, replication and translation of 

the genetic code. 

2.1.1 The nucleosome is the basic unit of chromatin 

In the 1970’s, several hallmark publications showed that the nucleosome is the basic unit of 

chromatin. In a first step, it was demonstrated that the histone proteins H2A, H2B, H3 and H4 

appear in equimolar amounts in the eukaryotic nucleus and that they form an octamer 

comprised of two copies of each histone4. Taken together with the fact that endonucleolytic 

digest of eukaryotic DNA results in fragments of 200 bp or multiples thereof5, a chromatin 

organization in repeating units of one histone octamer associated with about 200 bp of DNA 

could be proposed6. Later, the existence of a “core particle” which comprises about 140 bp of 

DNA only was demonstrated7. The number of base pairs of DNA contained in one core particle 

could be specified to be close to 146 bp shortly afterwards8. Further evidence for this view on 

chromatin organization came from the visualization of chromatin by electron microscopy9. 

Micrographs on which chromatin from different species was stained, showed an array of 

spherical particles connected by thin filaments9. These particles constitute the basic unit of 

chromatin and were initially referred to as ν bodies9, but were later termed nucleosomes10. A 

first low-resolution crystal structure of the nucleosome core particle (NCP) revealed that DNA 

is wrapped around the outside of the histone octamer giving rise to a disk-shaped particle with 

dimensions of 57 Å x 110 Å x 110 Å11. The discovery of chromatin being organized in distinct 

particles formed by a globular histone octamer around which DNA is coiled, revolutionized the 

understanding of genome organization12. 

2.1.1.1 Three-dimensional structure of the nucleosome core particle 

After this breakthrough, a series of structural, biochemical and biophysical studies examined 

the three-dimensional arrangement of the NCP, among them a 7 Å structure of the NCP13 and a 

3.1 Å structure of the histone octamer14. However, it was not until 1997 that the first high-

resolution structure revealed the atomic details of the NCP15 described in the following 

paragraph. 

The four core histones are small basic proteins, which are highly conserved in their primary 

sequence among eukaryotes16,17. They all share a central histone fold comprising 80-90 amino 

acids, in which three α-helices are connected by two loops14. This is specified as α1-L1-α2-L2-

α3 arrangement (Fig. 1a, b)14. While H2A and H2B possess additional residues at their N- and 

C-termini, H3 and H4 are extended from their histone fold at the N-terminus only (Fig. 1a)14. 

Complementary histone folds specifically interact with each other to form heterodimers in a 

handshake motif; H2A pairs with H2B, while H3 pairs with H4 (Fig. 1b)4,14. In this motif, the 

shorter helices α1 and α3 fold back onto the central α2 helix , while L1 interacts with L2 of the 

complementary histone (Fig. 1b)14. The histone octamer is formed by two H2A-H2B dimers and 

one H3-H4 tetramer (Fig. 1c)4. The assembly of the H3-H4 tetramer is mediated by a four-helix 

bundle motif formed between the two adjacent H3 chains (Fig. 1c)15. In this motif, the C-

terminal part of α2, L2 and α3 interact in a head-to-head arrangement14,18. Two H2A-H2B 
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dimers associate with this tetramer on opposing sides14. A four-helix bundle between H2B and 

H4 is the main mediator of this interaction, again formed by the C-terminal portions of the two 

histone folds (Fig. 1c)14,15. Additionally, the C-terminus of H2A (also termed “docking 

domain”19) interacts with the H3-H4 tetramer15. Furthermore, the C-terminal α-helix of H2B 

loops back to stabilize the H2A-H2B handshake motif from the top, and a small interface 

between the two H2A-H2B dimers is formed between the L1 loops of the H2A chains15. 

 
Figure 1: Structure of the nucleosome core particle. a, Domain architecture of core histones. Loops and tails are 
shown as lines and α-helices as rectangles. b, H2A-H2B and H3-H4 histone fold heterodimer handshake motifs. 
Yellow: H2A; Red: H2B; Blue: H3; Green: H4. c, Structure of the histone octamer. Four-helix bundle motifs are 
highlighted. Histone tails are not shown. d, Structure of the nucleosome core particle. Grey: DNA. For simplicity, the 
second DNA gyre is not shown. Figure adapted from18 using high-resolution structure15 (pdb: 1AOI). All figures of 

3D models in this thesis were prepared with the PyMOL software (version 2.3)20. 

Around one NCP 145-147 bp of DNA are wrapped in 1.65 turns of a flat, left-handed super helix 

(Fig. 1d)15. Histones and DNA form electrostatic interactions and hydrogen bonds at 14 distinct 

sites, in each case where a minor groove contacts the octamer (Fig. 1d)15. The particle exhibits 

a twofold symmetry with the symmetry center being formed by one single b ase pair, the 

nucleosome dyad15,21. By convention, the rotational orientation of the DNA is described relative 

to the dyad by superhelix locations (SHL)15. The dyad is defined as SHL 0 and the location 

number increases for each successive turn of DNA by ± 1 towards the entry and exit site of the 

NCP (Fig. 1d)15. Thereby 15 superhelix locations ranging from -7 to +7 are defined around the 

NCP, each where a major groove faces the histone octamer (Fig. 1d)15,19. The central ~120 bp 

of DNA are bound by the histone fold domains15. Additionally, about 13 bp at the entry and exit 

site are organized by the αN helix of H3 (Fig. 1a, d) and these interactions contribute 
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significantly to the stability of the nucleosome15,22. The NCP has a molecular weight of 

approximately 200 kDa, equally distributed between its protein and DNA content15. It 

possesses a disk-shaped form with a diameter of about 100 Å and a height ranging from 25 Å 

at the dyad to 60 Å at the H2B αC helices18. Its surface is highly complex. Three ridges are 

formed by the helices H2B α1, H2B αC and H3 α1 together with the H4 tail18. The groove 

between H2B’s helices α1 and αC harbors the so-called ‘acidic patch’ (Fig. 2a; see 2.1.1.2)18. 

Also, a larger depression occurs close to the dyad overlaying the H3-H3 interface18. 

The exact number of base pairs contained in one NCP depends on the DNA sequence. Initial X-

ray structures used the human alpha satellite sequence with lengths of 146 bp and 147 bp as a 

positioning sequence15,23. The latter resulted in a higher resolution structure due to reduced 

disorder23. Since the dyad is formed by one base pair, an odd number of base pairs results in a 

symmetric, better ordered particle in the crystal23. The strong positioning Widom 601 

sequence24, however, forms a NCP with only 145 bp25,26. This is caused by DNA stretching by 

one base pair at SHL ±5 compared to the human alpha satellite sequence18,25,26. 

2.1.1.2 The acidic patch 

The NCP offers three structurally and chemically distinct binding sites for interaction: the 

rather unstructured histone tails (see 2.1.1.3), the DNA wrapped around the outside of the 

histone octamer (see 2.1.1.4) and the central, solvent-exposed disk of the histone octamer27. 

Among the factors characterized, several interact with a specific area on the histone disk26,28-

34, referred to as the acidic patch35. This term describes an acidic residue-rich region located in 

a depression between the distal ends of the helices H2B α1 and H2A α2 as well as the C-

terminal helix of H2B (Fig. 1a)15,27,36. The cluster of acidic residues results in a negatively 

charged area on the otherwise positively charged histone octamer surface (Fig. 2b). It 

comprises the amino acids E56, E61, E64, D90, E91 and E92 of H2A as well as E102 and E110 

of H2B27,36. While the contributing residues of H2A are located at the bottom of the groove, 

H2BE102 and E110 project into it (Fig. 2c)36. A small ridge divides the acidic patch with 

H2AE61, D90 and E92 lying in the deeper of two pockets (Fig. 2c)27. On top, H2AY50, V54 and 

Y57 form a hydrophobic pocket, enabling various types of interaction at this site (Fig. 2c)36. Of 

note, the charge of the acidic patch is influenced by H2A variants. While H2A.Z increases its 

acidity37, it is decreased by H2ABbd (Barr body deficient)38. 

The acidic patch is important for chromatin organization36. It binds to K16 in the H4 tail of 

neighboring nucleosomes, which drives compaction of the chromatin fiber15,39. Modulating this 

interaction impacts chromatin condensation. While H4K16 acetylation (H4K16ac) inhibits its 

complete folding, H2A.Z-containing nucleosomal arrays adopt a more compact structure37,40,41 

(discussed in detail in 2.1.2.1). As indicated above, numerous chromatin-associated proteins 

have been demonstrated to bind to the nucleosome in parts or entirely via the acidic patch. 

Disruption of these interactions leads to decreased affinity28-30,32,42,43 and in some cases also to 

an impaired catalytic action of the bound factor28,34,44,45. Some of these factors interact with 

multiple sites of the nucleosome and they do not share any sequence homology in the acidic-

patch-interacting region27,36. However, they all contain a critical arginine residue forming polar 

interactions with H2AE61, D90 and E92, which is therefore termed the arginine anchor motif27. 
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Figure 2: Location and atomic details of the acidic patch. a, Surface representation of the nucleosome core 
particle. Helices forming ridges are labeled and the location of acidic patch is indicated by a dashed line. b, 
Electrostatic potential of the nucleosome core particle. Potential was calculated using APBS-PDB2PQR46. c, Close-
up view on the acidic patch. Pale yellow: H2A; Pale red: H2B; Grey: DNA. Acidic side chains contributing to acidic  
patch are shown in red, residues of hydrophobic pocket in orange. Note that H2AV54 is hidden underneath the C-

terminal α-helix of H2B. Figure adapted from27,36 using high-resolution structure15 (pdb: 1AOI). 

2.1.1.3 The histone tails 

The eight histone folds, two H2B αC helices and two H3 αN helices form the spool around which 

DNA is wrapped (Fig. 1c, d)15. Beyond this core, each histone is extended at its N-terminus 

(referred to as N-terminal domain, NTD) while H2A also possesses additional residues at its C-

terminus (Fig. 1a)14. These extensions are called histone tails and make up 25-30% of the 

histone mass47,48. They are unstructured, more basic than the histone fold and also 

evolutionarily conserved16,47. The tails were initially identified as protease-sensitive regions of 

the core histones indicating that they are exposed to solvent49. They protrude from the 

nucleosome disk following the minor grooves of the nucleosomal DNA15,23. While the tails of 

H2B and H3 exit between the two DNA gyres, H2A and H4 exit from the top or bottom of the 

nucleosome disk15,23. Histone tails are highly dynamic and interact with the histone spool, 

nucleosomal DNA, and linker DNA48,50-52. Tail interactions stabilize the nucleosome disk and 

modulate accessibility of the tails53,54. Even in condensed nucleosome arrays, histone tails 

remain dynamic and accessible55. Due to their flexible nature, there is little structural 

knowledge about the histone tails in the context of the entire NCP47. Crystal contacts between 

H4K16 and the acidic patch represent one rare exception (see 2.1.1.2)15. However, extensive 

biochemical work demonstrated the importance of histone tails. They are highly rich in 

arginine and lysine residues16. These can undergo multiple posttranslational modifications 

(PTMs) especially, but not limited to: acetylation, methylation, phosphorylation, ubiquitylation 

and ADP-ribosylation56,57. A number of factors have been characterized that generate, detect 

or remove PTMs and are thus categorized as writers, readers or erasers58. Histone 

modifications (also called histone marks) impact nucleosome dynamics as well as manifold 

chromatin-dependent processes56,57,59. A number of amino acids within the histone folds can 

also be modified in a context-specific manner59 but the histone tails turned out to be a hot-spot 

for carrying these epigenetic marks due to their accessibility and number of modifiable 

residues56,57. 

2.1.1.4 Nucleosome positioning sequences 

Early structural studies used nucleosomes from endogenous sources11,13,60. In these the NCPs 

were extracted from chromatin by micrococcal nuclease (MNase) digestion61,62. This procedure 

results in particles containing DNA of mixed sequence and a length of 146  ± 3 bp11,61. This 

inhomogeneity led to disorder in the crystals, which in turn resulted in low resolution 

structures that did not provide insights on an atomic level 11,13,60. Highly homogenous, 

symmetrical phased NCPs turned out to be crucial for high-resolution structure 
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determination15,23,63,64. This limitation could be overcome by modern recombinant DNA 

technology enabling the production of DNA fragments of defined sequence and length in large 

quantities65. Initially, a sequence from the 5S rRNA gene was used to reconstitute 

nucleosomes66. Later, a fragment of the alpha satellite sequence from the centromere of the 

human X chromosome was also characterized as a well suited nucleosome positioning 

sequence63. This was used in the first high resolution structure of the NCP and many 

subsequent studies15,18. Progress with nucleosome positioning on DNA fragments longer than 

147 bp was made by the discovery of the Widom 601 sequence24. This synthetic sequence was 

found in a SELEX screen and enables the precise positioning of the histone octamer24. The tight 

interaction with the histone octamer is presumably caused by a 10 bp periodicity of TA base 

steps in the sequence24. Structural constraints for DNA are greatest at contact points around 

the dyad, where minor grooves contact the H3-H4 tetramer (SHL ±0.5, ±1.5, ±2.5; Fig 1d)67. It 

had been suggested earlier that AA, TT, AT and TA steps are favored at these sites68. Indeed, 

crystal structures of NCPs containing the Widom 601 sequence found TA steps at these exact 

locations25,67. It is assumed that the TA step accommodates the conformational challenges best 

due to its flexibility, resulting in a higher affinity towards the nucleosome18,67,69. The Widom 

601 sequence is asymmetrical, exhibiting four out of five TA steps at one side of the nucleosome 

dyad (601L) and only one at the other (601R)18,24,67. This suggests different affinities for the 

two sides and indeed an asymmetry in strength of histone-DNA contacts is observed70. 

Consequently, a palindromic 601L sequence with eight TA steps forms a more stable 

nucleosome than the palindromic 601R or the Widom 601 sequence18,67. The assumption of TA 

steps at octamer-interacting minor grooves strengthening the interaction is further supported 

by the fact that in hexasomes, reconstituted with the Widom 601 sequence, 601L is the side to 

which the remaining H2A-H2B dimer binds71. In line with this model, the periodicity of TA base 

steps also emerges in other strong positioning sequences from the SELEX screen such as the 

603 and 605 sequence24,67. In any case, the nucleosome dyad is formed by one single base pair, 

independent of the aforementioned sequences15,21,25. 

2.1.1.5 Linker histones 

Individual NCPs are connected by linker DNA, which is often bound to linker histones18,72. 

Multiple H1 variants, including H5, are grouped under this term73. Linker histones influence 

the chromatin structure by modulating the degree of compaction and regulate gene 

expression74-76. One linker histone associates with about 20 bp of linker DNA6,77. This gives rise 

to another defined particle in chromatin organization, called the chromatosome, comprising 

the histone octamer, one linker histone and ~165 bp of DNA6,74,78. Linker histones differ from 

core histones significantly. They are less conserved in their primary sequence, possess a 

distinct domain architecture and are presumably of bacterial rather than archaeal origin73,79,80. 

In general, linker histones share a conserved tripartite structure consisting of a flexible N-

terminal tail, a central globular domain and a long, basic and intrinsically disordered C-

terminal tail79. The globular domain interacts with the NCP and linker DNA while the C-

terminal tail only binds to linker DNA79,81-83. The N-terminal tail in turn, does not show binding 

affinity to either of them81. H1.0 interacts with non-histone proteins, particularly nucleolar 
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proteins, via all its domains84. Exceptions to the tripartite 

structure occur especially in unicellular eukaryotes72. 

Hho1p from Saccharomyces cerevisiae, the only H1-like 

protein in budding yeast, is one well-studied example72. It 

consists of a short N-terminal tail followed by two globular 

domains connected by a lysine-rich segment85. Similar to 

core histones, linker-histones can undergo multiple post-

translational modifications86. The 3D structure of the 

chromatosome was solved recently by employing a 

combination of X-ray crystallography and NMR 

spectroscopy (Fig. 3)83. It confirms the symmetric binding 

model, in which the globular domain of the linker histone 

interacts with 10 bp of each linker DNA as well as the 

nucleosome dyad79,83. This is supported by earlier 

computational docking models, which identified three DNA 

binding domains of the globular domain87. However, this 

study does not exclude asymmetric binding modes in 

which the globular domain interacts with one linker DNA 

only without contacts to the NCP88,89. It rather suggests that 

different binding modes impact the higher order chromatin 

structure differentially83. 

2.1.2 Chromatin folding and architecture 

The NCP repeats approximately every 160 – 240 bp across the genome90. At low ionic strength, 

this gives rise to the so-called ‘beads on a string’ arrangement or 10 nm fiber, an extended 

nucleosomal array in which the NCPs are the ‘beads’ connected by linker DNA9,91,92. This is also 

adopted by an in vitro reconstituted array of twelve nucleosomes (‘208-12 array’) under 

similar experimental conditions93. However, to fit into the nucleus, the chromatin fiber has to 

condense massively94. The degree of compaction is illustrated by an early study, which 

determined a local DNA concentration of 200 mg/mL in eukaryotic nuclei95. In the first place, the 

nucleosomal array folds locally through contacts between neighboring nucleosomes94. This is 

driven by divalent ions and linker histones83,93. It further compacts to a fine-tuned 

arrangement, which is also the result of the action of numerous non-histone proteins96. 

2.1.2.1 Short range nucleosome-nucleosome interactions 

Early on, it had been noticed that nucleosomal arrays condense at physiological ion 

concentration91,92. Divalent cations are particularly important for this process91,92. They 

mediate short-range nucleosome-nucleosome interactions97 resulting in fibers with helical 

architecture, also referred to as higher-order chromatin structure92,98,99. Subsequent studies 

identified histone tails to also be crucial for this reversible self-association100. Structural and 

biochemical studies showed that divalent cations mediate the interaction between the highly 

basic H4 tail and the acidic patch of the neighboring nucleosome15,101. As observed by crystal 

contacts, K16 of histone H4 is the main interacting residue with the acidic patch (also see 

2.1.1.2)15,39. The importance of this polar interaction for chromatin folding is nicely illustrated 

by two observations made by changing the charge of one binding partner. On the one hand, 

H4K16ac interferes with fiber compaction, thus representing an important histone 

modification for controlling chromatin accessibility40,41. On the other hand, the more acidic 

patch of H2A.Z-containing nucleosomes leads to the formation of a more compact chromatin 

structure37. Moreover, structural analyses of the tetranucleosome revealed an interaction of 

Figure 3: Structure of the 
chromatosome. Cartoon representation 
of the high-resolution structure of the 

chromatosome in the symmetrical  
binding mode (pdb: 4QLC)83. Deep red: 
globular domain of H5 (GH5); Pale 
yellow: H2A; Pale red: H2B; pale blue:  
H3; pale green: H4; Grey: DNA. Figure 
adapted from83. 
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the C-terminal helices of H2B from adjacent nucleosomes102,103. Again, modification of the 

interacting histone portion affects chromatin compaction, as ubiquitination of H2B αC results 

in an open and accessible fiber conformation104. 

Thus, the self-association at physiological ion concentration is an intrinsic property of 

nucleosomal arrays94. Linker histones promote this process by stabilizing and further 

compacting the fiber99,105. They stimulate tail-induced chromatin compaction rather than 

promote folding via an alternative pathway, since the lack of histone tails inhibits fiber 

formation even in the presence of linker histones106. In the condensed chromatin fiber, two left-

handed helical stacks are interwound102,103. Its repeating unit is the tetranucleosome with 

asymmetrically bound linker histones directed to the inside103. Due to its diameter, it is often 

referred to as the ’30 nm fiber’99. It was commonly assumed to be the first level of a hierarchical 

chromatin folding mechanism107. Its highly regular arrangement has been observed in vitro for 

chromatin isolated from endogenous sources as well as recombinantly reconstituted 

arrays91,92,103,105. However, its existence in vivo is seriously questioned108,109. It could not be 

detected in vivo biochemically and studies using super-resolution microscopy instead suggest 

that nucleosomes are irregular arranged in heterogeneous clutches 110,111. One possible 

explanation for the contradicting observations is the dilution of chromatin in vitro, which might 

restrict nucleosome interactions in trans110,112. Beyond the controversy about whether or not 

a 30 nm fiber exists inside eukaryotic nuclei, nucleosome-nucleosome contacts are crucial as a 

first step in chromatin organization as in vivo studies also observe a tri- or tetranucleosome 

folding motif110. 

2.1.2.2 Chromatin domains 

In vitro studies of chromatin fibers have primarily been conducted using electron microscopy, 

X-ray crystallography and analytical ultracentrifugation9,91,93,102,103. To capture chromatin 

organization in vivo, new techniques have been developed in recent years. Chromatin 

immunoprecipitation (ChIP) enabled the identification and characterization of gene loops and 

lamina-associated domains (LADs)113,114. The family of chromosome conformation capture 

techniques (3C, 4C, 5C, Hi-C and Micro-C) works independent of nuclear landmarks. Instead, 

regions in spatial proximity are identified by DNA crosslinking in vivo, digestion, re-ligation 

and subsequent sequencing115. Thereby, these methods monitor long-range chromatin 

interactions and chromosome folding on a genome-wide scale116. They led to the discovery of 

several architectural features, most importantly enhancer-promoter loops, topologically 

associated domains (TADs) and chromatin compartments117-121. 

The term chromatin loop groups multiple medium- to long-distance interactions in cis 

including, but not limited to, gene loops and enhancer-promoter loops113,117,122. They occur in 

a highly context-specific manner and are frequently mediated by non-histone proteins122. They 

are often anchored at domain boundaries (see below) where they interact with the DNA-

binding protein CTCF and appear to be conserved123. 

TADs are a particularly interesting feature. They were identified as segments with pronounced 

long-range interactions between loci in one domain but reduced contacts to different loci118,119. 

TADs are structurally defined and in mammals several hundred kb in size118,119. They constitute 

functional domains as genes within one TAD can correlate their expression pattern 118. Most 

intriguingly, TADs are largely invariant between cell types and even conserved through 

evolution118,119. This suggests that they are fundamental, self-assembling building blocks in 

higher order chromatin organization and therefore chromosome architecture124. Smaller 

domains are observed in Saccharomyces cerevisiae and even bacteria and termed 
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chromosomally interacting domains (CIDs)110,125. Of note, despite being only 2 – 10 kb in size, 

CIDs of budding yeast comprise a comparable number of genes as mammalian TADs110. 

In mammals, several TADs associate in cis and trans to chromatin compartments, which are 

~5 Mb in size120. They occur as more accessible, gene-rich transcriptionally active A 

compartments or densely packed, gene-poor, transcriptionally repressed B compartments120. 

Therefore, histone marks linked with active transcription are mostly found in A 

compartments120. Sub-types of these compartments were identified subsequently123. The 

compartments alternate along chromosomes and thereby primarily interact with 

compartments of the same type120,126,127. Thus, Hi-C experiments demonstrate that the 3D 

architecture of chromatin at a given locus depends on the genomic sequence and the local 

epigenetic states as well as the position on the chromosome120,126-128. Unlike TADs, chromatin 

compartments are tissue specific and correlate with cell specific expression patterns120. 

Moreover, TADs can switch between compartments in a cell-type specific manner120,129. This 

supports the concept of TADs being a fundamental unit of chromatin organization 124. 

On a larger scale, single chromosomes occupy discrete territories130. While gene-rich 

chromosomes tend to locate in the center of nuclei, gene-poor chromosomes are primarily 

found close to the nuclear lamina122. Interactions in trans are rare but can occur to form large 

regions of similar transcriptional states121,122. 

2.1.2.3 Euchromatin and heterochromatin 

When studying chromatin condensation in 1928, Emil Heitz coined the terms euchromatin and 

heterochromatin based on chromosomal staining patterns131. He defined euchromatin as 

sections of chromosomes which de-condensate after mitosis while heterochromatin remains 

densely packed throughout the cell cycle131,132. Subsequent studies identified euchromatin as 

open and flexible, potentially or actively transcribed regions exhibiting high content of RNA 

polymerase and elevated levels of acetylated histone tails as well as trimethylated H3K4 and 

H3K36 (H3K4me3, H3K36me3)133. Heterochromatin, in contrast, is less dynamic and displays 

little to no transcriptional activity134. Along the chromosome it particularly occurs at telomeres, 

centromeres and a specific set of genes, presumably involved in developmental processes 135-

137. It can be classified into two sub-categories. While constitutive heterochromatin is 

consistently formed throughout the cell cycle, facultative heterochromatin specifies locus- and 

cell-type-specific heterochromatin134. The former is enriched in repetitive DNA sequences and 

methylated H3K9 (H3K9me)134. This histone mark serves as a binding platform for 

heterochromatin protein 1α (HP1α), which compacts the underlying chromatin138,139. 

Facultative heterochromatin is established by Polycomb group (PcG) proteins and particularly 

rich in di- and trimethylated H3K27 (H3K27me2, H3K27me3)140. These modifications are 

established by the PcG multiprotein complex Polycomb repressive complex 2 (PRC2), which 

mediates gene silencing in conjunction with PRC1141. 

2.1.2.4 Phase-separation of heterochromatin 

Biomolecules in aqueous solution can de-mix at high concentrations to form condensates, 

which are membraneless functional compartments of enriched multivalent molecules142,143. 

This process is referred to as liquid-liquid phase separation143. The formation of condensates 

enables cells to locally concentrate specific proteins and nucleic acids142. This principle was 

initially demonstrated for P granules in C. elegans but has in the meantime been investigated 

on many more such compartments, such as stress granules, nucleoli and DNA damage repair 

sites144-147. Phase-separation also occurs in constitutive heterochromatin mediating the 

formation of heterochromatic domains148,149. This process is initiated by DNA binding of HP1α 

or phosphorylation of its N-terminal tail, which thereupon nucleates into liquid droplets148,149. 
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The N- and C-terminal portion of HP1α as well as its hinge region contain intrinsically 

disordered regions (IDRs) and low-complexity sequences, which have been shown to stimulate 

liquid-liquid demixing142,149-151. Phase separation allows HP1α-associated heterochromatin to 

adopt a range of states of different physical properties152. They can be roughly divided in the 

following three: soluble with dimeric HP1α, liquid droplets containing oligomeric HP1α, and 

an even denser, gel-like state148,152. As these states are associated with increasing compaction, 

they might represent different levels of transcriptional repression thereby contributing to gene 

regulation152. Also, compartmentalization could regulate processes inside heterochromatin by 

controlling access to it149. Potentially, their formation is controlled by regulating HP1α 

oligomerization, which is sensitive to PTMs and binding of other factors148. 

2.1.3 Genic nucleosomal arrays 

The organization of DNA as the nucleoprotein complex chromatin enables its packing into the 

eukaryotic nucleus. However, as DNA is compacted by a factor of 10000 and extensively folded, 

chromatin also constitutes a barrier for accessing the genetic code153. At the same time, 

histones provide a platform to guide enzymes to specific loci by targeted placement of PTMs 

and histone variants58,154. Furthermore, nucleosomes are dynamic as they can slide on DNA and 

disassemble in a controlled fashion155,156. Thus, the access to DNA inside chromatin is 

controlled by histone modifying enzymes, histone chaperones and chromatin remodellers, 

thereby regulating DNA-dependent processes58,155,157. As these factors all act on single 

nucleosomes, it is of particular relevance to investigate nucleosomal position, composition and 

modification on a genome-wide scale. This has become feasible by the family of ChIP-seq and 

MNase-seq techniques, which combine chromatin immunoprecipitation and / or nucleolytic 

digest with deep sequencing158,159. 

Transcription and replication of DNA are fundamental biological processes, which both depend 

on direct access to DNA. They are initiated at promoters and origins of replication, respectively, 

whose chromatin organization is therefore of special interest160. In active states, both are 

characterized by a central, nucleosome-free or nucleosome-depleted region (NFR / NDR), 

which is flanked by asymmetric arrays of phased nucleosomes, referred to as genic 

nucleosomal arrays (Fig. 4)161,162. Transcriptionally active gene promoters exhibit an NFR in 

their core sequence to enable binding of the transcription initiation machinery163. It is flanked 

by the well-positioned -1 and +1 nucleosomes (Fig. 4)161. The former is often formed by a 

“fragile nucleosome”, which is more sensitive to MNase digestion164,165. Features of the +1 

nucleosome are coupled to transcriptional activity of the respective gene. It  is particularly 

precisely positioned and harbors the transcription start site (TSS) in Saccharomyces 

cerevisiae166,167. Unlike gene body nucleosomes, it constitutes a major barrier for 

transcription168. However, the incorporation of H2A.Z, predominantly at the promoter-distal 

side of the +1 nucleosome, promotes the passage of RNA polymerase II (RNAPII) by 

destabilizing the nucleosome156,168. This also directs transcription by introducing an 

asymmetry in the particle160. H2A.Z turnover at the +1 nucleosome depends on proper 

assembly of the pre-initiation complex (PIC)169. In TATA-less promoters, the +1 nucleosome 

binds to subunits of the PIC and contributes to its positioning relative to the TSS170. An 

upstream shift of the +1 nucleosome leads to decreased transcription rates, possibly by 

sterically interfering with PIC assembly171. In line with this conclusion the +1 nucleosome is 

the only well-positioned nucleosome of inactive promoters in the human genome, but located 

30 bp upstream from its site in active promoters167. The promoter-proximal side of the +1 

nucleosome of actively transcribed genes is enriched in ubiquitylated H2BK123 156. Its loss 

results in accumulation of RNAPII at promoters, indicating that this modification also facilitates 
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RNAPII penetration into the gene body172. Of note, it is located at the H2B αC helix and also 

inhibits chromatin fiber compaction (see 2.1.2.1)104. Thus, the position, composition and PTMs 

of the +1 nucleosome regulate gene expression. The pattern of regularly spaced and well-

positioned nucleosomes continues past the +1 nucleosome but blurs more and more inside the 

gene body (Fig 4)161. The initial and majority of subsequent studies on genic nucleosomal 

arrays have been conducted in Saccharomyces cerevisiae, where the mean internucleosomal 

distance between the regularly spaced nucleosomes is 165 bp153,160,161. However, they have also 

been observed in Homo sapiens and Drosophila melanogaster, demonstrating that they are a 

hallmark feature of active eukaryotic genes167,173. 

 
Figure 4: Nucleosome positioning around promoter sites (left) and origins of replication (right).  The blue 
line represents composite occupancy of nucleosomes relative to transcription start site (TSS, left) and autonomously  
replicating sequence (ARS, right). Peaks and valleys represent high and low nucleosome occupancy, respectively , 
while peak width indicates relative positioning. Nucleosomes are shown as grey ellipses underneath composite 

blots. Arrows mark predicted dyad positions. Figure taken from160. 

Eukaryotic DNA replication is initiated at origins of replication (hereafter called origins), which 

contain binding sites for the origin recognition complex (ORC)174. In Saccharomyces cerevisiae, 

origins are defined by autonomously replicating sequences (ARS), which are ~100 bp in size 

and harbor a 11 bp ORC-binding sequence, the ARS consensus sequence (ACS)174,175. ARSs 

contain three more elements, termed B1-3, which are also required for origin function175. The 

ORC recruits the MCM helicase (mini-chromosome maintenance helicase) and cofactors, which 

unwind the DNA after cell cycle-dependent activation into the CMG (Cdc45-MCM-GINS) 

complex174. Active, ORC-bound origins exhibit an asymmetrical NFR around the ARS and 

flanking genic nucleosomal arrays (Fig. 4)162. In an in vitro reconstituted system, the NFR is 

more pronounced after ORC-binding indicating that ORC acts as a barrier for nucleosomes176. 

Vice versa, nucleosomes suppress non-specific ORC binding176. The -1 and +1 nucleosome are 

stably positioned and both contain the histone variant H2A.Z 162,177. They can be positioned by 

the action of ORC only, but the formation of larger arrays requires additional factors 162. The 

genome of Saccharomyces cerevisiae contains a considerable number of non-replicative, ORC-

free origins that lack the characteristic nucleosome signature and possess a less pronounced 

NFR162. This suggests that DNA replication is regulated by nucleosome positioning160,162. Active 

replication can only occur in the presence of auxiliary factors as chromatin inhibits replisome 

progression176. Intriguingly, the histone chaperone FACT (facilitates chromatin transcription) 

has recently been identified to be crucial for replication of DNA organized as chromatin176. It is 

not known whether it removes histones ahead of the replication fork, but FACT was shown to 

deposit H3-H4 tetramers on newly synthesized DNA, presumably in conjunction with another 

histone chaperone termed Rtt106178. Phased nucleosome arrays also occur apart from 

promoters and origins, where they are formed around DNA sequences acting as barrier 

elements179. 
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That the underlying DNA sequence can contribute to nucleosome positioning is also illustrated 

by an in vitro experiment in which the NFR of yeast promoters is formed by salt gradient 

dialysis (SGD) of histone octamers and genomic DNA, albeit to a reduced extent180. In order to 

wrap around the disk-shaped histone octamer, DNA needs to bend15. Sequences with a 10 bp 

periodicity of A and / or T (A/T) dinucleotides and G/C dinucleotides running counter phase 

have been shown to accommodate these torsional demands best (also see 2.1.1.4)173,177,181,182. 

Of note, sequences with periodic AA dinucleotides are modestly enriched in -1 and +1 

nucleosomes at promoters of Saccharomyces cerevisiae, but without auxiliary factors not 

sufficient to position nucleosomes183. Therefore, DNA shape properties, which can be similar 

between different DNA sequences, influence nucleosome positioning in presence or absence of 

additional factors183. Consequently, DNA stretches favoring or disfavoring nucleosome 

formation exist throughout the genome184. However, the complex pattern of phased 

nucleosomes requires the action of numerous trans-acting factors, especially chromatin 

remodellers179,180,183. They thereby control DNA-dependent processes and are discussed in the 

following sections155. 

 

2.2 Chromatin remodellers 

In vitro studies of nucleosome positioning around promoters impressively demonstrate the 

importance of ATP-hydrolyzing enzymes in chromatin organization180,183. These are grouped 

under the term chromatin remodelling complexes (hereafter termed remodellers), which have 

not only been shown to be critical for transcription but virtually for all DNA-dependent 

processes inside eukaryotic nuclei185. Nucleosomes can be formed by remodellers by 

depositing histones on DNA, slid and spaced to control access to DNA or form regulatory arrays, 

and changed in their composition by incorporation or ejection of histones183,186-188. Hence, 

chromatin dynamics largely depends on the action of remodellers155. 
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Figure 5: The four families of chromatin remodellers. a, Schematic representation of Snf2-type ATPases. Top: 
Domain arrangement in Snf2-type ATPases. recA1/2: recA-like domain 1/2; P 1/2: protrusion 1/2. As the length of 
the insertion varies, it is shown as a dashed line. Bottom: Position of helicase-related motifs in Snf2-type ATPases. 

Figure adapted from189. b, Schematic representation of position of conserved domains in ATPases of the four 
remodeller families. Figure adapted from155. c-f, Chromatin remodellers in Saccharomyces cerevisiae (left panel), 
Drosophila melanogaster  (middle panel) and Homo sapiens (right panel). c: ISWI family, d: CHD family, e: SWI/SNF 
family, f: INO80 family. ATPase subunits are shown as red ovals. If several complexes are formed based on one 
ATPase, additional subunits are grouped and labelled with complex name and association to ATPase is indicated by 
an arrow. Composition of species-specific subunits of metazoan INO80 members is poorly characterized and 

therefore not shown. Figures adapted from190-193. For abbreviations and additional references see main text. 
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2.2.1 The four families of chromatin remodellers 

All remodellers possess an RNA/DNA helicase superfamily 2 (SF2)-type ATPase as a motor 

domain189. More specifically, they can be grouped in the Snf2 family, a subfamily of SF2 (see 

2.2.2)189. These ATPases consist of two recombination A protein (recA)-like lobes, which are 

separated by an insertion (Fig. 5a)194. Based on the length of this insertion and the presence of 

unique flanking domains, remodellers can be classified into the following four families: ISWI 

(imitation switch), CHD (chromodomain helicase DNA-binding), SWI/SNF (switching 

defective/sucrose non-fermentable) and INO80 (inositol requiring 80) (Fig. 5b)155,185. 

2.2.1.1 The ISWI family 

The ISWI family is characterized by a short insertion and the small AutoN (autoinhibitory N 

terminal) and NegC (negative regulator of coupling) domains adjacent to the ATPase lobes as 

well as the longer, C-terminal HSS (HAND-SANT-SLIDE) domain (Fig. 5b)195,196. The latter has 

been shown biochemically to interact with the H3 tail and linker DNA195,197. The ISWI ATPase 

is intrinsically active and negatively regulated by AutoN and NegC196. Upon substrate binding, 

this effect is overcome mediated by the H4 tail and extranucleosomal DNA 196. Thus, unlike 

other remodellers, the ISWI ATPase is efficiently stimulated only by nucleosomes but not free 

DNA198. 

ISWI remodellers were initially characterized in Drosophila melanogaster, where the ATPase 

assembles with up to three additional factors to form four different complexes: NURF 

(nucleosome remodelling factor), CHRAC (chromatin accessibility complex), ACF (ATP-

utilizing chromatin assembly and remodelling factor) and RSF (remodelling and spacing 

factor) (Fig. 5c)190,199. Saccharomyces cerevisiae encodes two versions of the ISWI subunit, Isw1 

and Isw2, that form three distinct complexes: ISW1a, ISW1b and ISW2 (Fig. 5c)200,201. In Homo 

sapiens, two ISWI-type ATPases also exist, termed Snf2L and Snf2h, which give rise to 

numerous complexes (Fig. 5c)190,202. ISWI complexes can assemble, slide and space 

nucleosomes199. In yeast promoters, ISW2 promotes positioning of the +1 nucleosome while 

ISW1a generates properly spaced nucleosomal arrays downstream of the +1 nucleosome 183. 

These show a nucleosomal repeat length of ~170 bp, which is very similar to the spacing 

observed in vivo161,183. ACF, CHRAC and RSF assemble and slide nucleosomes thereby giving 

rise to nucleosomal arrays203-205. However, nucleosome sliding by NURF disrupts this 

periodicity, illustrating how attendant subunits impact the catalytic action of the same 

motor206. NURF is required for transcription activation207. A plant homeodomain (PHD) finger 

domain in the NURF subunit BPTF (bromodomain and PHD finger transcription factor) 

specifically interacts with H3K4me3, which is present at TSSs of active genes208. This targets 

NURF to promoters to regulate gene expression209. ISWI remodellers also impact higher order 

chromatin structure. While ACF can move entire chromatosomes within chromatin fibers, the 

loss of ISWI leads to a reduction of H1-associated chromatin and decondensation of 

chromosomes210,211. 

2.2.1.2 The CHD family 

CHD proteins feature a tandem chromodomain in their N-terminal portion and C-terminal 

resemble the ISWI family212. They possess a NegC-like domain (NegC*) flanking the C-lobe of 

the ATPase and a DNA-binding domain (DBD) (Fig. 5b)212,213. The latter is homologous to the 

SANT and SLIDE domains from ISWI but lacks the HAND domain214. Chromodomains are 

important for chromatin organization apart from remodellers as they were initially found in 

the Pc protein and HP1 of Drosophila melanogaster215. The double chromodomain of human 

CHD1 binds H3K4me3, an euchromatic hallmark, while the single chromodomains of Pc 

protein and HP1 differentially read out the heterochromatic histone marks H3K27me3 and 
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H3K9me3, respectively (also see 2.1.2.3)216,217. Saccharomyces cerevisiae encodes for one single 

CHD protein, Chd1, which acts as a single subunit remodeller (Fig. 5d)212,218,219. In a cryo-EM 

study, its chromodomain was shown to bind to nucleosomal DNA at SHL +1216. The DBD 

interacts with DNA at the entry site of the nucleosome, which is detached from the histone 

octamer220. More CHD factors are present in metazoans, as Drosophila melanogaster possesses 

four and mammals nine different CHD proteins (Fig. 5d)221,222. These give rise to several 

complexes but metazoan CHD1 also acts as a monomer223. Yet, it catalyzes manifold reactions. 

It assembles nucleosomes in conjunction with the histone chaperone nucleosome assembly 

protein-1 (NAP1) and forms regularly spaced nucleosomal arrays in doing so223. It stimulates 

transcription by promoting RNAPII promoter escape and facilitating RNAPII passage through 

nucleosomes inside the gene body224. CHD1 is also involved in nucleosome editing as it 

contributes to the incorporation of the histone variant H3.3225. The later discovered dCHD3 

protein from Drosophila melanogaster also acts as a single subunit remodeller226. Well-studied 

examples of CHD-containing complexes are the metazoan Nucleosome Remodelling and 

Deacetlyation (NuRD) complexes, which couple ATP-dependent chromatin remodelling to 

histone deacetylation thereby contributing to gene silencing227-229. In those, one of the CHD 

proteins 3 - 5 associates with histone deacetylases 1 and / or 2 (HDAC1/2) and further factors, 

uniquely combining these two enzymatic activities in one complex (Fig. 5d)227,230-232. Of note, 

these CHD proteins also possess an additional double PHD finger N-terminal of the 

chromodomain233. In a recently published cryoEM structure of human CHD4 bound to the 

nucleosome, the double PHD finger is shown to be located close to the nucleosome dyad234. 

NuRD complexes interact with HP1, emphasizing their role in gene silencing232. Acetylation and 

remodelling activity by NuRD components were also observed separately in Drosophila 

melanogaster235,236. 

2.2.1.3 The SWI/SNF family 

Remodellers of the SWI/SNF family form multi-subunit protein complexes in the megadalton 

range (Fig. 5e)237. They slide and eject nucleosomes to control access to chromatin in diverse 

processes, but do not have a nucleosome editing activity185. Their main ATPase is flanked at its 

N-terminus by a helicase/SANT-associated (HSA) domain, which is coupled to a post-HSA 

domain (Fig. 5b)155. C-terminal, it possesses a Snf2 ATP coupling (SnAC) domain, AT-hooks and 

a bromodomain (Fig. 5b)155. The HSA domain is also present in remodellers of the INO80 family 

(see 2.2.1.4) and histone acetyltransferase (HAT) complexes238. All these complexes contain 

actin and / or actin-related proteins (ARPs), for which the HSA domain constitutes the primary 

binding site238. The post-HSA domain is not involved in ARP recruitment but is essential for 

yeast viability and remodeller function in vivo238. It is a negative regulator of ATPase activity 

and required for correct nucleosome positioning by the RSC complex (remodels the structure 

of chromatin; see below)239. The SnAC domain positively regulates ATPase activity and couples 

ATP hydrolysis to nucleosome movement240,241. AT-hooks are short DNA-binding motifs, which 

were first characterized in high-mobility group (HMG)I chromosomal proteins and found to 

bind the minor groove of AT-rich sequences242. They are required for the function of a subset 

of SWI/SNF remodellers243. The bromodomain binds acetylated lysine residues in H3 tails 

targeting SWI/SNF remodellers to these sites244. 

Two subclasses of SWI/SNF remodellers can be distinguished based on the motor domain and 

the subunit composition (Fig. 5e)245. Saccharomyces cerevisiae encodes two SWI/SNF-type 

ATPases: Swi2/Snf2 and Sth1246,247. The former assembles with other factors to the ySWI/SNF 

complex while the latter gives rise to the even larger and more abundant RSC complexes  

(Fig. 5e)245,248. Two variants of RSC exist, which differ in one subunit243. SWI/SNF remodellers 
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are evolutionary conserved245. Drosophila melanogaster also possesses two types of SWI/SNF 

complexes, called BAP (BRM-associated proteins; homologous to ySWI/SNF) and PBAP 

(Polybromo BAP; homologous to RSC) (Fig. 5e)249,250. These, however, share the same catalytic 

subunit, termed Brahma (BRM)249-251. Related complexes are also present in Homo sapiens 

based on the ATPases hBRM (human BRM) and BRG1 (BRM-related gene 1)245. HBRM and 

BRG1 with a specific set of additional subunits can both assemble the BAF (BRG1-associated 

factors) complex, which is homologous to ySWI/SNF and BAP (Fig. 5e)245,252. In turn, BRG1 is 

the sole catalytic subunit to form PBAF (Polybromo BAF), the homolog of RSC and PBAP 

(Fig. 5e)245,253. However, the situation in mammals appears to be more multifaceted.  BAF 

components were shown to assemble in a combinatorial manner dependent on cell -type and 

developmental stage specific activities254. Humans and mice even possess a third, smaller 

SWI/SNF complex called GBAF (GLTSCR1 / GLTSCR1L BAF), which carries out cell type-

specific functions255,256. Moreover, mouse embryonic stem (ES) cells express a specialized BAF 

complex termed esBAF, which is required for their maintenance and pluripotency257. 

The classification of SWI/SNF complexes in two families is in part based on homology between 

individual subunits but also on the number of bromodomains present in the complexes185,245. 

YSWI/SNF, BAP and BAF contain one bromodomain in their main ATPase185. In turn, RSC, PBAP 

and PBAF bear multiple bromodomains, which are in RSC distributed over several subunits 

and in PBAP located on one single protein, termed Polybromo185. PBAF comprises two 

additional subunits with bromodomains, Protein polybromo-1 (PBRM1) and Bromodomain-

containing protein 7 (Fig. 5e)253,258. Bromodomains interact with H3-acetylated nucleosomes, 

which impacts location and function of SWI/SNF remodellers244,259. It increases affinity of 

ySWI/SNF and RSC towards nucleosomes and stimulates their remodelling activity 260. This 

might partially be caused by structural rearrangement in the complexes, as the nucleosome 

binding cavity of RSC is opened by an acetylated peptide 261. HATs introduce these histone 

marks for instance around DNA double strand breaks (DSBs), where ySWI/SNF binds the 

modified nucleosomes and promotes phosphorylation of H2A.X, triggering the DSB repair 

machinery262. RSC specifically interacts with acetylated H3K14, a modification found in active 

gene promoters263. This suggests a function of RSC in transcription, which has indeed been 

observed. It is located at gene promoters and required for normal transcription activity in 

vivo264,265. In vitro, RSC generates NFRs of physiological width by recognizing the directionality 

of poly(dA:dT) tracts in promoters183. Moreover, bromodomains regulate remodeller activity 

by intramolecular binding of acetylated residues of SWI/SNF components263,266. 

RSC and ySWI/SNF share only three subunits: Arp7, Arp9 and Rtt102 (repressor of Ty1 

transposition, gene 102) (Fig. 5e)191. Arp7 and Arp9 constitute essential building blocks in the 

complexes and their nucleotide binding and hydrolysis is not required for enzymatic activity 

of the remodeller267. They form a heterodimer, which assembles with Rtt102 and the HSA 

domain to a distinct module, capable of modulating the activity of the main ATPase238,267-269. 

Intriguingly, minimal complexes of Arp7, Arp9 and Swi2/Snf2 or Sth1 are sufficient to catalyze 

DNA translocation270,271. Metazoan SWI/SNF complexes contain actin and one ARP (D.m.: 

BAP55; H.s.: BAF53a)191. 

2.2.1.4 The INO80 family 

Like SWI/SNF complexes, INO80 remodellers are multi-subunit protein complexes 

(Fig. 5f)188,272-274. Their main ATPase resembles that of SWI/SNF remodellers as it also bears 

HSA and post-HSA domain N-terminal of the two ATPase lobes (Fig. 5b)185. However, it lacks 

the C-terminal domains of SWI/SNF-type ATPases272. The hallmark feature of INO80 

remodellers is the insertion between the two recA-like lobes, which is significantly longer than 
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in all other remodeller families (Fig. 5b)185,272. It comprises ~250 amino acids in Saccharomyces 

cerevisiae and more than 1000 residues in mammals155. Saccharomyces cerevisiae encodes two 

INO80-type ATPases, Ino80 (capital letters denote the complex, lowercase letters the catalytic 

subunit) and Swi2/Snf2-related 1 (Swr1)188,272,274. The former was described first and 

assembles with 14 more subunits to the INO80 complex, the founding member of this 

remodeller family (Fig. 5f)273. Swr1 gives rise to the SWR1 complex, which in total consists of 

14 different proteins (Fig. 5f)188,274. 

The complexes share the subunits RuvB-like protein 1 and 2 (Rvb1/2), actin and Arp4 while 

both possess exclusive components, which are denoted Ino eighty subunit (Ies) 1-5 and SWR1 

complex polypeptides (Swc) 2-7 in INO80 and SWR1, respectively (Fig. 5f)274,275. The insertions 

of Ino80 and Swr1 recruits a heterohexameric ring of Rvb1 and Rvb2276-278. Their HSA domains 

bind actin and ARPs similar to the SWI/SNF family238. Although homologous to SWI/SNF, it 

differentially interacts with a distinct set of factors238. In INO80, it recruits actin, Arp4 and Arp8 

to form the Arp8 module238. Ies4 and TBP-associated factor 14 (Taf14) associate with these 

proteins and are also considered as part of the Arp8 module276. SWR1 lacks Arp8 but comprises 

a second actin molecule279. One actin binds to the canonical site in the HSA domain, forming 

the conserved actin-Arp4 heterodimer279. The second actin interacts with the C-terminal part 

of the HSA domain and / or the N-terminal portion of the post-HSA domain279. This 

approximately corresponds to the interaction site of Arp8 in INO80, which binds to the C -

terminal region of the HSA domain276. This second actin additionally interacts with Swc5, 

which in turn binds the C-terminus of Swr1 indicating a looped structure of the Swr1 protein279. 

Moreover, Arp4 interacts with Swc4280. Arp4 is an essential protein in Saccharomyces cerevisiae 

and crucial for the activity of both INO80 and SWR1276,281,282. Taf14 is not only part of INO80 

but also of ySWI/SNF, transcription factor IID (TFIID), TFIIF and NuA3275,283-285. In large part, 

it consists of a Yaf9, ENL, AF9, Taf14, Sas5 (YEATS) domain, which is a specific reader for H3K9 

crotonylation286. By recognizing this PTM, Taf14 couples gene expression to the fatty acid 

metabolism287. It also binds acetylated H3K9, but at a lower affinity286,288. The YEATS domain 

of human AF9 was shown to preferentially bind crotonyllysine over acetyllysine too289. Protein 

AF-9 homolog (Yaf9) is the homolog of Taf14 in SWR1290. Its YEATS domain specifically 

interacts with acetylated H3K27291, a histone mark of active enhancer elements292. INO80 and 

SWR1 both contain one ARP outside the module formed around actin and Arp4, which is Arp5 

in INO80 and Arp6 in SWR1188,273,274. These bind to Rvb1 and Rvb2 giving rise to a core module, 

which is essential for the catalytic activity of the complexes275,293,294. The architecture of INO80 

and its components is discussed in detail in 2.2.3. 

SWR1 is specialized for editing nucleosomes by exchanging H2A-H2B for H2A.Z-H2B188,274. This 

reaction does not require nucleosome sliding, which has also not been monitored for SWR1295. 

The subunit Swc2 is essential for histone editing as it acts as a chaperone for the H2A.Z/H2B 

dimer294,296. Its specificity for H2A.Z over H2A is in part mediated by the hyperacidic patch of 

H2A.Z (also see 2.1.1.2)296. Additionally, Swr1-Z, a conserved domain within Swr1, binds to 

H2A.Z at its αC helix and promotes H2A.Z-H2B incorporation297. H2A.Z and H3K27ac co-

localize at activating gene regulatory elements298,299. Thus, it seems likely that the Yaf9 YEATS 

domain targets SWR1 to active enhancers and promoters where it incorporates H2A.Z (also 

see 2.1.3)291. INO80 has been suggested to catalyze the reverse reaction stimulated by 

H3K56ac300-302. However, this observation is discussed controversially303. 

Unlike SWR1, INO80 is capable of sliding nucleosomes on DNA 273,275. For this purpose, it 

requires more than 40 bp of extranucleosomal DNA, indicating that a subset of INO80 subunits 

binds outside the NCP304,305. Indeed, ChIP-exo data of the yeast promoter demonstrate 

placement of Ies5, non-histone protein (Nhp)10 and Arp8 in the NFR upstream of the +1 
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nucleosome (also see 2.1.3)306. Also, INO80 displays a high binding affinity to free DNA, which 

stimulates its ATPase activity similar to nucleosomes275,304. It is the only remodeller to 

precisely position -1 and +1 nucleosomes and to create an NFR in yeast promoters without the 

help of auxiliary factors183. This requires an active readout of promoter DNA by INO80, which 

is potentially accomplished by sensing DNA shape properties183. It is capable to space 

nucleosomes on its own, however not at physiological width183. INO80 and SWR1 are bound to 

more than 90% of all +1 nucleosomes, emphasizing their important functions in organizing the 

chromatin landscape around yeast promoters306. 

Consequently, INO80 was shown to promote transcription along with its initial 

characterization273 and its role in transcription was further characterized more recently. 

INO80 synergistically acts with the ATM-type kinases Mitosis entry checkpoint protein 1 

(Mec1) to evict RNAPII from chromatin under replication stress conditions307 and targets 

RNAPII for proteasomal degradation308. Furthermore, INO80 coordinates a mechanism to link 

RNA quality control to transcription in which it co-transcriptionally recruits the RNA 

surveillance factor Nab2 to chromatin309. Intriguingly, this process appears to be linked to a 

H2A.Z-specific remodelling activity of INO80309. Considering the impact of INO80 on genic 

nucleosomal arrays in in vitro experiments and their presence at transcription start sites as 

well as origins, it is not surprising that several studies find a link between the remodelling 

activity of INO80 and DNA replication. It was shown to be located at origins to facilitate 

progression of the replication fork and its recovery in the event of stalling 310-312. A study on 

human INO80 characterized its function in more detail by demonstrating that IN80 resolves R-

loops (RNA:DNA hybrids), which are major obstacles to replication fork progression313. 

Moreover, INO80 is recruited to DNA damage sites by phosphorylated H2A 314,315. In this 

context, Mec1 and Telomere length regulation protein 1 (Tel1) phosphorylate its subunit Ies4, 

which acts as a checkpoint regulator316. INO80 subunits regulate telomere structure and 

function too317. Ies3 particularly contributes to this process by interacting with the telomere 

protein Est1p317. The remodeller is involved in large-scale chromatin organization by 

controlling the spreading of euchromatin and heterochromatin318. 

The INO80 family of remodellers appears to be the most evolutionary conserved due to a high 

degree of conservation in the ATPase and the presence of orthologous subunits in many 

species319. However, species-specific subunits and functions beyond the conserved core are 

scarcely described apart from Saccharomyces cerevisiae. INO80 is found in Drosophila 

melanogaster and Homo sapiens320,321. In mammals, INO80 seems to frequently cooperate with 

the transcription factor Yin Yang-1 (YY1), which might even be an integral component of the 

Arp8 module322-324. Drosophila melanogaster encodes one Swr1-like ATPase, termed domino, 

of which two splice variants exist325. These assemble to complexes with distinct functions326. 

Mammals also possess two SWR1-like complexes; p400 and Snf2-related CREB-binding 

protein activator protein (SRCAP)327,328. While SRCAP exclusively catalyzes H2A.Z 

incorporation, p400 additionally displays histone acetylation activity and incorporates H3.3 

into promoters and enhancers329. 

2.2.2 ATPases of the RNA/DNA helicase superfamily 2 

DNA- or RNA-dependent ATP-hydrolyzing enzymes share conserved short ordered helicase-

related motifs330. Based on sequence homology and spacing of these motifs, the ATPases can 

be grouped in six superfamilies (SF), with SF1 and SF2 comprising the majority of enzymes331. 

They share the helicase-related motifs I, Ia, II, III, IV, V, VI, TxGx and Q (Fig. 5a)332-334. I and II 

correspond to the Walker A and Walker B sequences, respectively, which are characteristic for 

ATPases335. While the Walker A motif is essential for binding ATP, the Walker B motif is crucial 
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for binding Mg2+ and hence for ATP-hydrolysis333,336. The latter is also referred to as the 

DEA(D/H) box motif of RNA helicases and more general as the DExx box motif194,337. SF1- and 

SF2-type ATPases have a core of two lobes, which are homologous to recA, an enzyme from 

Escherichia coli, which catalyzes homologous pairing and strand exchange of DNA in an ATP-

dependent manner (Fig. 5a)194,338. These two lobes move relative to each other during ATP-

hydrolysis330. 

SF2 can be further classified into several families, one of which is the Snf2 family189. It 

comprises ATPases similar to Swi2/Snf2 (see 2.2.1.3) including all motor domains of 

remodellers189. The spacing between the helicase-related motifs III and IV is elongated in 

ATPases of the Snf2 family (Fig. 5a)339. This area harbors the characteristic insertion, a linker 

and antiparallel α-helical protrusions of both recA-like folds (Fig. 5a, Fig. 6)189. Protrusion 1 is 

located C-terminal of the N-lobe and protrusion 2 N-terminal of the C-lobe, while the insertion 

resides between these elements (Fig. 5a, Fig. 6)189. The protrusions are separated by a 

structured linker, which contains a conserved dual arginine morif189. The bases of both 

protrusions and the insertion are conserved within the Snf2 family189. A brace element 

comprising one or two α-helices is located at the very C-terminus of Snf2-type ATPases (Fig. 5a, 

Fig. 6)189. 

When these proteins were initially categorized, most members with known function were 

helicases331. Helicases unwind and separate DNA or RNA duplex strands in an ATP-dependent 

manner340. In this process, they track along or unwind DNA in steps of 1 bp per cycle of ATP-

hydrolysis340,341. No enzyme in the Snf2 family displays helicase activity, but several were 

shown to be DNA translocases including Sth1 and ISWI342,343. This holds true for all remodeller 

ATPases and the translocation reaction provides the underlying force to catalyze nucleosome 

sliding, repositioning, editing and ejection155. Due to the helical path of DNA, it is associated 

with rotation of the DNA or the enzyme339. Analogous to helicases, translocases track along one 

of the two strands thereby determining directionality340. A fundamental step size of 1 bp was 

identified for the ISWI remodeller too344. 

Recently, the 3D structures of several Snf2-type ATPases from Saccharomyces cerevisiae bound 

to the nucleosome were solved by cryo-EM (Fig. 6)220,345-347. The motor domains of Chd1 and 

Isw1 interact with SHL ±2, while Swi2/Snf2 can bind to both SHL ±2 and SHL ±6 (Fig. 6)220,345-

347. The recA-like folds bind the minor groove, which is widened from underneath by 

protrusion 2, with the N-lobe forming secondary DNA contacts to SHL ±6 or SHL ±2 depending 

on the main interaction site220,345-347. The brace elements stabilize the recA-like folds by packing 

onto them distal to nucleosomal DNA (Fig. 6)220,345-347. While Isw1 and Chd1 possess one brace 

helix, this element forms two helices in the Swi2/Snf2 motor domain220,345-347. Compared to the 

DNA- and nucleosome-free resting state of the ATPase, the two lobes are rotated by 80° relative 

to each other345,348. This arranges the conserved helicase-related motifs to enable nucleotide 

binding and hydrolysis345,348. The binding of the Snf2-type ATPases to nucleosomal DNA 

introduces a nucleotide state-dependent DNA distortion, which is more pronounced in the 

tracking strand346,347. In the ADP-bound state, a 1 bp bulge is formed, which is delivered to the 
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exit site of the nucleosome and released upon ATP binding346,347. This mechanism might 

constitute the fundamental reaction of DNA translocation by all Snf2-type ATPases346,347. 

 

 
Figure 6: High-resolution structures of isolated Snf2-type ATPases from Saccharomyces cerevisiae  bound to 
the nucleosome. ATPases are aligned at their N-lobes and color-coded identically. Light red: N-lobe; Deep red: C-
lobe; Light green: Protrusion 1 (P1); Deep green: Protrusion 2 (P2); Sand: linker; Blue: brace helices; Yellow: ADP-
BeF3. All ATPases are in an ATP-bound state including Swi2/Snf2 bound to SHL ±6 although the nucleotide was not 
built in the active center of this structure. The accession code for each model is indicated under it. Figure created 

with high-resolution structures published in220,345-347. 

2.2.3 Architecture of the INO80 chromatin remodelling complex 

The INO80 remodeller of Saccharomyces cerevisiae is composed of 15 different subunits and 

exhibits a modular architecture (Fig. 7)275,276. Ino80 acts as a scaffold on which three different 

submodules assemble (Fig. 7)276,349. These contribute distinctly to the action of INO80276. While 

the core and the Arp8 module are evolutionarily conserved, the Nhp10 module is specific to 

Saccharomyces cerevisiae and dispensable for the sliding reaction catalyzed by INO80 

(Fig. 7)275,276. The composition of the complex is outlined in 2.2.1.4 and in this paragraph 

discussed in more detail with an emphasis on the architecture of the complex and of single 

subunits. 

 
Figure 7: Architecture of the INO80 chromatin remodelling complex of Saccharomyces cerevisiae . The three 
modules of the complex are labelled and subunits for which high-resolution structures are presented in this thesis 

are colored. Figure based on the cross-linking map published in276 and designed by Dr. Kilian Knoll and Dr. Sebastian 
Eustermann. 

2.2.3.1 The core module 

The core module of INO80 is ~600 kDa in size and formed around a heterohexameric ring of 

Rvb1 and Rvb2 (Fig. 7)276-278. These are closely related AAA+ (ATPases associated with diverse 

cellular activities) ATPases and integral components of INO80 and SWR1273,274. Rvb1/2 are 

highly conserved and essential proteins impacting transcription, DNA repair, snoRNP 

assembly, cell differentiation and even cancer metastasis350. Their Walker motifs reside in two 

domains (DI and DIII), which are separated by long insertions (DII) harboring an 

oligonucleotide-binding (OB) fold (Fig. 8b)351,352. Rvb1/2 form a heterohexameric ring of 

alternating subunits in a 1:1 stoichiometry352. In isolation, two Rvb1/2 rings associate with 

each other to a heterododecamer352. In INO80 and SWR1 only one heterohexameric ring is 

present, which is recruited by the insert domain of Ino80 (Ino80 insert) or Swr1276-278,353. 

Consequently, peptides of Ino80insert stimulate the ATPase activity of Rvb1/2 by 16-fold354. 
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Rvb1/2 are related to the RuvB helicase from Escherichia coli, which drives branch migration 

and resolution of the Holliday junction in complex with RuvA and RuvC355,356. Initially, Rvb1/2 

were also assumed to exhibit helicase activity but more recent experiments could not 

reproduce these results277,357 and instead suggest that Rvb1/2 act as a protein assembly 

chaperone354,358. Their ATPase activity is dispensable for the activity of INO80 and SWR1 353,359. 

Rvb1/2 are necessary for recruiting Arp5 and Ies6 to the complex and directly interact with 

the latter (Fig. 7)276,293. The actin fold of Arp5 is preceded by an N-terminal brace and separated 

by one long insertion, which comprise 51 and 335 residues, respectively in the protein from 

Chaetomium thermophilum (Fig. 8b). Ies6 contains a histidine triad (HIT) zinc finger fold in its 

C-terminal domain, which has lost the zinc-finger binding cluster. Arp5 is critical for the sliding 

reaction catalyzed by INO80 in vitro275,276 and important for nucleosome positioning in vivo360. 

The Arp5 deletion displays the same phenotype as the Ino80 deletion in vivo, demonstrating 

the importance of this subunit275. Intriguingly, deleting Arp5 in in vitro experiments leads to a 

decoupling of sliding and ATPase activity, meaning that the sliding reaction is impaired while 

robust ATPase activity can be detected276,278. Thus, Arp5 is important to transmit ATP 

hydrolysis by Ino80 to DNA translocation276,278. Arp5 and Ies6 form a functional unit as deletion 

of one subunit results in the loss of both361. For this reason, differential effects of these proteins 

could not be observed. Only recently, recombinant expression protocols for INO80 were 

described independently by two research groups, one of which is part of this thesis362. These 

enable the use of site-directed mutagenesis to investigate the role of single residues in the 

catalysis cycle. 

The core module also comprises Ies2, which interacts with Rvb1/2 and Ino80 at multiple sites 

as well as with Ies3 via its N-terminus (Fig. 7)276. This N-terminal portion is predicted to be 

mostly unstructured while the C-terminal part comprises a conserved PAPA-1 (Pim-1-

associated protein-1 associated protein-1) domain (Fig. 8b)276. For the INO80 complex from 

Saccharomyces cerevisiae, the deletion of Ies2 leads to the loss of Arp5 and Ies6 too361. 

However, this effect was not observed with endogenous and recombinant INO80 from Homo 

sapiens, yet differential roles for Ies2 and Arp5 / Ies6 were suggested278,349. This would in 

principle be in agreement with the cross-linking map of INO80 from Saccharomyces cerevisiae, 

which did not reveal any interactions between Ies2 and Arp5 / Ies6 either276 but species-

specific differences cannot be ruled-out at this point. In the human complex, Ies2 was shown 

to be a crucial activator for the ATPase activity of INO80 and to be critical for the sliding of 

mononucleosomes while being dispensable for NCP interaction278,349. This led to the suggestion 

that Ies2 acts as a molecular throttle which clears an auto-inhibited state of the Ino80 ATPase 

upon NCP binding278. 

ChIP-exo data locates all subunits of the core module at the NCP supporting its crucial impact 

on the sliding reaction of mononucleosomes suggested by deletion of single subunits 306. 
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Figure 8: Domain organization of evolutionarily conserved subunits of INO80 from Chaetomium  

thermophilum. a, The Ino80 protein. PH: post-HSA; P1/2: protrusion 1/2; L: linker; B: brace. b, Subunits of the core 
module. DI-III: domains I-III of Rvb proteins; N: N-terminus; C: C-terminus; act: actin-fold. c, Subunits of the Arp8 
module. iI-III: insertions I-III of Arps. Domain boundaries are indicated below schematic protein representation. 
Subunits and single domains are shown to scale relative to each other. Figure in parts adapted from276,352. For 
domain abbreviations and detailed references see main text. 

2.2.3.2 The Arp8 module 

The Arp8 module comprises the three actin-fold proteins actin, Arp4 and Arp8 as well as Ies4 

and Taf14, which add up to 240 kDa (Fig. 7)273,275,276. 

Actin is a highly conserved and abundant protein363. It displays an U-shaped fold, which can be 

divided in two lobes and four subdomains (SDs)364. Lobe 1 comprises the SDs 1 and 2 and 

Lobe2 the SDs 3 and 4364. Two phosphate-binding loops form a central nucleotide-binding 

pocket365. This architecture is referred to as the actin-fold, which is shared between actin and 

Arps366. These are extended by specific insertions and named according to their decreasing 

identity and similarity with actin366. Monomeric G-actin can polymerize under ATP-hydrolysis 

to filamentous F-actin367,368. These filaments grow at the barbed end (SD1 and SD3) of actin 

and depolymerizes at its pointed end (SD2 and SD4)367. During this process the U-shaped actin 

undergoes a conformational change from a twisted form of ATP-bound G-actin at the barbed 

end to a more flat form of ADP-bound F-actin at the pointed end363. Although actin filaments 

were observed in eukaryotic nuclei369,370, it appears to be solely monomeric as a component of 

chromatin remodellers371. 

While Arp8 is exclusively found in INO80 (hence the name of the module), the evolutionarily 

conserved actin-Arp4 dimer is also present in SWR1 and nucleosome acetyltransferase of H4 

(NuA4)188,273,275,372. RSC and ySWI/SNF contain the structurally related Arp7-Arp9 pair268,366. 

The module is nucleated by the HSA domain of Ino80 (Ino80HSA), located N-terminal of its Snf2-

type ATPase (Ino80ATPase) (Fig. 5b, Fig. 7, Fig. 8a; also see 2.2.1.4)238. Crystal structures of 

complexes comprising Swi2/Snf2HSA-Arp7-Arp9-Rtt102 and Swr1HSA-actin-Arp4 reveal that 

actin-fold proteins bind to the HSA domains via their barbed ends269,373. Arp8 is critical for the 

assembly of the module in INO80 as its deletion results in the loss of the other subunits275. 

Isolated Arp4 and Arp8 display affinity towards the H3-H4 tetramer while an Ino80HSA-actin-

Arp4-Arp8 subcomplex binds the NCP374-376. More recent biochemical experiments 

investigated the role of Arps and their binding to the Snf2-type ATPase of RSC239. These suggest 

a regulatory role of Arp7 and Arp9 on the motor domain and demonstrate a direct interaction 
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with the HSA domain, the post-HSA domain and protrusion 1 but not the NCP239. For INO80, 

these insights are partly lacking but beyond a potential role in cis-directed regulation, the Arp8 

module is also proposed to bind extranucleosomal DNA377. This is in agreement with ChIP-exo 

data placing Arp8 upstream the +1 nucleosome306. The N-terminus of Arp8 from 

Saccharomyces cerevisiae affects the viability of the organism under stress conditions and is 

important for the sliding reaction catalyzed by INO80377. It comprises 197 amino acids in 

yeast377 and 99 residues in Chaetomium thermophilum (Fig. 8c). In addition, the actin-fold of 

Arp8 is extended by three insertions of 95, 8 and 168 residues (Fig. 8c). Arp4 possesses a short 

N-terminal brace and two insertions, which comprise 43 and 50 residues in Chaetomium 

thermophilum (Fig. 8c)374. BAF53a is the human homolog of Arp4 and frequently mutated in 

cancer378. Taf14 consists in large parts of a YEATS domain, which is a specific reader for H3 

crotonylation (Fig. 8c; see 2.2.1.4)286. No similarities to known domains can be found in Ies4, 

which is phosphorylated by the kinases Mec1 / Tel1 during exposure to DNA -damaging 

agents316. 

2.2.3.3 The species-specific module 

The N-terminus of Ino80 recruits a third, species-specific module, which in Saccharomyces 

cerevisiae comprises Nhp10, Ies1, Ies3 and Ies5 and is therefore also referred to as Nhp10 

module (Fig. 7)276. This module and the N-terminus of Ino80 are structurally inter-dependent 

as deletion of Nhp10 results not only in the loss of Ies1, Ies3 and Ies5 but also in a degradation 

of the Ino80 N-terminus305. Early on it was noticed that the module is dispensable for the 

sliding reaction catalyzed by INO80 but might increase its affinity for free DNA275. Moreover, it 

is important for the recruitment of INO80 to DNA damage sites by interaction with 

phosphorylated H2AX314,315. Nhp10 is a HMG-box protein with two DNA-binding HMG domains 

followed by an acidic C-terminal tail379. One HMG box comprises ~75 residues, which form 

three α-helices arranged in a L-shaped fold380. Box A of Nhp10 is only similar to Box A of HMO1 

a highly related protein in Saccharomyces cerevisiae379, which binds and bends DNA381-383. Box 

B of both HMO1 and Nhp10 correspond to Box B of mammalian HMGB proteins379. In this class, 

proteins containing one or multiple HMG boxes are grouped380. These preferentially bind the 

minor groove through the HMG box thereby bending and underwinding DNA380. HMGB 

proteins with tandem HMG boxes generally interact with DNA in a non-sequence specific 

manner, which holds also true for Nhp10379,380. Mediated by Box A, Nhp10 binds sticky and 

blunt DNA ends, potentially to recruit INO80 to DNA damage sites314,315,379,383. Both HMG boxes 

display a preference for distorted DNA substrates while the acidic tail attenuates DNA 

binding383. This might impact the action of INO80 at stalled replication forks383. Ies1, Ies3 and 

Ies5 do not possess known protein domains and so far, no function could be addresses to these 

proteins. 

The entire Nhp10 module exhibits strong DNA-binding properties on its own and also interacts 

with the NCP276. In vitro, it was shown to be important for sensing the length of 

extranucleosomal DNA, consistent with the DNA-binding properties of Nhp10305. If deleted, 

sliding activity of INO80 on nucleosomes with limiting length of extranucleosomal DNA is 

increased, which suggests an auto-inhibitory function of the Nhp10 module or the N-terminus 

of Ino80305. This is in line with its previously proposed role in regulating the action of 

INO80276,349.  
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3 Aim of the thesis 

The INO80 chromatin remodelling complex converts the energy from ATP hydrolysis into 

translocation of DNA around the nucleosome273,275. This is the fundamental reaction for its 

action on chromatin155. Thus, a detailed understanding of it is indispensable to investigate the 

role of INO80 in chromatin organization and the regulation of its activity. Despite its 

importance, this catalytic reaction was not fully understood when the work on this thesis 

started, although several data suggests that it is conserved among the remodeller families 155. 

The mass spectrometry analysis of crosslinked endogenous INO80 from Saccharomyces 

cerevisiae provided fundamental insights into the arrangement of its individual subunits in the 

protein complex276. It revealed that INO80 is organized in three modules and indicated the 

position of these modules within a low-resolution cryo-EM structure of INO80 in its apo 

state276. Moreover, this study investigated the binding of INO80 to its substrate, the NCP, by 

describing crosslinks between the subunits of INO80 and the histone proteins276. However, due 

to the limited resolution of the cryo-EM structure and the fact that the NCP is not present in 

this structure, a detailed analysis of the interaction between INO80 and the NCP remained 

elusive276. 

Further knowledge of how INO80 engages the NCP was provided by a hydroxyl radical 

footprinting analysis, which identified SHL -2/-3 and SHL -6 as the main binding sites of INO80 

to nucleosomal DNA302. Intriguingly, these are the positions to which the isolated Swi2/Snf2 

ATPase was also shown to bind345. This raises the question whether both positions are 

occupied by the Ino80ATPase. This could either be explained by two distinct conformations of the 

complex, which engage the NCP in different ways or by the binding of two INO80 complexes to 

one NCP as suggested by biochemical data384. Alternatively, the protection observed by 

hydroxyl radical footprinting at SHL -2/-3 and SHL -6 can arise from the interaction of two 

different subunits or modules of INO80 with these sites. In addition, biophysical and 

biochemical analyses of DNA translocation catalyzed by INO80 indicates a step size of 10 bp or 

larger302,305. This is in contradiction with the fundamental step size of the tracking of Snf2-type 

ATPases on DNA, which is 1 bp341. A smaller step size of 1 – 3 bp was indeed observed for DNA 

translocation catalyzed by remodellers of the ISWI family302,344. Hence, the multi-subunit 

remodeller INO80 must translocate DNA in a distinct mechanism. Most probably, it transfers 

nucleosomal DNA in an intermediate state during the translocation reaction before it exits the 

nucleosome. Why and how this happens cannot be explained with the data, which was available 

before the work on this thesis started. 

This thesis tries to address these open questions by investigating the interaction between 

INO80 and the nucleosome and thereby the mechanism of DNA translocation. This is primarily 

done by structural, biochemical and biophysical approaches, in particular cryo-EM385, which 

enables the investigation of large and partly flexible biomolecules such as the INO80 complex. 
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Summary 

In this publication, we report the high-resolution cryo-EM structure of the core module of 

INO80 bound to the NCP. It provides novel insights into the interaction between INO80 and the 

NCP and the arrangement of its subunits allows to propose a mechanism for the catalysis of 

DNA translocation by INO80. It engages nucleosomal DNA at two main sites by its subunits 

Ino80ATPase and Arp5 at SHL -6 and SHL -2/3, respectively. This is in accordance with data from 

hydroxyl radical footprinting. Intriguingly, Ino80ATPase detaches the nucleosomal DNA it 

interacts with, thereby exhibiting one H2A-H2B dimer. These DNA-binding elements are 

connected by the Rvb1/2 heterohexameric ring, which does not form contacts to the NCP. It is 

found in a closed conformation compared to previously determined X-ray structures of isolated 

Rvb1/2 ring and almost completely encapsulates Ino80 insert. Ies2 is anchored in this ring with 

its C-terminus and binds nucleosomal DNA at SHL +2 and the Ino80ATPase via an element termed 

‘throttle helix’. Ies6 forms a functional unit with Arp5 as revealed by MS crosslinking and 

contributes to its interaction with DNA as well as the Rvb1/2 ring. The resolution of the cryo-

EM map allows to determine the nucleotide-state of several subunits. Although no nucleotide 

was added to the sample during purification or grid preparation, all chains of Rvb1 and Rvb2 

are bound to ADP while Arp5 is bound to ATP. Ino80ATPase is free of nucleotide. The 

arrangement of the individual subunits around the NCP reveals that Ino80ATPase is held in a fixed 

position during the translocation reaction. This enables the transfer of energy derived from 

ATP hydrolysis into DNA translocation. In analogy to an electrical engine, it can be termed 

‘motor’, while Arp5 and Ies6 act as a ‘counter grip’ and Rvb1/2 as a ‘stator’ connecting these 

two elements. This architecture also explains the large step size of DNA translocation by INO80. 

Ino80ATPase pumps DNA into the nucleosome against the counter grip. This acts as a roadblock, 

which DNA cannot pass in the first place. Instead, a DNA strain is generated and only once 

sufficient force is built up, the counter grip is released and DNA translocation takes place.  

Albeit the profound insights into the binding of the core module of INO80 to the NCP, this study 

could not provide information about the Arp8 module, which is critical for the catalysis of DNA 

translocation by INO80. Only a low-resolution map could be calculated indicating that the 

module is located outside the NCP. 

 

Author contribution 

I reconstituted and purified nucleosomes from recombinant sources as well as the 

evolutionarily conserved INO80 complex from Chaetomium thermophilum together with Dr. 

Sebastian Eustermann and Manuela Moldt. I screened and established vitrification conditions 

of the nucleosome:INO80 complex together with Dr. Sebastian Eustermann.  

https://doi.org/10.1038/s41586-018-0029-y
https://www.nature.com/articles/s41586-018-0029-y
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4.2 The nuclear actin-containing Arp8 module is a linker DNA sensor driving 

INO80 chromatin remodeling 

Knoll, K.R.*, Eustermann, S.*, Niebauer, V., Oberbeckmann, E., Stoehr, G., Schall, K., Tosi, A., 

Schwarz, M., Buchfellner, A., Korber, P. and Hopfner, K.P., 2018. The nuclear actin-containing 

Arp8 module is a linker DNA sensor driving INO80 chromatin remodeling. Nature structural 

and molecular biology, 25(9), pp.823-832. 

*These authors contributed equally 

 

DOI: https://doi.org/10.1038/s41594-018-0115-8 

https://www.nature.com/articles/s41594-018-0115-8 

 

Summary 

This study investigates the impact of the Arp8 module on the catalysis of DNA translocation by 

INO80. It demonstrates that the Arp8 module indeed binds to extranucleosomal DNA, as 

suggested by the low-resolution cryo-EM density, and that this interaction is crucial for the 

catalysis cycle. The 3D structure of actin, Arp4 and Arp8 in complex with Ino80HSA was solved 

by X-ray crystallography at a resolution of 4.0 Å. It shows that actin is sandwiched between 

Arp4 and Arp8 and that the HSA domain forms a segmented α-helix, which interacts with the 

three actin folds via their barbed ends. Actin binds Arp4 in a ‘front-to-back’ manner, which was 

also observed in the SWI/SNF Arp module between Arp7 and Ap9. In turn, Arp8 engages actin 

in a novel ‘side-to-back’ interaction. The complex was stabilized for crystallization by the 

addition of the small molecule sea sponge toxin latrunculin A, which binds to actin and inhibits 

nucleotide exchange of actin. Although no nucleotide was added during sample preparation, 

Arp4 and actin are both bound to ATP, while Arp8 is found to be in a nucleotide free state. The 

HSA helix is decorated with conserved, positively charged amino acids, which are exposed to 

solvent. These residues mediate the interaction between the Arp8 module and 

extranucleosomal DNA. This is demonstrated by the observation that the Arp8 module binds a 

nucleosome including extranucleosomal DNA with a higher affinity than the NCP, which 

depends on these positively charged residues. In the context of the complete remodeller, these 

residues are essential for the catalysis of DNA translocation and genome-wide nucleosome 

positioning by INO80. These results explain the crucial role of the Arp8 module for the action 

of the INO80 remodelling complex. The actin-fold proteins bind and thereby shape the HSA 

helix in a fashion that it interacts with extranucleosomal DNA. This is presumably essential for 

the catalysis cycle at that stage at which Ino80ATPase pumps DNA towards Arp5 and Ies6. By 

holding onto extranucleosomal DNA, the Arp8 module prevents the pumped DNA from flipping 

back. Instead, a DNA strain is formed between INO80ATPase and Arp5 / Ies6. Once sufficient force 

is generated, the Arp5 / Ies6 counter grip is released and DNA translocation occurs. In t his 

model, DNA translocation is only possible because the Arp8 module stabilizes the transition 

state prior to the release of the counter grip. 

 

Author contribution 

I reconstituted and purified nucleosomes from recombinant sources with different lengths of 

extranucleosomal DNA.  

https://www.nature.com/articles/s41594-018-0115-8
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4.3 Single‐molecule nucleosome remodeling by INO80 and effects of histone tails  

Schwarz, M., Schall, K., Kallis, E., Eustermann, S., Guariento, M., Moldt, M., Hopfner, K.P. and 

Michaelis, J., 2018. Single‐molecule nucleosome remodeling by INO80 and effects of histone 

tails. FEBS letters, 592(3), pp.318-331. 

 

DOI: 10.1002/1873-3468.12973 

https://febs.onlinelibrary.wiley.com/doi/full/10.1002/1873-3468.12973 

 

Summary 

This publication explores the effect of histone tails on DNA translocation by INO80. These are 

flexible and mostly unstructured elements of the core histone proteins and hence challenging 

to investigate by structural biology. For this reason, singe-molecule nucleosome remodeling 

FRET was chosen as an alternative method to shed light on the role of histone tails.  For this 

reason, an assay was set up, which reports DNA translocation by a change of FRET efficiency 

of double labelled nucleosomal DNA. This demonstrates that INO80 processively translocates 

nucleosomal DNA while maintaining the integrity of the nucleosome. This holds true for wild-

type and all tailless nucleosomes. However, the binding of INO80 to all tailless nucleosomes 

appears to be different than for wild-type nucleosomes. While one relatively defined 

nucleosome conformation is observed for wild-type nucleosomes, INO80 interaction with all 

tailless nucleosomes leads to a heterogeneous FRET population demonstrating the presence of 

several nucleosome conformations. Intriguingly, the binding affinity of INO80 to wild-type and 

all tailless nucleosomes is comparable, but remodelling is faster for all tailless nucleosomes. 

Thus, the structurally heterogeneous INO80-bound state of all tailless nucleosomes might 

represent a lowered energy barrier for the initiation of DNA translocation. In turn, this means 

that histone tails constitute a barrier for DNA translocation, which needs to be overcome 

potentially by an additional energy input. Given the profound impact of modifications of 

histone tails on chromatin organization, it is tempting to speculate that this barrier, and thus 

chromatin remodelling by INO80, is regulated by PTMs. 

 

Author contribution 

I purified the wild-type and all tailless histones from recombinant sources and reconstituted 

nucleosomes with these. I performed the biochemical analysis of binding and sliding of wild-

type and all tailless nucleosomes by INO80. 

  

https://febs.onlinelibrary.wiley.com/doi/full/10.1002/1873-3468.12973
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5 Discussion 

The results presented in this thesis reveal how the subunits of INO80 interact with the NCP 

and catalyze DNA translocation in a coordinated fashion386,387. While it was conducted, cryo-

EM structures of all four remodeller families in apo348,388,389 and nucleosome bound 

states220,347,353,390-396 were published (Fig. 9). This section compares these structures and 

discusses their impact on understanding the mechanism by which remodellers catalyze DNA 

translocation. 

5.1 Comparison of cryo-EM structures of the four families of chromatin 

remodellers 

First insights into the mechanism of DNA translocation by Snf2-type ATPases were provided 

by cryo-EM structures of the ATPase domain of Swi2/Snf2 bound to the nucleosome345,346. It 

interacts with either SHL ±2 or SHL ±6345 and all chromatin remodelling Snf2-type ATPases 

characterized to date bind the nucleosome at these locations (Fig. 9)1. Histone-DNA contacts 

are significantly weaker at these points compared to the dyad and the regions between 

SHL ±3.5 and SHL ±570. Thus binding to these locations potentially facilitates the catalysis of 

DNA translocation70. The interaction of Swi2/Snf2 with nucleosomal DNA distorts primarily 

the tracking strand by bulging out 1 bp of DNA around its binding site346. This leads to a register 

shift of 1 bp relative to the guide strand, which is slightly relaxed upon ATP binding (see 

2.2.2)346. As this is similarly observed for the Isw1 ATPase, this mechanism is most probably 

conserved among chromatin remodelling Snf2-type ATPases and illustrates their fundamental 

catalyzed reaction, which is the pumping of 1 bp of DNA155,347. Two ISWI ATPases have been 

characterized in complex with the nucleosome so far; Isw1 from Saccharomyces cerevisiae347 

and Snf2h from Homo sapiens (Fig 9a)390. Both bind to SHL -2 and interact with the H4 tail via 

their C-lobe, which regulates ISWI activity196,347,390. Snf2h is reported to change the structure 

of the histone octamer upon binding, which is proposed to contribute to the translocation 

reaction390. However, this was not observed for Isw1 or for any other remodeller with sliding 

activity347. Hydroxyl radical footprinting of the ISW2-nucleosome complex demonstrates that 

the remodeller binds entry and extranucleosomal DNA in addition to the interaction  of the 

ATPase domain with SHL -2397. 

The cryo-EM structure of Chd1 provides high resolution information beyond the catalytic 

domain220. Its ATPase domain also interacts with SHL -2 while its double chromodomain 

contacts SHL -1 (Fig. 9b)220,396. The DBD of Chd1, composed of a SANT and SLIDE domain, binds 

to SHL +5 – SHL +7, where it unravels exit DNA from the histone octamer220,396. Single-molecule 

data suggests that this is dependent on the nucleotide-state of the ATPase398. 

High-resolution information on SWI/SNF and INO80 remodellers increased considerably in the 

past years. In particular, subunits interacting with the NCP have been identified and visualized 

for a number of remodellers (Fig. 9c, d)353,387,389,391-395. The ATPases of all SWI/SNF remodellers 

bind to SHL -2 or nearby in an overall similar fashion as remodellers of the ISWI and CHD family 

(Fig. 9c)391-394. Among all remodeller ATPases, Swi2/Snf2 is the only one to form two brace 

helices in its nucleosome-bound state (see 2.2.2)345,391. Different binding sites of the ATPase 

 
1As the nucleosome is a symmetric particle, the assignment of a positive or negative sign to a SHL is 
arbitrary in the first place but becomes important when describing the directed process of DNA 
translocation. It is differently used in the literature. In this thesis, a negative sign denotes SHLs in the 
direction of entry DNA and a positive sign SHLs in the direction of exit DNA. Thus, the specified signs 
might mismatch those given in other publications but is consistent with the numbering in the 
publications presented in this thesis. 
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domains are observed in the INO80 family. Swr1ATPase binds to SHL -2 like the ATPases from 

the other remodeller families295,353 but Ino80ATPase interacts with SHL -6 (Fig. 9d)387,395. Hence 

it is the only Snf2-type ATPase known to date to contact SHL -6 in the context of a complete 

remodeller387,395. 

 
Figure 9: 3D structures of remodellers bound to the nucleosome determined by cryo-EM. a, ISWI family. b, 
CHD family. c, SWI/SNF family. d, INO80 family. C.t.: Chaetomium thermophilum; H.s.: Homo sapiens. Models are 
aligned on the nucleosome. Asterisk indicates entry DNA. Binding site of each ATPase is indicated as well as pdb 

code of the models. Deep red: Snf2-type ATPase; Green/Yellow: Potential or characterized counter grips of multi-
subunit remodellers; Grey: other subunits; Dark grey: DNA; Light yellow: H2A; Light red: H2B; Light blue: H3; Light  
green: H4. Figure adapted from399. 

The different position of Ino80ATPase compared to other remodeller ATPases affects the path of 

DNA translocation. In the INO80 complex, the ATPase interacts with the entry site  of the 

nucleosome and hence pumps extranucleosomal DNA into the NCP (Fig. 10a)387,395. All other 

ATPases are located more centrally at the NCP around SHL -2 (Fig. 9)220,347,390-394. Consequently, 
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they first pull DNA into the NCP and push it across the dyad towards the exit site to translocate 

DNA (Fig. 10b). 

Besides their ATPase domains, all multi-subunit remodellers contact the NCP at a second 

point353,387,391-395. For INO80, this interaction is formed by Arp5 and Ies6 opposite from 

Ino80ATPase and is essential for the catalysis of DNA translocation387. It was termed ‘counter grip’ 

in a model, which denotes the ATPase as a motor and Rvb1/2 as a stator connecting motor and 

counter grip (Fig. 9d, left panel)387. This principal arrangement holds also true for human 

INO80 and SWR1 (Fig. 9d)353,395. SWI/SNF remodellers interact with the nucleosome at an 

additional site as well391-394. Different to the INO80 family, this contact is not formed to 

nucleosomal DNA but to the histone octamer around the acidic patch (Fig. 9c; 2.1.1.2)391-394. In 

ySWI/SNF and RSC, the subunits forming this contact are called arm module391,392 and in the 

BAF complex head module, a submodule of the base module393. These are all recruited by the 

pre-HSA domain of SWI/SNF remodellers (Fig. 9c)391-394. The pre-HSA domain and associated 

subunits might thus act as a stator element, similar to the complex of Ino80insert and Rvb1/2 in 

the INO80 complex (Fig. 9d, left panel)387. The function of the counter grip in SWI/SNF 

remodellers is less well understood, but data from RSC indicates that it might rather be 

important for nucleosome ejection than sliding394. 

Another feature observed in several cryo-EM structures of NCP-bound remodellers is the 

detachment of nucleosomal DNA. INO80 and SWR1 unravel DNA at the entry site of the NCP 

and Chd1 at its exit site (Fig. 9b, d)220,353,387,395. To a smaller extent, exit DNA is also detached 

by ySWI/SNF and RSC391,392. This could be a common principle of remodellers to reduce friction 

by histone-DNA contacts during DNA translocation353. 

 
Figure 10: Direction of DNA translocation in INO80 (left) and ySWI/SNF (right). a, The Ino80ATPase binds to 
SHL -6 and detaches DNA from the histone octamer leading to an exposed H2A-H2B dimer. It pumps  
extranucleosomal DNA into the nucleosome towards the dyad. pdb code: 6FML387. b, Swi2/Snf2 as a representative 
for all Snf2-type ATPases apart from Ino80. It interacts with SHL -2 and introduces a distortion in nucleosomal DNA 
upstream of its binding site346. It pulls DNA into the nucleosome and pumps it across the dyad towards the exit site. 

pdb code: 6UXW391. Path of translocated DNA is indicated by dashed line. Deep red: Snf2-type ATPase; Dark grey: 
DNA; Light yellow: H2A; Light red: H2B; Light blue: H3; Light green: H4. Figure in parts adapted from346. 

5.2 The architecture of INO80 and SWR1 

The SWR1 complex is specialized in nucleosome editing188,274. It exchanges H2A-H2B dimers 

for H2A.Z-H2B dimers in an ATP-dependent manner but does not display nucleosome sliding 

activity188. However, the underlying force for the editing reaction is presumably provided by 

local and transient DNA translocation188,400. The interaction of Swr1ATPase with SHL -2 leads to 

a mirrored arrangement compared to INO80 (Fig. 9d)387,395. Its counter grip is formed by Arp6 

and Swc6 and binds to SHL -6, which corresponds to entry DNA (Fig. 9d, Fig. 11b)353,387,395. At 

this site, it detaches DNA from the histone octamer in an overall similar fashion as Ino80ATPase 
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(Fig. 9d)353. But unlike INO80, the main DNA-interacting subunit is not the ARP component 

(Arp5 in INO80 and Arp6 in SWR1) but Swc6, the SWR1 equivalent of Ies6 (Fig. 11)353,387. In 

INO80 and SWR1, both subunits of the heterodimeric counter grip are anchored in the Rvb1/2 

ring by contacts to the OB folds353,387,395. Swc6 additionally extends between one Rvb1/2 pair 

with its N-terminal tail and binds to one H2A chain353. Ies6 contacts H2A too, but to a reduced 

extent387. These interactions might contribute to the exchange reactions catalyzed by INO80 

and SWR1. 

 
Figure 11: Comparison of the 3D structures of the remodelling complexes INO80 and SWR1.  a, Structure of 

the INO80 complex. Light blue: Rvb1; Deep blue: Rvb2; Green: Arp5; Yellow: Ies6; Red: Ino80; Orange: Ies2; Dark 
grey: DNA; Grey: histone octamer. pdb code: 6FML387. b, Structure of the SWR1 complex. Light blue: Rvb1; Deep  
blue: Rvb2; Green: Arp6; Yellow: Swc6; Red: Swr1; Orange: Swc2; Dark grey: DNA; Grey: histone octamer. pdb code: 
6GEJ353. Subunits are represented as transparent surface except for Ino80 / Swr1, which are shown as cartoon. Side 
chains of amino acids of the insert domains of Ino80 and Swr1 are shown as sticks in the right panel and color coded 

according to their chemical properties (see table in figure). Models of INO80 and SWR1 are aligned on their ATPase 
domains. 

Ies2 in INO80 and Swc2 in SWR1 possess an overall similar 3D structure 353,387. Both are 

anchored in the Rvb1/2 ring with their C-terminus, interact with the respective ATPase via an 

α-helix (termed ‘throttle helix’ in INO80) and form histone contacts distal to the Rvb1/2 ring 

including an interaction with the acidic patch (Fig. 11)353,387. Swc2 is the subunit with histone 

chaperone activity in SWR1 and essential for the catalysis of the exchange of H2A for 

H2A.Z294,296. The function of Ies2 is less well understood. It was suggested to clear an auto-

inhibitory state of Ino80ATPase, hence its characterization as a molecular throttle278. Given the 

close relationship in structure, it is tempting to speculate that Ies2 might act similarly to Swc2 
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in the exchange of H2A.Z for H2A catalyzed by INO80. However, whether INO80 can even carry 

out this reaction is discussed controversially and no activity as a histone chaperone has so far 

been described for Ies2300-303. The N-terminal portion of both proteins is not resolved in the 

currently published structures, most likely due to intrinsic disorder of these regions276,353,387. 

According to cross-linking data, the N-terminus of Ies2 interacts with the species-specific 

Nhp10 module276. Since this was not included in the samples characterized by cryo-EM so far, 

no structural insights in this interaction are available387,395. Adding the module in future 

samples might provide a way to stabilize and visualize this part of Ies2 and assign a function to 

it. 

The subunits of Rvb1 and Rvb2 are all found in ADP-bound states in the published cryo-EM 

structures of INO80 and SWR1353,387,395. The heterohexameric ring is in a closed conformation 

compared to crystal structures of the isolated Rvb1/2 ring, in which the insert domains (DII) 

are bent outwards relative to the ATPase core (DI + DIII)352. As this open arrangement of the 

isolated Rvb1/2 ring is adopted independent of the nucleotide state, the closure observed in 

the remodelling complexes is likely to be induced by the interaction with the insert domains of 

Ino80 and Swr1352,353,387,395. This is supported by the observation that peptides of Ino80 insert 

stimulate the ATPase activity of Rvb1/2354, strongly indicating that ATP hydrolysis by these 

AAA+ ATPases is important for the biogenesis of remodellers of the INO80 family. This would 

support the concept of Rvb1/2 acting as assembly chaperones354. The insert domains of Ino80 

and Swr1 are similar in length but only 15% identical in sequence401. This causes differential 

interactions with the Rvb1/2 ring resulting in distinct 3D structures (Fig. 11)353,387,388,395. Both 

insert domains are planar and adopt a wheel-like structure353,387,388,395. Ino80insert resembles a 

spoked wheel with several connections toward its center while Swr1 insert lacks these elements 

(Fig. 11)353,387,388,395. In the INO80 complex, Ino80insert is almost entirely encapsulated by the 

Rvb1/2 ring and forms a plug and latch, which protrude the ring in the direction of the NCP 

(Fig. 11a)387,395. Swr1insert contains a similar plug helix, but no latch and overall less residues 

are buried in the Rvb1/2 ring353. Instead, two α-helices jut out the ring opposite of Swr1ATPase 

where they are exposed to solvent and interact with an insertion of Arp6 (Fig.  11b)353. The 

function of this interaction is not known but it might stabilize the more tilted position of Arp6 

in SWR1 relative to the Rvb1/2 ring compared to Arp5 in INO80 due to its interaction with 

unraveled entry DNA. 

 

5.3 The Arp module in INO80 and SWI/SNF remodellers 

Remodellers of the SWI/SNF and INO80 family comprise actin and / or ARPs as integral 

components188,267,273-275. These are nucleated by the HSA domain, which precedes the Snf2-type 

ATPase thereby giving rise to a distinct module within each complex238. In SWI/SNF 

remodellers, this is formed by a heterotrimer of Arp7, Arp9 and Rtt102238,267-269. INO80-type 

remodellers contain a dimer of actin and Arp4, which associates in INO80 with Arp8, Ies4 and 

Taf14 and in SWR1 with a second actin molecule, Swc4 and Yaf9275,276,279. Additionally, both 

INO80 remodellers comprise another ARP, Arp5 in INO80 and Arp6 in SWR1, which is not part 

of the Arp module but of the core module276,279. The importance of the components of the Arp 

module was described early on as Arp7 and Arp9 were found to be essential proteins in 

Saccharomyces cerevisiae and Arp8 to be crucial for the activity of INO80267,275,402. The Arp 

module of the RSC remodeller promotes sliding by increasing the coupling of ATP hydrolysis 

to DNA translocation and is essential for the ejection of nucleosomes239. 

The crystal structure of the isolated Arp module of the SWI/SNF complex reveals that Arp7 and 

Arp9 bind the HSA domain via their barbed ends and interact with each other in a ‘front-to-

back’ arrangement269. This is overall similar to the ‘front-to-front’ interaction within F-actin 
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but Arp7 is flipped compared to the second actin molecule in the actin fiber269. Rtt102 adopts 

a highly extended conformation with contacts to Arp7 and Arp9 opposite to the HSA domain 

thereby stabilizing the module269. The architecture observed in the crystal structure matches 

the conformation of the Arp module in the cryo-EM structure of ySWI/SNF391. It bridges the 

ATPase and the body module, which contacts the histone octamer thereby coupling ATP 

hydrolysis to DNA translocation (Fig. 9c)391. The C-terminal portion of the HSA domain is 

located close to nucleosomal DNA at SHL +5.5, which is in accordance with its previously 

reported DNA binding activity (Fig. 12b)391,403. Arp7 and Arp9 are positioned opposite the NCP 

with their pointed ends being exposed to solvent (Fig. 12b)391. Previously, biochemical 

experiments demonstrated that the post-HSA domain interacts with protrusion I thereby 

regulating the ATPase activity239,403. This is confirmed in the cryo-EM structure, in which it 

binds on top of the N-lobe of Swi2/Snf2391. Its connection to the HSA domain is disordered and 

therefore not resolved in the cryo-EM density (Fig. 12b)391. The overall architecture and 

position of the Arp module is observed likewise in RSC and BAF392-394. 

A first insight into the organization of the Arp module in the INO80 family was provided by a 

crystal structure of Swr1HSA in complex with actin and Arp4373. These also interact in a ‘front-

to-back’ arrangement as previously described for the Arp7-Arp9 dimer while Swr1HSA is bound 

by their barbed ends too269,373. Thus, this type of dimer of actin folds is conserved among the 

SWI/SNF and INO80 families of remodellers and in the histone acetylase NuA4386. The HSA 

domain of INO80 remodellers is longer than in the SWI/SNF family, providing a binding site 

for an additional subunit of the Arp module238. This is Arp8 in INO80 and a second actin 

molecule in SWR1238,276,279. The Arp modules of INO80 and SWR1 are not resolved in the 

current cryo-EM structures indicating a high degree of flexibility relative to the core module 

and the NCP353,387,395. For the INO80 complex from Chaetomium thermophilum, one sparsely 

populated 3D class could be identified, which provides density beyond the highly resolved 

structure of core module and the NCP387. This low-resolution map indicates that the Arp8 

module interacts with extranucleosomal DNA387, which is in agreement with ChIP-exo data 

placing Arp8 outside the +1 nucleosome306. However, a detailed interpretation of this 

interaction was not possible until the crystal structure of the Arp8 module of Saccharomyces 

cerevisiae was solved, which fits well into the additional, low-resolution density386. It 

demonstrates that Arp8 also binds the HSA domain via its barbed end and engages actin 

opposite of Arp4 in a novel ‘side-to-back’ interaction386. The HSA domain forms a segmented 

helix and is decorated with lysines and arginines, which mediate the binding to 

extranucleosomal DNA386. DNA crosslinking experiments published in parallel confirm this 

interaction377. 

Recently, an improved version of the cryo-EM density connecting the core module and the Arp8 

module could be determined (unpublished data). It includes Ies4, which binds actin and Arp4 

in a similar fashion as Rtt102 interacts with Arp7 and Arp9, indicating a related function of 

these proteins in stabilizing the Arp modules (Fig. 12). HSA α2 and the post-HSA form a 

continuous helix connecting the extranucleosomal bound Arp8 module with Ino80 ATPase at 

SHL -6 (Fig. 12a). The post-HSA domain also contacts the N-lobe of INO80ATPase, but is rotated 

by ~120° compared to ySWI/SNF (Fig. 12a). This leads to a fundamentally different position of 

the Arp module relative to the ATPase in SWI/SNF remodellers and INO80 (Fig. 12). Taking the 

Snf2-type ATPases as references, the Arp module of SWI/SNF remodellers follows 

approximately the path of exit DNA and presumably contributes to its partial detachment from 

the histone octamer391-393. In INO80, the Arp8 module binds extranucleosomal DNA at the 

NCP’s entry site ahead of the ATPase386. Point mutations in the HSA domain demonstrate that 

this interaction is crucial for INO80 to catalyze DNA translocation386. One possible explanation 
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could be, that the Arp8 module prevents DNA, which was pumped into the nucleosome and 

temporarily resides between Ino80ATPase and Arp5 in an intermediate state, from slipping 

back386. This interpretation is in agreement with the observation that INO80 requires at least 

40 bp of extranucleosomal DNA to catalyze DNA translocation305. This length exactly matches 

the footprint of the Arp8 module, thus shortening the extranucleosomal DNA might have the 

same effect as disrupting Ino80HSA-DNA contacts: the Arp8 module cannot bind 

extranucleosomal DNA effectively and entry DNA pumped into the NCP by Ino80 ATPase slips 

back instead of being translocated around the NCP305,386. Intriguingly, the footprint of the Arp8 

module on extranucleosomal DNA module is also similar to the distance between adjacent 

nucleosomes in genic arrays formed by INO80183. Hence, it could be a sensor for the distance 

to the neighboring nucleosome and thus contribute to space nucleosomes. 

 
Figure 12: Position of the Arp module in INO80 and ySWI/SNF relative to the Snf2 -type ATPase. a, The INO80 
complex with the Arp8 module bound to extranucleosomal DNA. The HSA domain of Ino80 is decorated with lysines 
and arginines, which mediate the interaction with extranucleosomal DNA. Deep red: Ino80 with the post -HSA 
domain in light red; Light blue: Arp8; Yellow: actin; Dark blue: Arp4; Magenta: Ies4; Grey: DNA and other subunits 
of the complex; Histones are color-coded as in Fig. 10. b, Arp module in the ySWI/SNF complex (pdb: 6UXW)391.  

Deep red: Swi2/Snf2 with the post-HSA domain in light red; Yellow: Arp9; Dark blue: Arp7; Magenta: Rtt102; Grey: 
DNA; Histones are color-coded as in Fig. 10. Residues, which are not resolved in the structures are indicated by 
dashed lines. Models are aligned on the N-lobe of their Snf2-type ATPases. 

The U-shaped actin adopts two different conformations dependent on its nucleotide state (see 

2.2.3.2)363, which was suggested to allosterically regulate the catalytic action of the BAF 

complex404. For this reason, it was proposed that actin and Arps can act as a conformational 

switch in remodellers405, which is why their nucleotide state is of particular interest. Arp4 is 

bound to ATP-bound in all structures of the actin-Arp4 dimer reported so far373,386. However, 

actin is in a nucleotide-free state in the crystal structure of the actin-Arp4-Swr1HSA construct373 

but bound to ATP in the crystal structure of the Arp8 module of INO80386. Of note, for 

crystallization of the latter no nucleotide was added but the toxin latrunculin A 386, which traps 

the nucleotide state of actin405. In both structures, actin adopts the twisted conformation of 

ATP-bound G-actin386. In the BAF complex, biochemical data suggests that actin is also bound 

to ATP and might even hydrolyze ATP to some extent404, while Arp7 and Arp9 are in nucleotide 

free states in the crystal structure of the Arp module of ySWI/SNF 269. Furthermore, the 

nucleotide state of Arp8 differs between the crystalized Arp8 module from Saccharomyces 

cerevisiae386 and the one determined by cryo-EM from Chaetomium thermophilum 

(unpublished data). Taken together, these results show that actin and Arps can occur 

nucleotide-free or ATP-bound in the context of different remodellers depending on the 

experimental conditions. As there are no larger conformational changes associated with these 

nucleotide states, it is not clear, whether they occur in a context-specific manner thereby 

regulating the remodeller’s activities. 
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Only a small subset of particles in the cryo-EM data of nucleosome-bound INO80 adopts the 

conformation described above, in which the Arp8 module binds extranucleosomal DNA 387. 

Thus, it is very likely that the module is highly dynamic and can adopt various positions relative 

the core module on the chromatin template. This is supported by a different position of the 

Arp8 module observed the cryo-EM structure of INO80 in its apo state, however at limited 

resolution388. The non-conserved residues connecting the post-HSA domain with the N-lobe of 

Ino80 are not resolved in any of the published cryo-EM structures, presumably because they 

are disorderd387,388,395. This region comprises ~100 amino acids (Fig. 12a)386 and might 

contribute to the flexibility of the module by providing a long linker to place the Arp8 module 

in different positions relative to Ino80ATPase. Different binding configurations of the Arp8 

module could also explain the interaction of its isolated components to histones observed 

earlier. Arp4 was shown to bind H2A406 while Arp8 shows high affinity towards the H3-H4 

tetramer375,376. These interactions do not necessarily have to be formed to the same 

nucleosome the core module binds to but potentially also to an adjacent nucleosome given the 

extended conformation of the Arp8 module. 

 

5.4 Interaction of chromatin-associated factors with the acidic patch 

The NCP offers multiple interaction sites, which differ in their shape and chemical 

properties18,27. Nevertheless, the acidic patch formed by H2A and H2B on the surface of the 

histone octamer emerged as a hot spot for the binding of chromatin-associated factors (see 

2.1.1.2)27. INO80 interacts with the acidic patch via the insert domain of Arp5 (Fig. 13a), which 

is essential for it to catalyze DNA translocation387,407. The first factor to be described to bind the 

acidic patch was a peptide from the Karposi’s sarcoma-associated herpesvirus latency-

associated nuclear antigen (LANA)29. This peptide mediates the attachment of the viral genome 

to mitotic chromosomes, which is strongly dependent on the interaction of one arginine with 

the acidic patch (Fig. 13b)29. Subsequently, more and more interactions with this area were 

described structurally and biochemically, among them chromatin-organizing proteins such as 

regulator of chromosome condensation 1 (RCC1) (Fig. 13c)26 and the BAH domain of silent 

information regulator 3 (Sir3) (Fig. 13d)31. RCC1 recruits the small GTPase Ran to nucleosomes 

and activates its GTPase activity408 while Sir3 contributes to the generation of transcriptionally 

silenced domains409. Although all these enzymes differ fundamentally in their biological action 

and architecture, they all depend on the interaction with the acidic patch  to fulfill their 

function26,29,31,387, which holds also true for several other chromatin-associated factors27,36. 

Intriguingly, there is no sequence homology or common structural motif among the acidic 

patch-interacting protein regions (Fig. 13)27,36. Instead, these are highly diverse and specific to 

each enzyme. However, all interactions depend on one single arginine residue forming 

electrostatic interactions with the deeper of the two acidic patch pockets, which harbors 

H2AE61, E64, D90 and E92 (also see 2.1.1.2)26,27,29,31,36. This is referred to as the arginine 

anchor motif27 and in INO80 formed by R501 of Arp5 insert (Fig. 13a, unpublished data). 

Additional electrostatic interactions are formed by K502, presumably strengthening INO80’s 

binding to the acidic patch (Fig. 13a). This is similarly observed for the Sir3 BAH domain, in 

which a total of three arginine residues mediate the interaction with the acidic patch 

(Fig. 13b)31. 
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Figure 13: Acidic patch interaction in INO80 and other chromatin-associated factors. a, INO80 interacts with 
the acidic patch via R501 and K502 of the insert domain of Arp5. b – d, Acidic patch interacting regions of other 
chromatin-associated factors for comparison. b, the LANA peptide29, c, RCC126, d, the BAH domain of Sir331. pdb 
code of each model is indicated in the figure. Light yellow: H2A; Light red: H2B; Red: Side chains of the residues  
forming the acidic patch; Orange: acidic patch-interacting region of chromatin-binding proteins; Blue: Basic 

residues forming electrostatic interactions with the acidic patch.  

Interactions with the acidic patch have also been reported for other remodellers, however 

high-resolution data is lacking for these interactions. In Snf2h, it presumably serves as a 

landing pad for the auto-inhibitory domains NegC and AutoN (also see 2.2.1.1)407. The binding 

to the acidic patch clears the inhibitory effect of these flanking domains on the ATPase and 

activates it407. RSC binds the acidic patch via the positively charged C-terminal tail of Sfh1 and 

this interaction is critical for the ejection of nucleosomes from DNA by RSC 394. These two 

examples and the observations made for INO80 illustrate that acidic patch is an important 

binding platform for remodellers. While domains of the catalytic subunit mediate this contact 

in Snf2h and RSC, it is formed by the non-catalytic subunit Arp5 in INO80387,394,407. The multi-

subunit remodellers RSC and INO80 show robust ATPase activity when the interaction with 

the acidic patch is abolished but are severely impaired in their catalytic action387,394. In turn, 

the ATPase activity of Snf2h depends on its binding to the acidic patch 407. Thus, the acidic patch 

impacts remodeller activity in an essential yet versatile way. 

 

5.5 Regulation of remodellers by histone tails 

The histone tails make up 25 - 30% of the mass of the four core histones but are difficult to 

visualize by structural methods due to their unordered nature (see 2.1.1.3)15,47. This holds also 

true for most remodellers structures. One exception is the ISWI family. Biochemical 

approaches identified the H4 tail as a key regulator ISWI activity early on410. Along with 

extranucleosomal DNA, it was found to be essential for ISWI to catalyze DNA translocation by 

preventing the negative regulation of the domains AutoN and NegC on ATP hydrolysis and the 

coupling of ATP hydrolysis to DNA translocation, respectively196. In the cryo-EM structure of 

nucleosome-bound Isw1, the H4 tail interacts with the C-lobe including contacts to H4K16347. 

This residue interacts with the acidic patch of the adjacent nucleosome in nucleosomal arrays, 

compacting the chromatin fiber (see 2.1.1.2)15,39. 

Little is known about the regulation of INO80 by histone tails although they form multiple 

interactions to subunits of INO80, in particular to the Arp8 module, the Nhp10 module and 

Ies2276. Deletion of the tails of all core histones increases the velocity of DNA translocation 

around a mononucleosome without affecting the affinity of INO80 towards its substrate 304,411. 

Moreover, they are not required for nucleosomes to be positioned around promoter sites by 

INO80359. Single-molecule data suggests that the histone tails are a major regulatory barrier 
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for INO80 nucleosome invasion411. They possibly constrain the conformations of INO80 bound 

to the NCP thereby increasing the energy barrier to initiating remodelling 411. This would 

explain the elevated speed of the sliding reaction observed for nucleosomes lacking the histone 

tails304,411. More recent biochemical experiments indicate that the H3 tail regulates the activity 

of INO80395. The residues 31 – 39 appear to be of particular importance in this process as 

mimicking acetylation at H3K36 and H3K37 results in an increased sliding velocity and affects 

the proposed dimerization of INO80 on the nucleosome384,395. Although suggested 

biochemically, this dimer could not be visualized by cryo-EM under various experimental 

conditions387,395. Whether it actually exists inside living cells and how two ATPases would 

catalyze DNA translocation around the same nucleosome, is currently not understood. 

 

5.6 Mechanism of DNA translocation catalyzed by chromatin remodellers 

Before the publication of the cryo-EM structures described above, two main concepts for the 

mechanism of DNA translocation catalyzed by chromatin remodellers were put forward based 

on biochemical and biophysical experiments412. These are the twist diffusion and loop / bulge 

propagation model412. 

In the twist diffusion model, 1 bp of DNA is translocated around the nucleosome413. Its starting 

point is a local over- or underwinding of nucleosomal DNA, which results in a twist or untwist 

(hence the name) to accommodate the gain or loss of a single bp at a given site412,413. The twist 

defect is predicted to be tolerated without destabilizing the entire nucleosome 412. 

Translocation occurs, if it is released by being passed on to the next turn of nucleosomal DNA, 

which is referred to as twist diffusion413. In this model the twist defect can be caused by two 

events: The action of ATP-dependent chromatin remodellers, which pump DNA in steps of 

1 bp412 or torsional oscillations of entry DNA414. Hence, it also accounts for the spontaneous 

motion of nucleosomes on DNA415. If the twist is introduced by a remodeller, its diffusion 

becomes a unidirectional process, in which it circulates around the nucleosome and exits 

opposite of its site of generation413. Other than spontaneous sliding, the directed motion of the 

twist defect strictly requires a source of energy, which is the hydrolysis of ATP by the Snf2-type 

ATPase413. The twist diffusion model is supported by the observation of a twist of 1 bp in the 

X-ray structure of the nucleosome reconstituted with the 601 DNA at SHL ±5 compared to the 

human α-satellite sequence (see 2.1.1.4)18,25,26. In addition, it was shown, that remodeller 

ATPases can introduce superhelicity in linear DNA416. Objections to the twist diffusion model 

arose as it involves a rotation of DNA behind the source of the twist resulting in torsional stress 

and eventually topological changes of nucleosomal DNA412,413. Early biochemical experiments 

on nucleosome sliding by ISWI could also not confirm the model as it was demonstrated to 

translocate nicked DNA too417. However, it gained new attention by the high-resolution cryo-

EM studies of Swi2/Snf2, Isw1 and CHD4 bound to the nucleosome234,346,347. In these structures, 

a distortion234 or register shift346,347 of the tracking strand is observed relative to the guide 

strand. 

The loop / bulge propagation model proposes that the remodeller ATPase breaks histone-DNA 

contacts by pulling (or pushing) entry DNA into the NCP resulting in the formation of a 

distorted DNA loop412. In this concept, the loop stores energy, which is released upon its 

propagation around the nucleosome resulting in DNA translocation 412. It was proposed based 

on experiments using hydroxyl radical footprinting21, which demonstrate movements of 

nucleosomes in increments larger than 1 bp302,418. Other than the twist diffusion model, this 

suggests that a larger DNA region is translocated at once418. The loop propagation model is 

supported by the cryo-EM structures of the multi-subunit remodellers, in particular INO80. 

The existence of the counter grip formed by the actin fold of Arp5 and Ies6 demonstrates how 
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nucleosomal DNA could be looped when Ino80ATPase pumps DNA in its direction387. However, 

the question remains how this counter grip alternately binds and releases from the NCP to 

enable formation and propagation of the DNA loop, respectively412. Early on, it has been noticed 

that this is a critical question for this concept and requires coupling of the ATPase activity to 

the position of non-ATPase subunits412,418. The key element for this coupling in INO80 might be 

the insert domain of Arp5. It physically connects the actin fold of Arp5 (counter grip) as well 

as the ATPase of Ino80 (motor) and clearly communicates with Ino80 ATPase as its differential 

readout of a histone variant results in an elevated level of ATPase activity387. Future studies 

will show whether this holds true and how this communication works, potentially by snapshots 

of intermediate translocation steps. Furthermore, these might also answer the question 

whether the register shift of DNA observed for the isolated ATPase domains is also present in 

multi-subunit remodellers and how this can be brought in accordance with DNA translocation 

in increments of 10 – 20 bp by INO80302,305. Finally, this will touch on the question why and in 

which context multi-subunit remodellers are necessary given the manifold actions remodeller 

ATPases can carry out in small complexes or even as single subunits.  
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6 Abbreviations 

AAA+  ATPases associated with diverse cellular activities 

ACF  ATP-utilizing chromatin assembly and remodelling factor  

ACS  ARS consensus sequence 

ARP  actin-related protein 

ARS  autonomously replicating sequence 

AutoN  autoinhibitory N terminal 

bp  base pair(s) 

BAF  BRG1-associated factors 

BAP  BRM-associated proteins 

BPTF  bromodomain and PHD finger transcription factor 

BRD7  Bromodomain-containing protein 7 

BRG1  Brahma-related gene 1 

BRM  Brahma 

CHD  chromodomain helicase DNA-binding 

CHRAC chromatin accessibility complex 

ChIP  chromatin immunoprecipitation 

ChIP-exo chromatin immunoprecipitation followed by 5 ’ -> 3’ exonuclease 

digestion 

 ChIP-seq chromatin immunoprecipitation followed by deep sequencing 

CID  chromosomally interacting domain 

cryo-EM cryogenic electron microscopy 

Da  Dalton; unit of mass; 1 Da corresponds to 1 u 

DNA  deoxyribonucleic acid 

DSB  double strand break 

esBAF  embryonic stem cell BAF 

 FACT  facilitates chromatin transcription 

 GLTSCR1 glioma tumor suppressor candidate region gene 1 

 GLTSCR1L GLTSCR1-like 

 HAT  histone acetyltransferase 

 hBRM  human Brahma 

 HDAC  histone deacetylase 

 HIT  histidine triad 

 HMG  high-mobility group 

 HP1  heterochromatin protein 1 

 HSA  helicase/SANT-associated 

 HSS  HAND-SANT-SLIDE 

IDR  intrinsically disordered region 

Ies  Ino eighty subunit 

 INO80  inositol requiring 80 

 ISWI  imitation switch 

 kb  kilo base pairs 

 LAD  lamina-associated domain 

 LANA  latency-associated nuclear antigen 

 lncRNA long noncoding RNA 

 Mb  mega base pairs 

 Mec1  Mitosis entry checkpoint protein 1 
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 MNase  micrococcal nuclease 

 MNase-seq micrococcal nuclease treatment followed by deep sequencing 

 NAP1  nucleosome assembly protein-1 

 NCP  nucleosome core particle 

 NDR  nucleosome-depleted region 

 NegC  negative regulator of coupling 

 NFR  nucleosome-free region 

 Nhp10  non-histone protein 

 NTD  N-terminal domain 

 NuA4  nucleosome acetyltransferase of H4 

 NURF  nucleosome remodelling factor 

 NuRD  Nucleosome Remodelling and Deacetlyation 

 OB  oligonucleotide-binding 

 ORC  origin recognition complex 

 PAPA-1 Pim-1-associated protein-1 associated protein-1 

 PBAP  Polybromo BAP 

 PcG  Polycomb group 

 PBRM1 Protein polybromo-1 

 pdb  protein data bank; refers to the structure’s ID in the pdb 

 PHD  plant homeodomain 

 PIC  pre-initiation complex 

 PRC1/2 Polycomb repressive complex 1/2 

 PTM  posttranslational modification 

 RCC  regulator of chromosome condensation 

 recA  recombination protein A 

 RNA  ribonucleic acid 

 RNAPII RNA polymerase II 

 RSC  remodels the structure of chromatin 

 RSF  remodelling and spacing factor 

 Rtt102  repressor of Ty1 transposition, gene 102 

 Rvb1/2 RuvB-like protein 1/2 

 SRCAP  Snf2-related CREB-binding protein activator protein 

SD  subdomain 

SELEX  Systematic evolution of ligands by exponential enrichment 

 SGD  salt gradient dialysis 

 SHL  superhelix location 

 SIR  silent information regulator 

 SWI/SNF switching defective/sucrose non-fermentable 

 Swr1  Swi2/Snf2-related 1 

 TAD  topologically associated domain 

 Taf14  TBP-associated factor 14 

 Tel1  Telomere length regulation protein 1 

 TF  transcription factor 

 wt  wild-type 

 Yaf9  Protein AF-9 homolog 

 YEATS  Yaf9, ENL, AF9, TAf14, Sas5  
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