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1 Summary

DNA s the carrier of the geneticinformation in all kingdoms of life. Cells face the challenge to
packDNA 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 genomesare typicallylarger
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, givingrise 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 remodellersis a Snf2-type
ATPase, which converts the energy of ATP hydrolysisin DNA translocation. Based on flanking
domains and additional subunits, remodellers can be grouped into four families: ISWI, CHD,
SWI/SNF and INO80. While ISWIand 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 anemphasis on its action
on the nucleosome core particle. INO80 translocates DNAaround 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 DNAat 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 domainacts 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 - 20bp 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



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 arginineresidues 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 structuresleads toa composite model of the
evolutionarily conserved subunits of INO80, which is supported by a more recent cryo-EM
structure. [t suggests that the Arp8 module prevents DNAresiding 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 partices
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.



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 nucleil. In the subsequent decades, extensive
research characterized it asa nucleoprotein complex through which the genomicinformation
of eukaryotes is stored in their nucleus?3. [ts organization is fundamental to all processes
depending on genomic DNA and consequently for maintenance, replication and translation of
the geneticcode.

2.1.1 Thenucleosomeis the basicunit of chromatin

In the 1970’s, several hallmark publications showed that the nucleosome is the basic unit of
chromatin. In afirst 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 histone#4. 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 proposedé. Later, the existence of a “core particle” which comprises about 140 bp of
DNA only was demonstrated?”. The numberofbase pairs of DNA contained in one core partide
could be specified to be close to 146 bp shortly afterwardss. Further evidence for this view on
chromatin organization came from the visualization of chromatin by electron microscopy®.
Micrographs on which chromatin from different species was stained, showed an array of
spherical particles connected by thin filaments?®. These particles constitute the basic unit of
chromatin and were initially referred toas v bodies?, but were later termed nucleosomes. A
firstlow-resolution crystal structure of the nucleosome core particle (NCP) revealed that DNA
iswrapped around the outside of the histone octamer giving riseto a disk-shaped particle with
dimensions of 57 A x 110 A x 110 A11. The discovery of chromatin being organized in distinct
particles formed by a globular histone octameraround whichDNA is coiled, revolutionized the
understanding of genome organization!2.

2.1.1.1 Three-dimensional structureofthe 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 A structure ofthe NCP13and a
3.1 A structure of the histone octamer4. 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 eukaryotes!617, They all share a central histone fold comprising 80-90 amino
acids, in which three a-helices are connected by twoloops!4. This is specified as a1-L1-a2-L2-
a3 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)
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)#14. In this motif, the
shorter helices al and a3 fold backonto the central a2 helix, while L1 interacts with L2 ofthe
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 ofthe H3-H4 tetramer is mediated by a four-helix
bundle motif formed between the two adjacent H3 chains (Fig. 1c)!5. In this motif, the C-
terminal part of a2, L2 and a3 interact in a head-to-head arrangement!+18, Two H2A-H2B



dimers associate with this tetramer on opposing sides14. A four-helix bundle between H2B and
H4 is the main mediator ofthis interaction, again formedby the C-terminal portions of the two
histone folds (Fig.1c)!415. Additionally, the C-terminus of H2A (also termed “docking
domain”19) interacts with the H3-H4 tetramer?5. Furthermore, the C-terminal a-helix of H2B
loops back to stabilize the H2A-H2B handshake motif from the top, and a small interface

between the two H2A-H2B dimersis formed betweenthe L1 loops of the H2A chains 5.
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Figure 1: Structure of the nucleosome core particle. a, Domain architecture of core histones. Loops and tails are
shown as lines and a-helices as rectangles. b, H2A-H2B and H3-H4 histone fold heterodimer handshake motifs.
Yellow: H2A; Red: H2B; Blue: H3; Green: H4. ¢, 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 from!8 using high-resolution structure!s (pdb: 1A0I). 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)5. Histones and DNA form electrostaticinteractions and hydrogenbonds at 14 distinct
sites, in each case where a minor groove contacts the octamer (Fig. 1d)5. The particle exhibits
a twofold symmetry with the symmetry center being formed by one single base pair, the
nucleosome dyad15.21. By convention, the rotational orientation of the DNA is described relative
to the dyad by superhelix locations (SHL)5. 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 superhelixlocations ranging from -7 to+7 are defined around the
NCP, each where a major groove faces the histone octamer (Fig. 1d)5.19. The central ~120 bp
of DNA are bound by the histone fold domains?5. Additionally,about 13 bp at the entry and exit
site are organized by the aN helix of H3 (Fig. 1a,d) and these interactions contribute
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significantly to the stability of the nucleosome522, The NCP has a molecular weight of
approximately 200kDa, equally distributed between its protein and DNA content?!5. It
possesses a disk-shaped form with a diameter ofabout 100 A and a height ranging from 25 A
at the dyad to 60 A at the H2B aC helices!8. Its surface is highly complex. Three ridges are
formed by the helices H2B a1, H2B aC and H3 al together with the H4 tail!8. The groove
between H2B’s helices al and aC 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 interface?s.

The exact number of base pairs contained in one NCP depends on the DNA sequence. Initial X-
ray structures used the human alphasatellite sequence withlengths of 146 bpand 147 bpasa
positioning sequence!523, 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 pairsresultsina
symmetric, better ordered particle in the crystal?3. The strong positioning Widom 601
sequence?4, 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 sequence 1825.26,

2.11.2 Theacidic 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 octamer?’.
Among the factors characterized, several interact with a specific area on the histone disk262%
34 referred toas the acidic patch3S. This term describes an acidicresidue-richregion located in
a depression between the distal ends of the helices H2ZBal and H2A a2 as well as the C-
terminal helix of H2B (Fig. 1a)1527.36. The cluster of acidic residues results in a negatively
charged area on the otherwise positively charged histone octamer surface (Fig.2b). It
comprisesthe aminoacids E56,E61,E64, D90, E91 and E92 of H2ZA as wellas 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. 2¢)27. On top, H2AY50, V54 and
Y57 form ahydrophobic 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
acidity3’,itis decreased by H2ZABbd (Barr body deficient)3s.

The acidic patch is important for chromatin organization3s. [t binds to K16 in the H4 tail of
neighboring nucleosomes, whichdrivescompaction of the chromatin fiber1539. Modulating this
interaction impacts chromatin condensation. While H4K16 acetylation (H4K16ac) inhibits its
complete folding, H2A.Z-containing nucleosomal arrays adopt a more compact structure37.4041
(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 affinity28-30.324243 and in some cases alsoto
an impaired catalytic action of the bound factor28344445, Some of these factors interact with
multiple sites of the nucleosome and they do not share any sequence homology in the acidic-
patch-interactingregion2736. However, they all contain a criticalarginine residue forming polar
interactions with H2AE61, D90 and E92,which is thereforetermed the arginineanchor motif?”.
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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-PDB2PQR%6. 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 a-helix of H2B. Figure adapted from?27.36 using high-resolution structure!s (pdb: 1A0I).
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2.1.1.3 Thehistone tails

The eight histone folds, two H2B aC helices and two H3 aN 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 toas 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 mass4748. They are unstructured, more basic than the histone fold and also
evolutionarily conserved1647. The tails were initially identified as protease-sensitiveregions of
the core histones indicating that they are exposed to solvent#%. 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 disk!523. Histone tails are highly dynamic and interact with the histone spool,
nucleosomal DNA, and linker DNA“850-52, Tail interactions stabilize the nucleosome disk and
modulate accessibility of the tails5354. 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 residuesté. These can undergo multiple posttranslational modifications
(PTMs) especially, but not limited to: acetylation, methylation, phosphorylation, ubiquitylation
and ADP-ribosylation5657. A number of factors have been characterized that generate, detect
or remove PTMs and are thus categorized as writers, readers or erasersS8. Histone
modifications (also called histone marks) impact nucleosome dynamics as well as manifold
chromatin-dependent processes565759. A number of amino acids within the histone folds can
alsobe modified in a context-specific manner>9 butthe histonetails turned out tobe a hot-spot
for carrying these epigenetic marks due to their accessibility and number of modifiable
residuess6.57,

2.11.4 Nucleosome positioning sequences
Early structural studies used nucleosomes from endogenous sources!t13.60, In these the NCPs
were extracted from chromatin by micrococcal nuclease (MNase) digestion 6162, This procedure
results in particles containing DNA of mixed sequence and a length of 146 * 3 bp1l6L, This
inhomogeneity led to disorder in the crystals, which in turn resulted in low resolution
structures that did not provide insights on an atomic level111360, Highly homogenous,
symmetrical phased NCPs turned out to be crucial for high-resolution structure



determination!52363.64, This limitation could be overcome by modern recombinant DNA
technology enabling the production of DNA fragments of defined sequence and length in large
quantitiesés. Initially, a sequence from the 5S rRNA gene was used to reconstitute
nucleosomess®6, 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
sequence®3. This was used in the first high resolution structure of the NCP and many
subsequent studies!518. 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 sequence?4. 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)¢". It
had been suggested earlier that AA, TT, AT and TA steps are favored at these sites¢8. Indeed,
crystal structures of NCPs containing the Widom 601 sequence found TA steps at these exact
locations2567. [tis assumed that the TA step accommodates the conformational challenges best
due to its flexibility, resulting in a higher affinity towards the nucleosome!86769. 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)182467. This suggests different affinities for the
two sides and indeed an asymmetry in strength of histone-DNA contacts is observed?.
Consequently, a palindromic 601L sequence with eight TA steps forms a more stable
nucleosome than the palindromic 601R or the Widom 601 sequence18¢7. The assumption of TA
steps at octamer-interacting minor grooves strengthening theinteraction is further supported
by the fact thatin hexasomes, reconstituted with the Widom 601 sequence, 601Lis the side to
which the remaining H2A-H2B dimer binds7L. Inline 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 sequence?467. In any case, the nucleosomedyad is formed by one single base pair,
independent ofthe aforementioned sequences1521.25,

2.11.5 Linkerhistones
Individual NCPs are connected by linker DNA, which is often bound to linker histones872
Multiple H1 variants, including H5, are grouped under this term?73. Linker histones influence
the chromatin structure by modulating the degree of compaction and regulate gene
expression7476, 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 DNA67478, Linker histones differ from
core histones significantly. They are less conserved in their primary sequence, possess a
distinct domain architectureand are presumablyofbacterial rather thanarchaeal origin73790.
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 tolinker DNA79.81-83, The N-terminal tail in turn, does not show binding
affinity to either of thems81. H1.0 interacts with non-histone proteins, particularly nucleolar



proteins, via all its domains84. Exceptions to the tripartite
structure occur especially in unicellular eukaryotes?2
Hholp from Saccharomyces cerevisiae, the only H1-like
protein in budding yeast, is one well-studied example”z It
consists of a short N-terminaltail followed by two globular
domains connected by a lysine-rich segment85. Similar to
core histones, linker-histones can undergo multiple post-
translational modifications8. 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

79,83 is i i
Figure 3: Structure of the nucleosome dyad7983. This is supported by earlier
chromatosome. Cartoonrepresentation computational docking models,which identified three DNA
of the high-resolution structure of the i) 4ins domains of the globular domain®’. However, this
chromatosome in the symmetrical . L .
binding mode (pdb: 4QLC)®. Deep red: Study does not exclude asymmetric binding modes in
gl(;})ular ngailll Ofd H52 (GH51): bPlale which the globular domain interacts with one linker DNA
yellow: H2A; Pale red: H2B; pale blue: . 88.89
H3; pale green: H4; Grey: DNA. Figure only without contacts to the NCP88®, [t rather suggests that
adapted from83, differentbindingmodes impact the higher order chromatin

structure differentiallyss.

2.1.2 Chromatin folding and architecture

The NCP repeats approximately every160 - 240 bp across the genome?0. Atlow 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 DNA99192, This is also
adopted by an in vitro reconstituted array of twelve nucleosomes (‘208-12 array’) under
similar experimental conditions9. However, to fit into the nucleus, the chromatin fiber has to
condense massively%4. The degree of compaction is illustrated by an early study, which
determined alocal DNA concentration of 200 mg/1. in eukaryotic nuclei®. In the first place, the
nucleosomal array folds locally through contacts between neighboring nucleosomes94 This is
driven by divalent ions and linker histones8393. It further compacts to a fine-tuned
arrangement, which isalso the result of the action of numerous non-histone proteins9.

2.1.2.1 Shortrange 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 interactions®” resulting in fibers with helical
architecture, also referred to as higher-order chromatin structure92989. 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 nucleosome 15101, As observed by crystal
contacts, K16 of histone H4 is the main interacting residue with the acidic patch (also see
2.1.1.2)1539. 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 accessibility4041. On the other hand, the more acidic
patch of H2A.Z-containing nucleosomes leads to the formation of a more compact chromatin
structure3’. Moreover, structural analyses of the tetranucleosome revealed an interaction of



the C-terminal helices of H2B from adjacent nucleosomes102103, Again, modification of the
interacting histone portion affects chromatin compaction, as ubiquitination of H2B aC results
in an open and accessible fiber conformation 104,

Thus, the self-association at physiological ion concentration is an intrinsic property of
nucleosomal arrays®4. 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 histones1%. In the condensed chromatin fiber, two left-
handed helical stacks are interwound102.103, [ts repeating unit is the tetranucleosome with
asymmetrically bound linker histones directed to the inside103. Due to its diameter, it is often
referred toasthe’30 nm fiber’®. It was commonly assumed to be the firstlevel ofa hierarchical
chromatin folding mechanism197. Its highly regular arrangement has been observed in vitro for
chromatin isolated from endogenous sources as well as recombinantly reconstituted
arrays9192103,105 However, its existence in vivo is seriously questioned108109, [t could not be
detected in vivo biochemically and studies using super-resolution microscopy instead suggest
that nucleosomes are irregular arranged in heterogeneous clutches!10111 One possible
explanation for the contradicting observationsis the dilution of chromatin in vitro,which might
restrict nucleosome interactions in transt10.112, Beyond the controversy about whether or not
a 30 nm fiber exists inside eukaryoticnuclei,nucleosome-nucleosome contacts are crucial as a
first step in chromatin organization as in vivo studies also observe a tri- or tetranucleosome
folding motift10,

2.1.2.2 Chromatin domains

In vitro studies of chromatin fibers have primarily been conducted using electron microscopy,
X-ray crystallography and analytical ultracentrifugation991.93102103 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)!13114, 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 sequencing!15. Thereby, these methods monitor long-range chromatin
interactions and chromosome folding on a genome-wide scale!16. Theyled to the discovery of
several architectural features, most importantly enhancer-promoter loops, topologically
associated domains (TADs) and chromatin compartmentst17-121,

The term chromatin loop groups multiple medium- to long-distance interactions in cis
including, but not limited to, gene loops and enhancer-promoter loops!13117.122, They occur in
a highly context-specificmannerand are frequently mediated by non-histone proteins!22 They
are often anchored at domain boundaries (see below) where they interact with the DNA-
binding protein CTCF and appear tobe 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 loci118119,
TADs are structurallydefined andin mammals several hundred kb insize118119. 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
evolution!18119, This suggests that they are fundamental, self-assembling building blocks in
higher order chromatin organization and therefore chromosome architecture!24. Smaller
domains are observed in Saccharomyces cerevisiae and even bacteria and termed



chromosomally interacting domains (CIDs)110.125 Of note, despite being only 2 — 10 kb in size,
CIDs of budding yeast comprise a comparablenumber of genes as mammalian TADs!10,

In mammals, several TADs associate in cis and trans to chromatin compartments, which are
~5Mb in sizel20. They occur as more accessible, gene-rich transcriptionally active A
compartments or densely packed, gene-poor, transcriptionally repressed B compartments!2.
Therefore, histone marks linked with active transcription are mostly found in A
compartments?20. Sub-types of these compartments were identified subsequently123. The
compartments alternate along chromosomes and thereby primarily interact with
compartments of the same type120.126127, Thus, Hi-C experiments demonstrate that the 3D
architecture of chromatin at a given locus depends on the genomic sequence and the local
epigeneticstates as well as the position on the chromosome120.126-128, nlike TADs, chromatin
compartments are tissue specific and correlate with cell specific expression patternsi.
Moreover, TADs can switch between compartments in a cell-type specific manner120129, This
supports the concept of TADs being a fundamental unitof chromatin organization 124,

On a larger scale, single chromosomes occupy discrete territories!30. While gene-rich
chromosomes tend to locate in the center of nuclei, gene-poor chromosomes are primarily
found close to the nuclearlaminal22, Interactions in transare rare but can occur to form large
regions of similar transcriptional states121122,

2.1.2.3 Euchromatinand heterochromatin

When studying chromatin condensationin 1928, Emil Heitz coined the terms euchromatin and
heterochromatin based on chromosomal staining patterns!3l. He defined euchromatin as
sections of chromosomes which de-condensate after mitosis while heterochromatin remains
densely packed throughoutthe 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)!33, Heterochromatin, in contrast, is less dynamic and displays
little tono transcriptional activity134. Alongthe chromosome itparticularly occurs attelomeres,
centromeres and a specific set of genes, presumably involved in developmental processes 13>
137 It can be classified into two sub-categories. While constitutive heterochromatin is
consistently formed throughoutthe cell cycle, facultative heterochromatin specifieslocus- and
cell-type-specificheterochromatin34. The former is enriched in repetitive DNA sequences and
methylated H3K9 (H3K9me)!34. This histone mark serves as a binding platform for
heterochromatin protein 1a (HP1la), which compacts the underlying chromatin13813,
Facultative heterochromatinis established by Polycomb group (PcG) proteins and particularly
rich in di- and trimethylated H3K27 (H3K27me2, H3K27me3)!40. These modifications are
established by the PcG multiprotein complex Polycomb repressive complex 2 (PRC2), which
mediates gene silencing in conjunction with PRC1 141,

2.12.4 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 molecules142143,
This process is referred to as liquid-liquid phase separation143. The formation of condensates
enables cells to locally concentrate specific proteins and nucleic acids42. 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 processisinitiated by DNA binding of HP1«
or phosphorylation ofits N-terminal tail, which thereupon nucleates intoliquid droplets 14814,
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The N- and C-terminal portion of HP1a as well as its hinge region contain intrinsically
disordered regions (IDRs) andlow-complexity sequences, whichhave been shown to stimulate
liquid-liquid demixing142149-151, Phase separation allows HP1a-associated heterochromatin to
adopt a range of states of different physical properties152. They can be roughly divided in the
following three: soluble with dimeric HP1a, liquid droplets containing oligomeric HP1¢, and
an even denser, gel-like state148152, As these states are associated with increasing compaction,
they might representdifferentlevels 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 HP1a
oligomerization, which is sensitive to PTMs and binding of other factors48.

2.1.3 Genicnucleosomal arrays

The organization of DNA as the nucleoprotein complex chromatin enables its packing into the
eukaryoticnucleus. However, as DNA is compacted by a factor of 10000 and extensively folded,
chromatin also constitutes a barrier for accessing the genetic code!53. At the same time,
histones provide a platform to guide enzymes to specific loci by targeted placement of PTMs
and histone variants154 Furthermore, nucleosomes are dynamic as they can slide on DNA and
disassemble in a controlled fashion155156, Thus, the access to DNA inside chromatin is
controlled by histone modifying enzymes, histone chaperones and chromatin remodellers,
thereby regulating DNA-dependent processes58155157. As these factors all act on single
nucleosomes, itis of particular relevance toinvestigate 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 sequencing!581%,

Transcription and replication of DNA are fundamental biological processes, whichboth depend
ondirectaccess to DNA. They are initiated at promoters and origins of replication, respectively,
whose chromatin organization is therefore of special interest60. 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 exhibitan NFR in
their core sequence to enable binding of the transcription initiation machinery!63.1tis 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 digestion164165, 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
cerevisiael66.167. Unlike gene body nucleosomes, it constitutes a major barrier for
transcription!68. However, the incorporation of H2A.Z, predominantly at the promoter-distal
side of the +1 nucleosome, promotes the passage of RNA polymerase 11 (RNAPII) by
destabilizing the nucleosome!56168. This also directs transcription by introducing an
asymmetry in the particle!60. 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 TSS!70. An
upstream shift of the +1 nucleosome leads to decreased transcription rates, possibly by
sterically interfering with PIC assembly?7L. 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 promoters!67. 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 body!72. Of note, it is located at the H2B aC helix and also
inhibits chromatin fiber compaction (see 2.1.2.1)104. Thus, the position, compositionand PTMs
of the +1 nucleosome regulate gene expression. The pattern of regularly spaced and well-
positioned nucleosomes continuespast the +1 nucleosome but blurs more and moreinside the
gene body (Fig4)!6l. The initial and majority of subsequent studies on genic nucleosomal
arrays have been conducted in Saccharomyces cerevisiae, where the mean internucleosomal
distance between theregularly spaced nucleosomes is 165 bp153.160,161, However, they havealso
been observed in Homo sapiens and Drosophila melanogaster, demonstrating that they are a

hallmarkfeature of active eukaryotic genes167.173,

TSS
Dyad Origin of replication !

' |

NFR

09D OO0 XX .....

‘Fuzzy’ nucleosomes

Genebody

Figure 4: Nucleosome positioning around promoter sites (left) and origins of replication (right). The blue
line represents composite occupancy of nucleosomes relative to transcription startsite (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 from?e0,

Eukaryotic DNA replication is initiated at originsof 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)174175, ARSs
contain three more elements, termed B1-3, which are alsorequired for origin function175. The
ORCrecruits 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 nucleosomes?7.
Vice versa, nucleosomes suppress non-specific ORCbinding!7é. The -1 and +1 nucleosome are
stably positioned and both contain the histone variant H2A.Z 162177, They can be positioned by
the action of ORC only, but the formation of larger arrays requires additional factors 62 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 DNAreplication is regulated by nucleosome positioning160.162, Active
replication can only occur in the presence of auxiliary factors as chromatin inhibits replisome
progression76, Intriguingly, the histone chaperone FACT (facilitates chromatin transcription)
hasrecently been identified tobe crucial for replication of DNA organized as chromatint7é. 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
elements!79.
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That the underlying DNAsequence can contributetonucleosome 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 toa reduced extent80. In order to
wrap around the disk-shaped histone octamer, DNA needs to bend?!5. Sequences with a 10 bp
periodicity of Aand / 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 nucleosomes!83. Therefore, DNA shape properties, which can be similar
between different DNA sequences,influencenucleosome positioningin presence or absence of
additional factors8. Consequently, DNA stretches favoring or disfavoring nucleosome
formation exist throughout the genome!84 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 sections?55.

2.2 Chromatin remodellers

In vitro studies of nucleosome positioning around promoters impressively demonstrate the
importance of ATP-hydrolyzing enzymes in chromatin organization180.18, These are grouped
under the term chromatin remodellingcomplexes (hereafter termed remodellers), which have
not only been shown to be critical for transcription but virtually for all DNA-dependent
processes inside eukaryotic nucleil85. 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 histones183186-188 Hence,
chromatin dynamicslargelydepends on the action of remodellers15s.
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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. recAl/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 from!8%. b, Schematic representation of position of conserved domains in ATPases of the four
remodeller families. Figure adapted from!%5, ¢-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: INO8O0 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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2.21 The four families of chromatin remodellers

All remodellers possess an RNA/DNA helicase superfamily 2 (SF2)-type ATPase as a motor
domain89, 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 aninsertion (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 requiring80) (Fig. 5b)155.185,

2.21.1 ThelISWI 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 tothe ATPase lobes as
well as the longer, C-terminal HSS (HAND-SANT-SLIDE) domain (Fig. 5b)19519. The latter has
been shown biochemically tointeract with the H3 tail and linker DNA 195197, The ISWI ATPase
is intrinsically active and negatively regulated by AutoN and NegC19. 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
DNA19,

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. 5¢)190.199, Saccharomyces cerevisiae encodes two versions of the ISWI subunit, [sw1
and Isw2, that form three distinct complexes: ISW1a, ISW1band ISW2 (Fig. 5¢)200.201, [n Homo
sapiens, two ISWI-type ATPases also exist, termed Snf2L and Snf2h, which give rise to
numerous complexes (Fig.5c)190.202, [SWI complexes can assemble, slide and space
nucleosomes!%. In yeast promoters, ISW2 promotes positioning of the +1 nucleosome while
ISW1a generates properly spaced nucleosomal arrays downstream of the +1 nucleosome 18,
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
motor2%6, NURF isrequired for transcription activation27. A plant homeodomain (PHD) finger
domain in the NURF subunit BPTF (bromodomain and PHD finger transcription factor)
specifically interacts with H3K4me3, which is presentat TSSs of active genes208. This targets
NURF topromoters toregulate gene expression20. [ISWI remodellers alsoimpact 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,

2.21.2 The CHD family
CHD proteins feature a tandem chromodomain in their N-terminal portion and C-terminal
resemble the [SWI family2'2. They possess a NegC-like domain (NegC*) flanking the C-lobe of
the ATPase and a DNA-binding domain (DBD) (Fig. 5b)212213, 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 melanogaster?15. The double chromodomain of human
CHD1 binds H3K4me3, an euchromatic hallmark, while the single chromod omains of Pc
protein and HP1 differentially read out the heterochromatic histone marks H3K27me3 and
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H3K9me3, respectively (alsosee 2.1.2.3)216.217 Saccharomyces cerevisiae encodes for one single
CHD protein, Chd1, which acts as a single subunit remodeller (Fig. 5d)212218219 [n 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)?21.222, These give rise to several
complexes but metazoan CHD1 also acts as a monomer223, Yet, it catalyzes manifold reactions.
[t 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 body?24. 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 remodeller2z6, 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 silencing?227-229, 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
chromodomain?33. 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 dyad?234
NuRD complexes interactwith HP1,emphasizing their role in gene silencing?32. Acetylation and
remodelling activity by NuRD components were also observed separately in Drosophila
melanogaster?35.236,

2.2.1.3 The SWI/SNF family

Remodellers of the SWI/SNF family form multi-subunit protein complexes in the megadalton
range (Fig. 5€)237. They slide and eject nucleosomes to control access to chromatin in diverse
processes, but donot have a nucleosome editing activity85. Theirmain 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 possessesa Snf2 ATP coupling (SnAC) domain, AT-hooks and
abromodomain (Fig. 5b)155. The HSAdomainis also present in remodellers of the INO80 family
(see 2.2.1.4) and histone acetyltransferase (HAT) complexes?238. All these complexes contain
actinand / or actin-related proteins (ARPs), for which the HSAdomain 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 sequences?42. 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 Sth1246247, 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 conserved?45. Drosophila melanogaster also possessestwo 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, sharethe 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)245252 In turn, BRG1 is
the sole catalytic subunit to form PBAF (Polybromo BAF), the homolog of RSC and PBAP
(Fig. 5e)245253, 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 functions?55256, Moreover, mouse embryonic stem (ES) cells express a specialized BAF
complex termed esBAF, which isrequired for their maintenance and pluripotency?257.

The classification of SWI/SNF complexesin two families is in part based on homology between
individual subunits but also on the number of bromodomains presentin the complexes18524,
YSWI/SNF, BAP and BAF contain one bromodomain in their main ATPase!85.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 Polybromo!85. PBAF comprises two
additional subunits with bromodomains, Protein polybromo-1 (PBRM1) and Bromodomain-
containing protein 7 (Fig. 5e)253258, Bromodomains interact with H3-acetylated nucleosomes,
which impacts location and function of SWI/SNF remodellers2#:259, [t 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 peptide261. HATs introduce these histone
marKks 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 transcrip tion activity in
vivo264.265, [n vitro, RSC generates NFRs of physiological width by recognizingthe directionality
of poly(dA:dT) tracts in promoters!83. Moreover, bromodomains regulate remodeller activity
by intramolecular binding of acetylated residues of SWI/SNF components263266,

RSC and ySWI/SNF share only three subunits: Arp7, Arp9 and Rtt102 (repressor of Tyl
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 remodeller2¢7. They form a heterodimer, which assembles with Rtt102 and the HSA
domain to a distinct module, capable of modulating the activity of the main ATPase 23826726,
Intriguingly, minimal complexes of Arp7, Arp9and Swi2 /Snf2 or Sth1 are sufficient to catalyze
DNA translocation270271, Metazoan SWI/SNF complexes contain actin and one ARP (D.m.:
BAP55; Hs.: BAF53a)19L.

2.21.4 TheINO8O family
Like SWI/SNF complexes, INO80 remodellers are multi-subunit protein complexes
(Fig. 5f)188272-274, 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 ATPases?72. The hallmark feature of INO80

remodellersistheinsertion between thetworecA-like lobes, whichis significantly longer than
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in all other remodeller families (Fig. 5b)185272 [t comprises ~250 amino acids in Saccharomyces
cerevisiae and more than 1000 residues in mammals?55. Saccharomyces cerevisiae encodes two
INO80-type ATPases, Ino80 (capitallettersdenote the complex,lowercase letters the catalytic
subunit) and Swi2/Snf2-related 1 (Swr1)188272.274, 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)188274,

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 eightysubunit(les) 1-5 and SWR1
complex polypeptides (Swc) 2-7 in INO80and SWR1, respectively (Fig. 5)274275. The insertions
of Ino80 and Swr1 recruits a heterohexamericring 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 interactswith a distinctset of factors238. In INO8O, it recruits actin, Arp4 and Arp8
to form the Arp8 module238. [es4 and TBP-associated factor 14 (Taf14) associate with these
proteins and are also considered as part of the Arp8 module276, SWR1 lacks Arp8butcomprises
a second actin molecule?79. One actin binds to the canonical site in the HSA domain, forming
the conserved actin-Arp4 heterodimer?”. 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 Swrlindicatingalooped structure of the Swrl protein27.
Moreover, Arp4 interacts with Swc4280, Arp4 is an essential protein inSaccharomyces cerevisiae
and crucial for the activity of both INO80 and SWR1276.281,282, Taf14 is not only part of INO80
but also of yYSWI/SNF, transcription factor 11D (TFIID), TFIIF and NuA3275283-285 [n 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. [t also binds acetylated H3K9, but at a lower affinity286.288, The YEATS domain
of human AF9 was shown to preferentiallybind crotonyllysine over acetyllysine too289. Protein
AF-9 homolog (Yaf9) is the homolog of Tafl4 in SWR12%, 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
inINO80 and Arp6 in SWR1188273274 These bind to Rvb1 and Rvb2 givingrise toa core module,
which is essential for the catalyticactivity of the complexes2752932%, The architecture of INO80
and its componentsis discussed in detail in 2.2.3.

SWR1 is specialized for editing nucleosomes by exchanging H2A-H2B for H2A.Z-H 2B 188.274, This
reaction does notrequire nucleosome sliding, which has alsonot been monitored for SWR12%.
The subunit Swc2 is essential for histone editing as it acts as a chaperone for the H2A.Z/H2B
dimer294.296, [ts specificity for H2A.Z over H2A is in part mediated by the hyperacidic patch of
H2A.Z (also see 2.1.1.2)2%. Additionally, Swr1-Z, a conserved domain within Swr1, binds to
H2A.Z at its aC helix and promotes H2A.Z-H2B incorporation2”. 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. INO8BO has been suggested to catalyze the reverse reaction stimulated by
H3K56ac300-302, However, this observation is discussed controversially303.

Unlike SWR1, INO8O is capable of sliding nucleosomes on DNA?273275, For this purpose, it
requires more than 40 bp of extranucleosomal DNA, indicating that a subset of INO80 subunits
binds outside the NCP304305 Indeed, ChIP-exo data of the yeast promoter demonstrate
placement of les5, 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 nucleosomes?75304, It is the only remodeller to
precisely position -1 and +1 nucleosomes and to create an NFRin yeast promoters withoutthe
help of auxiliary factors83. This requires an active readout of promoter DNA by INO80, which
is potentially accomplished by sensing DNA shape properties!83. [t 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 functionsin organizing the
chromatin landscape around yeast promoters30,

Consequently, INO80 was shown to promote transcription along with its initial
characterization2?73 and its role in transcription was further characterized more recently.
INO8O synergistically acts with the ATM-type kinases Mitosis entry checkpoint protein 1
(Mecl) to evict RNAPII from chromatin under replication stress conditions397 and targets
RNAPII for proteasomal degradation3%8. Furthermore, INO80 coordinates a mechanism tolink
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 INO8030. 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 stalling310-312, A study on
human INO8O0 characterized its function in more detail by demonstrating that IN80 resolves R-
loops (RNA:DNA hybrids), which are major obstacles to replication fork progression3i.
Moreover, INO8O is recruited to DNA damage sites by phosphorylated H2A314315, [n this
context, Mec1 and Telomere length regulation protein1 (Tel1) phosphorylate its subunit Ies4,
which acts as a checkpoint regulator3t6. INO80 subunits regulate telomere structure and
function too317. [es3 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 heterochromatin3:s,

The INO80 family of remodellers appears tobe the most evolutionary conserved due toa 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 sapiens320321, 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 functions3z.
Mammals also possess two SWR1-like complexes; p400 and Snf2-related CREB-binding
protein activator protein (SRCAP)327.328, While SRCAP exclusively catalyzes H2AZ
incorporation, p400 additionally displays histone acetylation activity and incorporates H3.3
into promoters and enhancers329,

2.22 ATPasesofthe 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 enzymes33L.
They share the helicase-related motifs I, [a, I1, III, 1V, V, VI, TxGx and Q (Fig. 5a)332-334. [ and II
correspond tothe Walker A and Walker B sequences, respectively, which are characteristic for
ATPases335. While the Walker A motifis essential for binding ATP, the Walker B motifis crucial
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for binding Mg2+ and hence for ATP-hydrolysis333336, The latter is also referred to as the
DEA(D/H) box motif of RNA helicases and more general as the DExx box motif194337, 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)194338. 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 family!89. It
comprises ATPases similar to Swi2/Snf2 (see 2.2.1.3) including all motor domains of
remodellers!89. The spacing between the helicase-related motifs IIl and [V is elongated in
ATPases of the Snf2 family (Fig. 5a)339. This area harbors the characteristicinsertion, a linker
and antiparallel a-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 morif18%. The bases of both
protrusions and the insertion are conserved within the Snf2 family189. A brace element
comprising one or two a-helicesislocatedat thevery 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-
hydrolysis340341, No enzyme in the Snf2 family displays helicase activity, but several were
shown to be DNA translocases including Sth1 and [SW1342.343, This holds true for all remodeller
ATPasesand the translocation reaction provides the underlying force to catalyze nucleosome
sliding, repositioning, editing and ejection55. Due to the helical path of DNA, it is associated
with rotation of the DNA or the enzyme339. Analogous tohelicases, translocases track along one
of the two strands thereby determining directionality340. A fundamental step size of 1 bp was
identified for the ISWIremodeller too344.

Recently, the 3D structures of several Snf2-type ATPases from Saccharomyces cerevisiae bound
to the nucleosome were solved by cryo-EM (Fig. 6)220345-347, The motor domains of Chd1 and
Isw1interact with SHL #2, while Swi2 /Snf2 can bind toboth 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 formingsecondary DNA contacts toSHL +6 or SHL +2 depending
on the main interaction site220.345347. The brace elements stabilize the recA-like folds by packing
onto them distal tonucleosomal DNA (Fig. 6)220345-347 While Iswland Chd1 possess one brace
helix, this elementforms twohelices in the Swi2 /Snf2 motor domain220.345-347, Compared to the
DNA- and nucleosome-free resting state of the ATPase, the twolobes are rotated by 80° relative
to each other345348, This arranges the conserved helicase-related motifs to enable nucleotide
binding and hydrolysis345348. The binding of the Snf2-type ATPases to nucleosomal DNA
introduces a nucleotide state-dependent DNA distortion, which is more pronounced in the
tracking strand346347. 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 binding346347. This mechanism might
constitute the fundamental reaction of DNA translocation by all Snf2 -type ATPases346347,

Swi2/Snf2: SHL +6 Swi2/Snf2: SHL +2 Isw1: SHL #2

pdb: 5X0X pdb: 573V pdb: 509G pdb: 6K1P

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 in%20,345-347,

2.23 Architecture ofthe INO80 chromatinremodelling complex

The INO80 remodeller of Saccharomyces cerevisiae is composed of 15 different subunits and
exhibitsa modular architecture (Fig. 7)275276.1n080 acts as a scaffold on which three different
submodules assemble (Fig. 7)276349. 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)275276. 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.

Rvb1/2 hexamer

Nhp10-module Arp8-module
les3 th1 0

N-term
lesb lest

actin INO80 core

| evolutionarily conserved |

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 in27¢ and designed by Dr. Kilian Knoll and Dr. Sebastian
Eustermann.

2.23.1 Thecore module
The core module of INO80 is ~600 kDa in size and formed around a heterohexameric ring of
Rvb1and Rvb2 (Fig. 7)276-278, These are closely related AAA+ (ATPasesassociated 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 residein two
domains (DI and DIII), which are separated by long insertions (DII) harboring an
oligonucleotide-binding (OB) fold (Fig.8b)351352, Rvb1/2 form a heterohexameric ring of
alternating subunits in a 1:1 stoichiometrys352. In isolation, two Rvb1/2 rings associate with
each other to a heterododecamers352 [n INO80 and SWR1 only one heterohexameric ring is
present, which is recruited by the insert domain of Ino80 (Ino80insert) or Swr1276-278,35,
Consequently, peptides of Ino80insert stimulate the ATPase activity of Rvb1/2 by 16-fold354
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Rvb1/2 arerelated tothe RuvB helicase from Escherichia coli,which drives branch migration
and resolution of the Holliday junction in complex with RuvA and Ruv(355356, [nitially, Rvb1/2
were also assumed to exhibit helicase activity but more recent experiments could not
reproduce these results?77.357 and instead suggest that Rvb1/2 act as a protein assembly
chaperone354358 Their ATPaseactivity is dispensable for the activity of INO80 and SWR1 353.3%,
Rvb1/2 are necessary for recruiting Arp5 and les6 to the complex and directly interact with
the latter (Fig. 7)276.293, Theactin 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). les6 contains a histidine triad (HIT) zinc finger fold in its
C-terminal domain, which has lost thezinc-fingerbinding cluster. Arp5 is critical for the sliding
reaction catalyzed by INO8O in vitro275276 and important for nucleosome positioning in vivo3s.
The Arp5 deletion displays the same phenotype as the Ino80 deletion in vivo, demonstrating
the importance of this subunit27s. Intriguingly, deleting Arp5 in in vitro experiments leads toa
decoupling of sliding and ATPase activity, meaning that the sliding reaction isimpaired while
robust ATPase activity can be detected276278, Thus, Arp5 is important to transmit ATP
hydrolysis by Ino80 to DNA translocation276278, Arp5 and les6 form a functional unit as deletion
of one subunitresults 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 interactswith Rvb1 /2 and Ino80 at multiplesites
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 les2 leads to the loss of Arp5 and les6 too36l,
However, this effect was not observed with endogenous and recombinant INO80 from Homo
sapiens, yet differential roles for les2 and Arp5 / les6 were suggested 278349, This would in
principle be in agreementwith the cross-linking map of INO80 from Saccharomyces cerevisiae,
which did not reveal any interactions between les2 and Arp5 / les6 either276 but species-
specific differences cannot be ruled-out at this point. In the human complex, les2 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 interaction278349, This led to the suggestion
thatles2 acts as a molecular throttle which clears an auto-inhibited state of the Ino80 ATPase
upon NCP binding?78,

ChIP-exodatalocates 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. ¢, Subunits of the Arp8
module. il-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 from?276352, For
domain abbreviations and detailed references see main text.

2.2.3.2 TheArp8 module

The Arp8 module comprises the three actin-fold proteinsactin, Arp4 and Arp8 as well as [es4
and Taf14, which add up to 240 kDa (Fig. 7)273.275276,

Actinisa highly conserved and abundantprotein36. 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-bindingloops 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 similaritywith actin366. Monomeric G-actin can polymerize under ATP-hydrolysis
to filamentous F-actin367368, These filaments grow at the barbed end (SD1 and SD3) of actin
and depolymerizes atits pointed end (SD2 and SD4)367. Duringthis process the U-shapedactin
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 tobe solely monomericas 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)188273275372, RSC and ySWI/SNF contain the structurally related Arp7-Arp9 pair2683s.
The module isnucleated 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 SwiZ2 /Snf2HSA-Arp7-Arp9-Rtt102 and Swr1HsSA-actin-Arp4 reveal that
actin-fold proteins bind tothe HSA domains via their barbed ends269.373, Arp8 is critical for the
assembly of the module in INO8O as its deletion results in the loss of the other subunits2?.
Isolated Arp4 and Arp8 display affinity towards the H3-H4 tetramer while an Ino80HSA-actin-
Arp4-Arp8 subcomplex binds the NCP374376, More recent biochemical experiments
investigated therole of Arpsand their bindingto the Snf2-type ATPase of RSC239. These suggest
aregulatoryrole 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 beyonda potentialrole in cis-directed regulation, the Arp8
moduleis also proposed tobind extranucleosomal DNA377. This isin agreement with ChIP-exo
data placing Arp8 upstream the +1 nucleosome3%, 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
Arp8isextended by three insertions of 95,8 and 168 residues (Fig. 8¢). 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. 8¢c; see 2.2.1.4)286, No similarities to known domains can be found in les4,
which is phosphorylated by the kinases Mecl / Tell during exposure to DNA-damaging
agents316,

2.23.3 Thespecies-specificmodule

The N-terminus of Ino80 recruits a third, species-specific module, which in Saccharomyces
cerevisiae comprises Nhp10, les1, les3 and les5 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 les5 butalsoin a degradation
of the Ino80 N-terminus305. Early on it was noticed that the module is dispensable for the
sliding reaction catalyzed by INO80but might increaseits affinity for free DNA275. Moreover, it
is important for the recruitment of INO80 to DNA damage sites by interaction with
phosphorylated H2AX314315, Nhp10is a HMG-box protein with two DNA-bindingHMG domains
followed by an acidic C-terminal tail379. One HMG box comprises ~75 residues, which form
three a-helices arrangedin 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 DN A381-383, Box
B of both HMO1 and Nhp10 correspond to Box B of mammalian HMGB proteins37. In this class,
proteins containing one or multiple HMG boxes are grouped38?. 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 Nhp10379380, Mediated by Box A, Nhp10 binds sticky and
blunt DNA ends, potentially torecruit INO80 to DNA damage sites314:315.379383, 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 forks383.1es1, Ies3 and
Ies5 donot possess known protein domains and so far, no function could be addresses to these
proteins.

The entire Nhp10moduleexhibits strong DNA-binding properties on its own and also interacts
with the NCP276. [n 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
IN080276349,
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3 Aimofthe thesis

The INO80 chromatin remodelling complex converts the energy from ATP hydrolysis into
translocation of DNA around the nucleosome?273275, This is the fundamental reaction for its
action on chromatin55. Thus, a detailed understanding of it is indispensable toinvestigate 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 thatitis conserved among the remodeller families 155.
The mass spectrometry analysis of crosslinked endogenous INO80 from Saccharomyces
cerevisiae provided fundamental insights into the arrangementofits individual subunits in the
protein complex?7¢. It revealed that INO8O 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 INO8O0 to its substrate, the NCP, by
describing crosslinks between the subunits of INO80 and the histone proteins27¢. 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
elusive?27s,

Further knowledge of how INO80 engages the NCP was provided by a hydroxyl radical
footprinting analysis, whichidentified SHL-2/-3 and SHL -6 as the mainbinding 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 distinctconformations 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
larger302305, This is in contradiction withthe fundamental step size of the tracking of Snf2-type
ATPaseson DNA, whichis 1 bp34l. A smaller step size of 1 - 3 bp wasindeed observed for DNA
translocation catalyzed by remodellers of the ISWI family302344, 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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4.1 Structural basis for ATP-dependent chromatin remodelling by the INO80
complex
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2018. Structural basis for ATP-dependent chromatin remodelling by 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 tothe NCP. Itprovides 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 INO8O0. It engages nucleosomal DNA at two main sites by its subunits
Ino80ATPaseand 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 heterohexamericring, which does not form contacts to the NCP. It is
found in a closed conformation comparedto previously determined X-ray structures of isolated
Rvb1/2 ring and almost completely encapsulates Ino80insert, [es2 is anchored in this ring with
its C-terminus and binds nucleosomal DNAat SHL +2 and the Ino80ATPase yia an element termed
‘throttle helix’. Ies6 forms a functional unit with Arp5 as revealed by MS crosslinking and
contributes toits 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 nonucleotide
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 s free of nucleotide. The
arrangementofthe individual subunits around the NCP reveals that Ino80ATPase js 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 les6 act as a ‘counter grip’ and Rvb1/2 as a ‘stator’ connecting these
two elements. This architecturealso explainsthe large step size of DNA translocation by INO80.
Ino80ATPase pumps DNA into the nucleosome against the counter grip. This acts as aroadblock,
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 isreleased 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
moduleislocated outside the NCP.

Author contribution

[ 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 togetherwith Dr. Sebastian Eustermann.
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Structural basis for ATP-dependent chromatin
remodelling by the INO80 complex

Sebastian Eustermann®%, Kevin Schall®®, Dirk Kostrewa!?, Kristina Lakomelk!?, Mike Strauss?,

Manuela Moldt™ & Karl-Peter Hopfner'-#%#

In the eukaryotic nucleus, DNA is packaged in the form of
nucleosomes, each of which comprises about 147 base pairs of
DNA wrapped around a histone protein octamer. The position and
histone composition of nucleosomes is governed by ATP-dependent
chromatin remodellers'~ such as the 15-subunit INOS0 complex®.
INOS0 regulates gene expression, DNA repair and replication by
sliding nucleosomes, the exchange of histone H2ZA.Z with H2A, and
the positioning of + 1 and —1 nucleosomes at promoter DNA"®,
The structures and mechanisms of these remodelling reactions are
currently unknown. Here we report the cryo-electron microscopy
structure of the evolutionarily conserved core of the INOS0 complex
from the fungus Chaetomium thermophilum bound to a nucleosome,
at a global resolution of 4.3 A and with major parts at 3.7 A. The
INOS80 core cradles one entire gyre of the nucleosome through
multivalent DNA and histone contacts. An Rvb1/Rvb2 AAA"
ATPase heterohexamer is an assembly scaffold for the complex
and acts as a *stator” for the motor and nucleosome-gripping
subunits. The Swi2/Snf2 ATPase motor binds to nucleosomal DNA
at superhelical location —6, unwraps approximately 15 base pairs,
disrupts the H2A-DNA contacts and is poised to pump entry DNA
into the nucleosome, Arp5 and Ies6 bind superhelical locations
—2 and —3 to act as a counter grip for the motor, on the other
side of the H2A-H2B dimer. The Arp5 insertion domain forms a
grappler element that binds the nucleosome dyad, connects the Arp5s
actin-fold and entry DNA over a distance of about 90 A and packs
against histone H2A-H2B near the ‘acidic patch’ Our structure
together with biochemical data® suggests a unified mechanism
for nucleosome sliding and histone editing by INO80. The motor
is part of a macromolecular ratchet, persistently pumping entry
DNA across the H2A-H2B dimer against the Arp5 grip until a large
nucleosome translocation step occurs, The transient exposure of
H2A-H2B by motor activity as well as differential recognition of
H2A.Z and H2A may regulate histone exchange.

Remodellers are grouped into INOS0, SWI/SNE CHD and ISWI
families that collectively shape the nucleosome landscape on chro-
mosomal DNA™. Although there might be fundamental differences
in how remodellers slide, evict and edit nucleosomes'~, it has been
suggested that a common ATP-dependent DNA translocation of the
maotor domains underlies these distinct reactions’, Recent studies
have revealed how the Snf2 motor domain'® and Chdl family
prolein.s“']z interact with the nucleosome, but there is g,:|,1rra,:nﬂ)-I lirmited
understanding of how stepwise DNA translocation results in its various
large-scale reconfigurations. INO80 and the related SWR1 complex
are large (megadalton) modular complexes'*~'* that carry out intri-
cate editing reactions. SWR1 incorporates H2A Z'® whereas INOB0
has been shown to exchange H2AZ with H2A™®, H2A.Z is a H2A
variant found at promoter and enhancer elements and has important
regulatory functions'”. INOS0 also slides nucleosomes and positions
the —1 and + 1 nucleasomes nfgenic arrays that flank nucleosome-
depleted promoter regions® *, However, even nucleosome sliding

requires extensive inter-subunit coordination'** and a clear mecha-

nistic framework cxp]aining these activities is curren l]:.-I nod available,
Biochemical evidence indicates that INOS0 translocates and loops
DNA at the H2A-H2B interface®, suggesting that sliding and editing
may be facets of a common, complex chemo-mechanical reaction.

To provide a structural mechanism for nucleosome recognition
and remodelling by INOS80, we performed cryo-electron micros-
copy (cryo-EM) analysis of an evolutionarily conserved, recombinant
11-subunit INOS0 complex from Chaetomium thermophilum bound
to a nucleosome (Fig. la—c). Our complex comprises the subunits con-
served from yeast to man: the main ATPase Ino80 (INO80 denotes
the whole complex; Ino80 refers to the catalytic subunit), actin and
actin-related proteins Arp4, Arp5 and Arp8, InoB0 subunits les2, lesd
and Tess, Tall4 and the AAAT ATPases Rvbl and Rvb2, Tt lacks the
evalutionarily less conserved subunits—which, in yeast INOBSI, are lesl,
Tes3, les5 and NhplO—and the N-terminal part of Ino80 to which these
subunits bind. Biochemical analysis shows a stoichiometric complex
that stably binds and remodels nucleosomes ( Extended Data Fig. 1),
consistent with the activities of similar human''® and Saccharomyces
cerevisiae!* INOBO complexes. The nucleosome was assembled from
human histones H2A, H2B, H3, H4 and a Widom 601 sequence with
S0bp (base pairs) of extranucleosomal DNA that matches the footprint
identified for the entire S. cerevisine INOSO®,

Cryo-clectron microscopy and single-particle reconstruction
resulted in a map with a global resolution of 4.3 A and did not require
crosslinking or the addition of nucleotides (Extended Data Figs. 2, 3 and
Extended Data Table 1). The map reveals how a 590-kDa core module
of INO80 (denoted INOS0™™) comprising Ino80, Arp5, les6, les2 and
Rvb1/Rvb2 recognizes and remodels the 200-kDa nucleosome core
particle (NCP) (Fig. 1c). Focused refinement resulted ina 3.7 A map
of the Rvb1/Rvb2-Arp5-Tes2-lest-Ino80 subcomplex ( Extended Data
Figs. 2, 3). We built de nove atomic maodels for the ATP-bound Arps
actin-fold {denoted Arp57™), les2, lesé and ADP-bound Rvbl/Rvb2
heterohexamer that incorporated the complete Ino80 ATPase inser-
tion domain (denoted Ino&0™™). Pseudo-atomic models for the Ino&0
Swi2/Snf2 ATPase domain (termed Ino80417"*) and the NCP were
generated by flexible fitting of crystal structures and homology models
(Fig. Ic). DNA visibly protrudes from the NCP and a 20 A cryo-EM
map, obtained {rom extensive 3D classification, indicates extra-
nucleosomal binding of the 200-kDa Arp8 module (actin, Arp4, Arp#,
Taf14 and Tesd) (Fig_ 11}, consistent with gcnumc—widc promaoter DNA
binding of Arp8 proximal to the + 1 nucleosome in vivo™, However,
the Arp8 module proved to be either unstable or too heterogeneous
in orientation to yield a high-resolution reconstruction at this stage.

INO80™ embraces one entire gyre of the nucleosome and binds
in a multivalent fashion to nucleosomal DNA and histones (Fig. 1c).
The overall mode of NCP recognition of INOB0™™ closely matches
the hydroxyl radical footprints of full 5. cerevisine INO&0®. The two
main DNA contacts are to superhelical location (SHL) —6 by the
Ino80 ATPase motor®, and to SHL —2 and SHL —3 by Arp5 and lesé,
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Fig. 1 | Structure of the INOS0™™-nucleosome complex. a, Gel
clectrophoresis analysis of the purified recombinant C. thermaophilum
INO80 complex bound to a nucleosome. by, Low-resolution cryo-EM

map showing extra density for the Arp8 module and extranuclessomal
DNA. The high- resolution structure of INOS0™™, shown in ¢ and d,

is superimposed. ¢, Left, 4.3 A resolution eryo-EM map reveals the
architecture of the nucleosome-remodelling core of INOSD. Grey,
nucleosome; red, Ino80™ %, orange, les2; green, Arp5: yellow, lesé; light
blue, three Rvb1 subunits; dark blue, three Rvb2 subunits, Right, protein
maodels obtained from interpretation of the ervo-EM map showing how
the INOBO™™ binds the NCP. ADP and ATP molecules are indicated. The
Kvh1/Rvb2 hexamer is assembled from three Rvb1/Rvh2 pairs (denoted 1a,
Iband Ic, and 2a, 2b and 2¢; sec €) and organizes the nucleosome-binding

In addition, we observe contacts of Ino$0*1* and Tes2 to SHL 2, of
the 325-amine-acid-long ArpS insertion domain (termed the grappler)
to the dyad, and of the grappler, les2 and Tes6 to the histone core (see
below). Binding of SHL —6 by the Ino80*"™* motor differs from the
SHL + 2-binding of the Chd1'"'? (Extended Data Fig. 4) and Iswla
remodellers®!, which indicates that these complexes possess distinet
remodelling mechanisms. The isolated Snf2 motor bound to SHL -2
but also to SHL + 6'°, Therefore, darification of mechanistic similarities
and differences between INOSD and SWI/SNF families require more
complete structures of SWI/SNF remodellers.

The Ryb1/Rvb2 AAA™ ATPase is a prominent module of INOB0O
family remodellers and might act as an assembly chaperone®. We pre-
viously interpreted a low-resolution negative stain map as harbouring
the Rvb1/Rvb2 double-hexamer that forms in solution', but our high-
resolution structure now shows a single hexamer in nucleosome-bound
INOB8D, consistent with a recently published structure of apo human
INO8§0*™ . However, with the nucleosome-bound state and the
resolution to build atomic models for the clients, we can now reveal
how Rvb1/Rvb2 specifically assembles INOS0 and that it has a key
role in defining the functional arrangement of subunits of INOS0 for
interaction with the NCP. The C-lobe of Ino80"" directly binds
Bvb1/Rvb2 and contains the approximately 270 amino acid-long
Ine80 insertion domain that adopts a wheel-like structure and sequen-
tially binds to all six Rvb1/Rvb2 protomers in the central cavity (Extended
Data Fig. 5). Ino80"*" binding induces a marked asymmetry in the
aligonucleatide/oligosaccharide-binding (OB) domain ring layer that
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elements Arp5-Test, Tes2 and Ino8DATPee g Schematic of the TnogpA TP
showing the location of conserved helicase motifs (1-V1) and the insert
characteristic of the INOSO family. The insert has a wheel-like structure
that binds as a client into the chamber of the three-layered Rvb1/Rvb2
hexamer. One Rvb1/Ryb2 subunit is shown as a eibbon, and the others as
transparent surfaces. e, Details of the interactions of Arp5-Tesé, Tes2 and
InaB0*THE clients at the OB domain layer of Rvb1/Rvb2. Plug and latch of
InaB0"™=" recruit les2 and ArpS-lesé clicnts through direct interactions
and/or orienting OB domains. f, les2 and lest are extended proteins with
multiple binding sites that functionally link Rvb 1/RBvb2 to the nucleosome
via Arp5 and InospAThs: respectively. Of note, les2 wraps around the
nucleosome and binds the distal acidic patch. The domain architectures
are shown ahove the map.

in turn induces specific recruitment and positioning of Ino80T™, Tes2
and Arp5-lesé to grab the nucleosome from opposing sides (Fig. 1c).

Ino80=" does not bind to the individual Rvb1/Rvb2 units via a
shared sequence or even a common structural fold, but the interactions
are governed by different hydrophobic and/or aromatic elements in a
manner that resembles how bona fide chaperones may bind partially
folded proteins®. Comparison with unliganded dodecameric
Rvb1/Rvb2% reveals client-induced conformational control (Extended
Data Fig. 5), consistent with a 16-fold stimulation of the ATP hydrol-
ysis activity of Rvb1/Rvb2 by Ino80 insertion peptides™, However, the
observed post-hydrolysis ADP state suggests that Rvb1/Rvb2 trans-
forms into a more stable functional scaffold once the correct set of
clients is assembled. A ‘latch’ in Ino80™*"* binds between OB domains
la and 2b and generates distinct interaction sites for Arp5 and les6
(at OB domains 2a and 2b, respectively). Notably, the C-terminal
domain of les6 resembles a histidine triad (HIT) zinc finger fold that
has lost the zinc-binding cluster, revealing how HIT domains can
specifically bind Rvb1/Rvb2 in various complexes™. A ‘plug’ closes the
hole in the OB domain ]ayer and direct]j.r binds les2, which wedges
with a 3-hairpin between OB domains 2a and 1c (Fig, le). les2 reaches
all the way across from the Rvb1/Rvb2 OB layer via a linker that is
flexible but conserved in length, and pins the N-lobe to SHL 2 (Figs. 1f, 2a
and Extended Data Fig. 6 b, d). Tes2 wraps around the nucleosome
and binds the acidic patch at the distal side of INOB0, which links
Ino&0YT* {o Rvb1/Rvb2 and the nucleosome; this shows how les2
acts as a ‘throttle’ for the remodelling activity of INOBD'™,
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Fig. 2 | Ino80* ™™ _pucleosome interaction. a, Details of the
Tno80 T _lgs2 interaction with annotated tracking-stand and notable
conserved les2 sequence motifs, The post-helicase-SANT-associated
(post-HSA) domain (salmon) is provided as a poly-alanine model
(Extended Data Fig. 6). b, InoB0*"™* and Arp3 bind to opposing sides
of the nucleosome, approximately 90 A apart (for clarity, Rvb1/Rvb2

is not shown). ¢, The binding of Ino&0*T™* to exit DNA (blue with
superimposed density) unwraps about 15 bp from the nucleosome,

Ino804F §5 the motor of the remodeller. Conserved Swi2/Snf2
DNA-binding motifs in both the N- and C-lobes engage with double-
stranded DNA and the Swi2/Snf2 typical brace helix I reaches
across both lobes, stabilizing their mutual orientation (Fig. 2Za and
Extended Data Fig. 4b). The observed conformation suggests that
the motor is poised to bind ATP and to translocate DNA by repetitive
cycles of ATP binding and hydrolysis. The binding of [no&0"" ™ at
SHL —6 unwraps about 15bp of DNA from the entry site (Fig. 2¢).
Consequently, DNA contacts to H2A loop 2 (L2) at SHL —5.5 and to
H3 helix oN at SHL —6.5 are notably broken, and the H2A-H2B dimer
is partially exposed. The full exposure of H2A also requires disruption
of the DNA contacts of the loop 1 (L1) and helix o1 of H2A and H2B,
which explains why histone exchange additionally requires ATP-driven
DNA translocation®, The binding of Ino&0 ATPase to SHL —6 is accom-
panied by a widening of the DNA minor groove (Fig. 2c). This finding
raises the possibility that the motor domain of INOS0 is influenced by
DNA shape features, which could be of interest in determining nucle-
osome positioning at promoter regions’.

Swi2/Snf2 proteins translocate DNA by minor groove tracking
The orientation of the Swi2/Snf2 motor at SHL —6 suggests that
1no80" T pumps entry DNA into the nucleosome, consistent with the
activity of INOSO to centre nucleosomes (Fig. 2d and Extended Data
Fig. 1). Animportant and poorly understood feature of remodellers is
how such stepwise translocation of the motor on DNA leads to large-
scale reconfiguration of the nucleosome. Building up force on DNA ina
processive manner through multiple consecutive steps requires arrest-
ing the motor with respect to the nucleosome. The motor of INOBO is
fixed by multiple interactions, les2 and a secondary DNA-binding site
pin the N-lobe to SHL 2. Importantly, the C-lobe is held in place by
Rvb1/Rvb2. Rvb1/Rvb2 therefore acts in conjunction with Arp5-Test as
a stator, enabling Ino80*T™ ta apply force onto the ‘rotor’ DNA and to
pump DNA into the nucleosome. This provides the means of conduct-
ing large-scale reconfigurations through multiple translocation steps,
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partially exposing H2ZA at SHL —5.5 and disrupting the H3 interaction at
SHL —6.5. The canonical DNA path is shown in red for comparison. The
unwrapped DNA is kinked through widening of the minor groove by the
C-lobe of Inos0T% with its protrusion 11 element. d, Semi-schematic
view showing how the Rvb1/Rvb2 hexamer positions the Inaso® Theve
maotor and Arp5 counter grip on opposite sides of the nucleosome gyre,
Ttwb 142 acts as a stator to prevent rotation of the motor with respect to the
nucleosome, leading to rotation and translation of entry DNA,

Here we identify Arp5-Test as a major nucleosome recognition mod-
ule with multiple DNA and histone contacts with both the Arp5 actin
fold and the 325-residue-long insertion domain of Arp5 (Arp5™="}
that forms a multi-armed grappler (Fig. 3a, b). The C-terminal HIT fold
of Tes6 packs in between Rvb1/Rvb2 OB domain 2b and the histone core
H2B «C while the conserved N-region of Ies6 wraps around the Arps
actin fold at the nucleosome proximal DNA side (Fig. 3¢, d). Arp5-lesa
binds about 7-8 bases at SHL —2 and SHL —3, with both Jes6 and a
DNA-binding domain (DBD} of the Arp5 actin fold (termed Arps"#)
(Fig. 3c). The DNA interaction explains the hydroxyl radical footprints
of full §. cerevisiae INOB0 on nucleosomes thal showed increased
protection of SHL —2 and SHL —3*. Of note, Arp5”" is conserved
from yeast to humans (Fig, 3¢}, and is the structural equivalent of the
‘DNase I binding loop” of actin. Mutating conserved DNA-binding
arginines/lysines markedly affected nucleosome sliding under condi-
tions in which INOSD still displayed robust ATPase activity (Fig. 3fand
Extended Data Fig. 7). Decoupling of ATPase and sliding recapitulates
effects seen with Arp5 deletions'®**in §, cerevisiae INOS0 and human
INOT180°" We conclude that ArpS-less couples ATPase activity to
nucleosome sliding by gripping DNA and providing an anchor to the
histone octamer surface during ratchet translocation steps (see below).

The grappler extends from subdomain 4 of the actin fold of Arp5 and
has a multi-armed structure with several notable elements, which we
have denoted the ‘army, ‘leg), foot” and "bar’ (Fig. 3a). Masked 3D classi-
fication produced a 4.7 A map (Fig. 3a) and 4.6 A map (Extended Data
Fig, 6), which together showed that the grappler adopts at least two
conformations and enabled us to interpret the topology of its secondary
structure with a poly-alanine model, The long N-terminal helix of the
Arp5™™ forms the bar that, in a closed conformation of the grappler,
binds along the nucleosomal dyad and spans between the actin fold of
Arp5 and entry DNA at SHL —7.5, over a distance of approximately
90 A. Importantly, the bar can adopt this binding mode as the entry
DNA unwraps from the histone octamer owing to binding of the Ino8&0
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Fig. 3 | Multivalent nucleosome binding by Arp5. a. Map at 47 A
resolution showing the Arp5 insertion that forms a multi-armed grappler
element (orange), along with the actin fold of Arp5 (green, with hlue
DED), the ArpS N-terminal brace (magenta) and less (vellow), The
grappler has multiple DNA and histone contacts and chemo-mechanically
connects Arp5, dyad and H2A-H2B. b, Schematic of Arp5 domain
structure with green actin-fold and highlighted insertions. ¢, Detailed view
of the DMNA interactions by lesh and DB of Arp5, along with a multiple
sequence alignment showing conservation of DNA-binding arginines/
Iysines in the DBD. Blue: residues mutated for functional analysis (see e).
At Arabidopsis thaliana; C.t., C. thermophilum; Hos., Homo sapiens; S.c.,
8. cerevisiae; X.t., Xenopus tropicalis. d, The C-terminal HIT-like domain
of lesh binds bath H2A (yellow) and Rvb1 (light blue), and the N-terminal

ATPase to SHL —6. The arm of the grappler stabilizes the bar at the
d}ra.d and connects it to the ]eg—l’am element that pa-,:ks against the
H2A-H2B core at the acidic patch of the histene octamer (Fig. 3¢). In
an open conformation, the bar is released from the dyad, moves 45" to
bind to SHL —1 and blocks the path of the exit DNA (Extended Data
Fig. 6). We therefore envision a switch-like behaviour of Arp5 that is
sensitive to the path of the entry and exit DNA.

The foot backs H2A opposite L2, as if to stabilize H2ZA to compensate
for the broken DNA contacts that result from the unwrapping of entry
DNA. Consequently, the binding of the acidic patch on each side of the
nucleosome has an essential role for INO80: the grappler ensures the
integrity of the histone octamer where the entry DNA unwraps, and
Ies2 binds the acidic patch on the other side of the octamer and acts
as a throttle for INOSD*=, In support of this model, mutating the
acidic patch that targets both interactions abrogates nucleosome sliding,
although it reduces ATPase rates only moderately (Fig. 31, Extended
Data Fig. 7d, ). OFf note, our structure predicts that in a putative dimeric
state of INOS0™, Ies2 and Arp5 grappler have to compete for the acidic
patches on each side of the histone octamer. This might provide asym-
metric control of the two Ino80 ATPases at SHL —6 and SHL + 6 and
prevent simultaneous pumping of DNA in opposite directions.

'I'agelher with biochemical studies®, our structure suggests a uni-
fied ratchet-like mechanism for how INOSD slides and possibly edits
nucleosomes (Fig. 4). We find that INOS0®™™ unwraps entry DNA
and grips DMNA and histones by multivalent interactions. The motor
is positioned to pump DNA into the nucleosome against Arp5-Tesé,
which could hold onto DNA until a sufficient force is generated by
multiple small steps of the motor. Such groove tracking might create
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region wraps around Arp5™® Actin-fold subdomains SD1-4 are indicated.
¢, Detailed view of the sensor foot and leg of the grappler (orange map
and poly-alanine model ). The sensor foot binds to the acidic patch of
H2A-HZE and to H3 at K56, which suggests it is implicated in controlling
histone variant exchange. In e, sites mutated (red, acidic patch: E61A,
Eodn, D72A, DY0A; olive, H2AZ mimic (H2AmutZ): N73L and N39G)
for the functional analysis are shown with side chains. £, Nucleosome
sliding activities of INO&0 and histone mutants, HZA.Z-mimicking
mutants lead to increased sliding, whereas mutating the H2A acidic patch
or Arp5™* abolishes or strongly reduces sliding under conditions in
which INOS0 still displays robust ATPase activity. WT, wild-type INOS0
with wild-type H2A. Means + s.d. (n = 3) are shown.

a DNA loop between the motor and the Arp5-Tes6 counter grip, per-
sisLen[I}r disr upting the HZA-H2B DNA interface® and thus enabli ng
histone exchange until the amount of DNA pumped propagates across
Arp5-Tes6 and the grappler (that is, the ratchet step). As a result, INOS0
would move nucleosomes in larger steps (Fig. 4). Step sizes of 10-20bp

Buigaioop
-

Fig. 4 | Model of INOS0 nucleosome remodelling. The unified model
integrates our structural data with previous biochemical® data. The
functional architecture of INOS0 with motor, grip and grappler suggests
that processive nucleosome sliding proceeds via a ratchet mechanism,
Transient generation of loops between the motor and the grip could expose
H2A-H2B for editing. Direct binding of H2A-H2B by the grappler sensor-
foot could regulate variant- or madification-specific editing.
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METHODS

No statistical methods were used to predetermine sample size. The experiments
were not randomized and investigators were not blinded to allocation during
experiments and oulcome assessment,

INOS0 expression and purification. C. thermophilum [INOB0 subunits were cloned
and expressed using the MultiBac technology™. Genes coding for Ino87 #1584
with a C-terminal 2 = Flag, Taf14 and les4 were each cloned in pACEBac], Rvb2
and aetin in pIDC, Tes2 and Arpd in pIDS and lest, Rvb1, Arp3 and Arpd in pIDE.
Resulting gene cassettes coding for [no8071 %952 o Flag, Rvbl, Bvb2, Arps, les2
and lesé were combined in one bacmid, whereas those coding for lesd, Tafl4, Arps,
actin and Arp4 were combined in a separate bacmid. Recombination steps were
carried out in Escherichia coli X11-Blue cells (Stratagene) or pirHC cells (Geneva
Biotech) under addition of Cre recombinase (NEB). Baculoviruses were generated
in Spodoptera frugiperda (SF21) insect cells (IPLB-S{21AE). Trichophusia ris High
Five cells (Invitrogen) were co-infected with 1/100v/v of each baculovirus. Hi5 and
SF9insect cells were purchased from Invitrogen and used for protein production
without further authentication. Cells were cultured for 60 h at 27 °C and collected
by centrifugation, For complex purification, cells were disrupied in lysis buffer
(30 mM HEPES, pH 7.8, 300 mM NaCl, 10% glyceral, 20 pM ZnCl,, 0.25 mM
DTT, 0.28 pgg/ml leupeptin, 1.37 pg/ml pepstatin A, 0.17 mg/ml PMSE, 0.33 mg/ml
benzamidine) and gently sonified. Raw lysate was cleared by centrifugation at
30500g and 4 °C for 30min. Supernatant was incubated with 4 ml anti-Flag M2
affinity gel (Sigma-Aldrich) for 1 h and washed with 75 ml lysis buifer and 50 m]
wash buffer (30mM HEPES, pH 7.8, 150 mM NaCl, 5% glycerol, 0.5 mM CaCly,
20 M ZnCly, 0.25mbM DTT). The complex was eluted by incubation with £ ml elu-
tien buffer (wash buffer supplemented with 0.2 mg/ml Flag peptide) for 20min at
4 *C. Next, the sample was Inaded onto a Mono € 5/50 G1L column (GE Healthcare)
and eluted by a gradient of increasing salt, resulting ina highly pure TNOS0 sample.
Right-angle light scattering measurement. Molecular weight of apo INOE0 was
determined by right-angle light scattering. Size-exclusion chromatography (SEC)-
coupled static light scattering was performed using an Akta micro chromatography
system equipped with a Superose 6 10/300 Increase column (GE Healtheare)
and a right-angle laser static light scattering device and refractive index detector
[Malvern/Viscotek), BSA was used to calibrate the system, Evaluation was per-
formed using the OmniSEC software (Malvern/ Viscotek).

Purificati f 1 Canonical human histones and their mutants
were purified by a combination of inclusion body purification and ion-exchange
chromatography, essentially as previously described ™, Tn brief, histones were
expressed in E. colf BL21 (DE3) cells {(Novagen) for 2 hafter induction at 37 °C.
Cells were disrupted under non-denaturing conditions and inclusion bodies were
washed with 1% Triton X-100. Inclusion bodies were resuspended in 7 M guanidin-
ium chloride, dialysed in 8 M urea and histones were purified by cation-exchange
chromatography. After refolding under low-salt conditions, anion exchange
chromatography was performed asa fnal punification step, Histones were lyophilized
for long-time storage. For ectamer assembly, single histones were resuspended in
7 M guanidinium chloride, mixed at 1.2-fold excess of H2A and H2B and dialysed
against 2 M NaCl for 16 h. Histone octamers were purified by size-exclusion
chromatography using a Superdex 200 16/60 column (GE Healthcare) and were stored
in 50% glycerol at — 20°C. We used the Widom 601 DNA™ with 50 or 80 bp extra-
nucleosomal DNA in the ONX orientation™ for reconstituting monenucleosomes.,
DNA was amplified by PCR, purified using anion-exchange chromatography and
concentrated in vacunm. DNA and histone actamer were mixed ata 1.1-fold excess
of DNA at 2 M NaCland sodium chloride concentration was decreased to 50 mM
over 17 hat 4 °C. Finally, nucleosomes were purified by anion-exchange chroma-
tography, dialysed to 50 mM NaCl, concentrated to 1mg/ml and stored at 4 "C.
Purification and vitrification of the INOS0-0N50 complex. INOSD and 0N50
inucleosome flanked by 0- and 50-base-pair extranucleosomal DNA) nucleosomes
were mixed at a ratio of 2:1 and dialysed to binding buffer (20 mM HEPES, pH 8,
a0 mb KCIL 0.5% glycerol, 0.25mM CaCly, 20 pM ZnCly, 0.25 mM DTT) for Thin
Slide-a-lyzer dialysis tubes {Thermo Fisher Scientific). The complex was purified
by gel filtration using a Superose 6 3.2/300 column (GE Healthcare) and vitrified
at a concentration of 1 mg/ml on Quantifoil R2/1 grids in the presence of 0.05%
octyl-f-gluceside using a Leica EM GP (Leica),

Electron mi py and data coll The FEI Titan Krios transmission
clectron microscope was operated at 300kV using a GIF quantum energy filter
(slit width 20eV) and a Gatan K2 summit direct electron detector. Two datasets of
images (dataset 1 and dataset [T} with a defocus ranging from 1.3 1o 3.5 pM were
collected at a calibrated pixel size of 1.34 A and 1.06 A and at a dose rate of 5,63 and
5.96 ¢ /AL, respectively. A total dose of 67.5 and 59.6 ¢ /A” was recorded over
12 and 105 with a frame rate of 5 and 4 frames stored per second for dataset [ and
dataset 11, respectively. Data acquisition was carried out using $erialEM™ facili-
tated by a set of customized scripts that enabled automated execution of low-dose
image acquisition, including focus and drift determination as well as beam centring
(LS. et al., manuscript in preparation).

Cryo-EM data processing. Dose-fractionated image stacks were subjected to
beam-induced motion correction using MotionCor2™, The first and the last
frame were discarded and CTF parameters for each sum of remaining frames
determined by CTEFIND4". Micrographs that exhibited too much drift, too
much contamination or abnormal Fourier patterns were discarded. For dataset [
(at 1.34;&!}:5)«:[]. 1,282 image stacks were chosen for further processing, and for
dataset 11 {at 1.06 Afpixel) and 3,932 image stacks were chosen for further process-
ing, carrled out using MotlonCor2 " -corrected sums that were filtered according
1o exposute dose, Particle selection, 2D classification, 3D classification and refine-
ment were performed using RELION* wersion 2.1.1h, unless stated otherwise.
All resolutions that we report here were determined by gold standard Fourier
shell correlation 0.143 criterion. B-factors were automatically determined within
RELION according toa previously published method®' . Extended Dnata Fig. 2a, b
shows an overview of the cryo-EM processing scheme used for dataset I and
dataset 11 Two-dimensional class averages (Extended Data Fig. 2d), used as sA
low-pass-filtered templates for the initial automated particle picking of dataset I,
were calculated from 800 particles that were manually picked from a screening
dataset acquired using a FEI Falcon IT camera and a FET Titan Halo transmission
electron microscope at 30KV, Six thousand semi-automatically picked particles
from the same dataset were used to generate an 3D ab initio reconstruction in
CryoSPARCH (Extended Data Fig. 2c), which served as a 40 & low-pass-filtered ref-
erence for the first round of 30 classification in RELION. 2D and 3D classification
(3D classification A1 and 3D classification A2, Extended Data Fig, 2a) identified
18,000 particles corresponding to nucleosome-bouwnd INOBI™ complexes from
295,000 automatically picked particles, Because we refrained from crosslinking
to stabilize complexes during sample and grid preparation, we observed a large
number of disassembled complexes at vitrified conditions corresponding to
free nucleosomes (class 1 of 3D classification A2, Extended Data Fig, 2a) or apo
INOED™ complex (class 3 of 30 classification A2, Extended Diata Fig. 2a). Severe
orientational bias of particles in this dataset prevented meaningful refinement of
the apo Ino&0™" complex beyond ah By contrast, the identified set of 18,000
particles of nucleosome-hound INO&I™* subjected to RELION refinement and
subsequent solvent mask post-processing yielded a cryo-EM map of the nucleo-
some complex at an overall resolution of 5.8 A, This map was used as a relerence
to determine a higher resolution structure using the larger dataset 1 recorded at
higher magnification {1.06 ,’Upich]_ ‘L improve auto-picking of sparsely populated
orientations of the complex, we calculated 213 projections of the experimentally
determined 5.8 A cryo-EM map (Extended Drata Fig, 2e). To avoid false positives
during particle picking, we applied a 35 A low-prass [iller Lo the projections before
using them as templates and verified the quality of the automated particle picking
procedure by visual inspection of the micrographs as well as by diagnostic 21
classifications in RELION. Two hundred and fifty-two thousand particles derived
from automated particle picking were subjected to successive rounds of 31 clas-
sification (3D classification B, 31 classification B2 and 3D classification B3,
Extended Data Fig, 2b). Notably, an intermediate set of 144,000 particles yielded
acryo-EM map of the INOS0®™ complex at 3.9 A_ Although inspection indicated
there was still conformational or compositional heterngeneity within the region
of the nucleosome, the particle density and signal-to-noise ratio was sufficiently
high o enable movie processing and particle polishing within RELION (using
frames 1-30, running averages of # frames and a standard deviation of particles
of 300 A). Subsequent refinement of the ‘polished” particles yielded a 3.7 A map
that allowed de novo atomic model building and real space refinement of les2,
Tests, ArpS, InoB0™ ™ and Arp5 (see below). Three-dimensional classification (3D
classification B2} vielded a class of 34,000 nucleosome-bound particles. These
particles were subjected to RELION refinement and solvent mask post-processing,
yielding a cryo-EM map of the complex at an averall resolution of 4.3 A (Extended
rata Fig. 2f). Finally, two classes showing different conformations of the grap-
pler element were obtained by using a third 3D classification (3D classification
B3, Extended Drata Fig. 2b) in which the Euler angles derived from the previous
refinement were kept fixed and a mask of the respective region of the complex was
applied. Local resolution estimation and local resolution filtering was performed
as implemented in RELION 211

Model building and refinement. Az a first stage we performed rigid-body docking
in UCSF Chimera™ using available crystal structures of Xenopus lacvis nucleosome
with Widom 601 sequence (RCSB Protein Data Bank (PDB) code: 4R8F), crystal
structures of C thermaphilum Bvb1 and Bvb2 (PDB codes: 4WW4 and 4FM6)
and homology models of C. thermophilim Arps=™ residues 59-755 (excluding
insert residues 306-640) as well as C, thermophilion InoR0A TP residues 964-1705
(excluding insert residues 1274-1548). A homology model of the actin fold of Arps
wias built using SWISS-MODEL" using ATP-bound actin (PDB code: INWK) as
atemplate, while I-TASSER" was used to build separate homology models for the
M- and C-lobe of Ino 8t using multiple high-resolution X-ray structures of
related superfamily 2 ATPases as templates, Atomic model building of Ino( insert
(residues 1278-1544), les2 (residues 443-478), lesd (residues 10-52, 155-213) and
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ArpS5 (residues 15-107, 111-146, 153-300, 603-769 ) was performed us.i.nglhr:l?.ﬁ
map of TNO&I™ and a combination of COOT* and Moloc®. Model building
and refinement was performed iteratively using resirained real-space refinement
in PHENIX 1,12, We used restraints for secondary structure, side chain rotamers,
Ramachandran and 3 restraints, while we restricted the resolution to 3.7 & during
refinement. [n the final macrocycle, grouped B-factor refinement for the main
chain and side chain was calculated. Statistics of the final refinement and the
abtained structures are reported in Extended Diata Table 1. The obtained structures
were subsequently used for interp tom and model refinement using the4.34
resolution cryo-EM map of the INOS0® " _nucleosome complex. To model
regions with larger conformational deviations such as the nucleosomal DNA,
the Inof0" ™ and regions at the nucleosome interface of INOSI™® we used a
combination of flexible fitting and (rejbuilding vsing a combination of COOT®,
Meloc" and MDFF*, This procedure resulted in reasonable refinement of model
into the cryo-EM map (Extended Data Fig. 3c). The properties and limitations
of the molecular models of the INOBIF“-NCF complex are summarized in the
following. Flexible fitting of nuclensomal DMA accounts for the large conforma-
tional change seen in the region between SHL —5.5 and SHL —7, Although addi-
tienal unambiguous density corresponding 1o extranucleosomal DINA protrudes
from the INOBIF-NCP complex, we did not attempt to build DNA beyond SHL
—7 at this stage. The histone core required only minor adjustments. However, we
do not ohserve density for H3 tail residues 37-44 at their canonical binding site
above SHL 1, We observed instead unassigned density between the foot element
of the grappler and the N-terminal H3 helix oN. Because this density can also
originate from grappler element of Arp5 (see below), we refrained from building
the H3 tail at this stage. [Ino&0 residues 964-1274 and 15491705 were flexibly
fitted into the density and readily connected to the refined model of the insert
region described above, The topology of the grappler element was unambiguously
assigned to the Arp5 insert residues 300-624. However, model building was largely
restricted to a poly-alanine model given the limited resolution of this element in
the 4.6 A and 4.7 A subclasses (Extended Data Fig. 3e). Similarly, we were able to
build a poly-alanine model of Ino&0 post-HSA residues 820-855 and les2 residues
351-443 that includes the throttle helix bound to nucleosomal DNA (Extended
Drata Fig, 6).

Electrophoretic-mobility shift assays. Electrophoretic-mobility shift assays were
used to monitor the interaction between INOS0 and 0N50 mononucleosomes.
Nucleosomes were labelled at the 5-end of their extranucleosomal DNA with
fluorescein. Nucleosome (15nM) was incubated with increasing concentrations
of TNOS0 (0, 5, 10, 20 and 40nM) in electrophoretic mobility shift assay buller
(25mM HEPES, pHL #, 60mM KCL 7% glycerol, 0.25mM DT, 2mM CaCly) for
20min on ice. Samples were analysed at 4 *C by native PAGE on a 3-12% acryla-
mide BIS-Tris gel (Invitrogen) and visualized using the Typhoon imaging system
[GE healthcare),

Nucleosome sliding assays. N80 {(nucleosome flanked by - and 80-base-
pair extra-nucleosomal DNA) mononucleosomes with 5°-[uorescein-labelled
extranucleosomal DNA were used for monitoring the sliding activity of INOSD.
Muclensome (150 nM) was incubated with 50 M INOSD in sliding buffer (25 mM
HEPES, pH &, 60 mM KCI, 7% glyceral, 0.10mg/ml BSA, 0.25mM DTT, 2 mM
MyCly) at 25 °C. The reaction was started on addition of | mM ATP and stopped
at several lime points (15, 30, 45, 60, 120, 300, 500 and 1,200 s} by addition of
0.2mg/ml lamhda DNA (NEB). Nucleosome species were separated by native
PAGE on a 3-12% acrylamide BIS-Tris gel (Invitrogen) and visualized using the
Typhoon imaging system (GE healthcare), Image] was used to quantify gel bands
and the fraction of remodelled band was plotted against the reaction time, Data
deseribe a saturation curve and were fitted in Prism {GraphPad) using an expo-
nential equation.

ATPase assays. An ATPase assay coupling ATP hydrolysis to NADH oxidation
was used to determine the ATPase rate of TNOBD. INOSO (30nM) was incubated

ESEARCH

in assay buffer {25 mM HEPES, pHS, 50 mM KCI, 1 mM DTT, 2mM MgCly,
0.1 mg/ml BSA) with 0.5 mM phosphoenolpyruvate, | mM ATE, 0.1 mM NADH
and 25 U/ml lactate dehydrogenase and pyruvate kinase (Sigmal at 25°Cina
final volume of 50 pl. NADH concentration was monitored fluorescently over
1h in non-binding black 384-well plates (Greiner Bio-One) using 340 nm for
excitation and an emission of 460 nm with a Tecan Infinite M100 (Tecan). Where
indicated, ATPase activity was determined in the presence of 150 nM nucleosome.
ATP turnover was calculated using maximal initial linear rates, corrected for a
buffer blank.

Figure preparation. Figures were prepared with PyMol (The PyMOL Molecular
Graphics System, version 1.8 Schridinger, LLC)), UCSF Chimera® and UCSF
ChimeraX™.

Data availability. The electron density reconstruction and final model have been
deposited with the Electron Microscopy Data Base under accession codes EMD-
4264, EMD-4277, EMD-4278 and EMD-4280, and with the RCSE Protein Data
Bank under accession codes 6HFS and 6FM L. Uncropped images of the polyacryla-
mide gels are shown in Supplementary Fig. 1. All other data are available from the
corresponding author upon reasonable request.
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Extended Data Fig. 1 | Purification of apo INOS&0, INOS0-0N50 and
sliding activity of INOS0. a, Schematic of expression and purification

of INOS0. b, SDS-PAGE of INOS0 purification steps (stained with
SimplyBlue). Protein identity was confirmed by mass spectrometry

idata not shown). ¢, Quantification of band intensity from SDS-PAGE
(SEC sample) plotted against the molecular weight shows stoichiometric
presence of all subunits. d, Label-free semi-quantitative mass spectrometry
analysis of INOS0™™™ complexes after individual purification steps.

¢, Right-angle light scattering measurement of apo INOS0. Measured
refractive index and calculated logarithmical molecular weight are plotted

against the elution volume, The measurement yields a molecular weight of
880 kDa, confirming the integrity and correct stoichiometry of the purified
complex. f, Comparison of the SEC elution profile of apo INO&D and the
Arp5"™ mutant on a Superose 6 3.2/300. g, Purification of the INOS0-
nucleosome complex, SEC elution profile from a Superose 6 3.2/300 is
shown together with an analysis of the main peak fraction by SDS-PAGE.
h, Sliding of end-positioned ON80 mononucleosomes by INOBO, Native
PAGE analysis of fluorescein-labelled nucleosome is shown. i, Interaction
of INOE0 and mononucleosome monitored by electrophoretic-mobility
shift assay.
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Extended Data Fig. 2 | Cryo-EM data analysis. a, b, Schemes of
RELION® classifications and refinements that were used to obtain
cryo-EM reconstructions of the INO&0°~NCP complex. a, Outline

of an initial classification scheme that used a eryoSPARCY ab initio 3D
reconstruction of the complex as a reference. b, Classilication scheme
that yielded the final cryo-EM reconstructions. In a and b, boxed 3D
classes were selected for further processing as indicated. Two-dimensional
classes discarded for further processing are marked with an asterisk. ¢, Ab
initio 3D reconstruction by cryoSPARC* using 6,000 semi-automatically
picked particles d, Eight hundred manually picked particles were used

to obtain initial 2D classes that were used as references for automated
particle picking as indicated in a. e, Projections of the experimentally

determined 5.8 A cryo-EM reconstructions obtained from the scheme

in a, These projections were low-pass filtered to 35 A and used then

as templates to improve automated picking of particles corresponding

1o sparsely populated orientations of the complex (see Methods), The
quality of the automated particle picking was verified by visual inspection
of micrographs as well as by diagnostic 2D classifications (not shown).
Later 3D classifications in the scheme shown in b were facilitated by
masks and fixed Euler angles from previous refinements as indicated (3D
classification B3). f, Gold standard Fourier shell correlation curves of final
maps (3.75, 4.34, 4.62 and 4.68 A). The resolutions were determined using
the 0.143 Fourier shell correlation criterion as indicated by the dotted line.
Extended Data Table 1 summarizes data collection and processing.
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Extended Data Fig. 3 | Cryo-EM data quality. a, Two representative
micrographs of the set that was used to determine the structure of the
INO80*"-NCP complex. b, Typical 2D class averages of the INOS0™™—
MNP complex. Note that dynamic extranucleosomal DNA (extra-nuc
DNA) visibly protrudes from the well-ordered core complex. ¢—e, The final
4.3 A (c, overall), 3.7 A (d, Rvb1/Rvb2-Arp5 mask) and 4.6 4 and 4.7 A
(e, grappler conformations A (right) and B {left)) maps were analysed by
using ResMap™, Local resolution estimates are shown as a colour-coded
surface representation along with representations of angular distributions
of particles contributing to the 4.3 and 3.7 A maps, f-m, Representative
examples of cryo-EM map areas used for model building, £ The 3.7 A

map using the colour codes of Fig. 1c showing the definition of Rvb1/
Rvb2-client interactions. g, ‘Explosion’ figure of the Rvb1/Rvb2 layers,
along with corresponding regions of the 37A map. h, Top, details showin
a representative ATP/ADP-binding site of Rvb1/Rvb2 with highlighted
ADP, and showing the latch of the Ino80"™ (red). i, Map area at the
Arp5 showing the N-terminal brace (left), with representative details
of the actin core (middle) and the ATP-binding site (right). j, Overview
showing lesé {left) and details of its HIT-like domain (right). k, Map area
at the les2-Rvb1/Rvb2 interaction (left) with details showing an anchoring
tryptophane. 1, Map area at the NCP. m, Map area at the Ino&0 motor
domain bound to SHL —& (red).
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Extended Data Fig. 4 | Comparison of nucleosome-bound Swi2/Snf2- and Chd 1™ bound to SHL + 2 (right) with NCPs. b, Comparison of
type ATPases. a, Interaction of Ino8047 bound to SHL — 6 (left, this doimain architectures of the Swi2/Snl2-type ATPases and their interaction
study), Snf2"""**¢ hound to SHL + 6 {middle), Snf2* ™™ bound to SHL.+2  with nucleasomal DNA.
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Extended Data Fig. 5 | Details of Rvb1/Rvb2-Ino80"™" interactions,
a, Close-up views of Rbl client cavities (blue), bownd to the different
interaction elements of Ino80F™"" {red, with yellow hydrophobic and

green aromatic side chains). b, As in a but depicting Rvb2 client cavities.

€, Ino80 shawn in rainbow colouring from N terminus (red) to C
terminus (blue), to highlight the circular fold. Selected clements as well
as the positions of the Rvb1/Rvb2 binding partners are annotated. d, As
in ¢ but viewed from the side to highlight the protruding plug and laich
elements. ¢, [, Bvb1/Byvb2 pair (the pair 1¢ and 2¢ from the hexamer in

Rvb1 (c}

Fig. 1c) hound to Ina80™" () compared with a Rvb1/Rvb2 pair from the
unliganded dodecameric state (f) {(PDB code: 4WVY). The comparison
shows how client binding arranges the AAA™, OB and middle layers and
displaces the N-lerminal domain of Rvbl from the client pocket, also
seen for human [INOS0™ 2% Both types of conformational changes have
an effect on the ADP-hinding site (ADP and ATP represented by colour-
coded spheres), which suggests how client interactions are allosterically
coupled to the ATPase activity of Rvb1/Rvb2. g, Exemplary view of the
ADP coordination along with the superimposed map.
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Extended Data Fig. 6 | Two conformations of the grappler element and
location of the post-HSA domain. Masked 3D classifications identified
two conformations of the grappler element of INOS0*"™ and the post-HSA
domain of the InoB0AT™*, a, Left, grappler conformation A {conformation
discussed in this study). Right, open conformation B in which the bar
interacts with SHL -1 of the nucleosome. b, Subclass showing the post-

HSA domain (magenta) at the Ina8OATERE (red), Post-HSA domain
protrudes towards extranucleosomal DNA. Tes? is depicted in orange.
¢, Hidden Markov model (HMM} sequence logo of les2, showing high
sequence conservation at key Ino80 and Bvb1/Rvb2 interaction sites.
d, Detailed view of the map around post-H5A domain and
extranuclensomal DNA, with superimposed models,
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Extended Data Fig. 7 | Analysis of the enzymatic activity of INOBO.
a, Sequence alignment of HZA and H2A 7. Olive, residues at the interface
of HEA with the foot of the grappler differ in a species-conserved fashion
from H2A Z. b, Sliding of ON&0 mononucleosomes by [NOSO analysed by
native PAGE. In the Arp5"™ mutant, K&8, R90, R92, K96, R112 and R118 are
mutated to alanines. AcPatch (E61A, E64A, D72A and D90A) and H2ZAmut?
(N73L and N89G) describe mutants of grappler-contacting residues of H2A
(see Fig. 3). Individual data points with exponential fit (n = 3, technical
replicates). ¢, Evaluation of the sliding activity of INOS0. Band intensities of
remodelled and unremodelled nucleosome species were quantified and the

fraction of remodelled nuclensome plotted against time. Data points were
fitted using an exponential equation. d, Raw data of ATPase assays. Basal

T T T T
Q‘\ &£ 5§ qyfs’!'

& F
ATPase rates were determined for INOSD wild type (WT) and the Arps™®"
mutant, along with nucleosome-stimulated rates. Superscripted text indicates
whether a nucleosome was used Lo stimulate ATPase activity, and if so what
type of nucleosome was used. ¢, ATPase rates of INOS0 with and without
stimulation by nucleosomes. Rates were calculated from the linear area of
the raw data and were corrected for a buffer blank (colour code asin d).
Mean and individual data points {n = 3, technical replicates). £, Initial sliding
rates of INO&D and mutants (colour code asin €}, Data were derived from
exponential fits of individual sliding curves in €. Mean and individual
data points (n=3, technical replicates). g. Quotient of the sliding rate in
fand ATPase rate in ¢ normalized to the wild type. Mean and individual data
points (n = 3, technical replicates).
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Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics

EARCH
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(FDB 6FHS) (PDB 6FML})

Dt collection and processing
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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 ofthe Arp8 module on the catalysis of DNA translocation by
INO8O. 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 ofactin, Arp4 and Arp8 in complex with Ino80HSA was solved
by X-ray crystallography at a resolution of 4.0 A. It shows that actin is sandwiched between
Arp4 and Arp8 and thatthe HSA domain forms a segmented a-helix, which interacts with the
three actin folds via their barbed ends. Actinbinds Arp4 in a ‘front-to-back’ manner, whichwas
also observed in the SWI/SNF Arp module between Arp7and 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 Arp8is 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. Thisis 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 chargedresidues. 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 presumablyessential for
the catalysis cycle at that stage at which Ino80ATPase pumps DNA towards Arp5 and les6. By
holding onto extranucleosomal DNA, the Arp8 module prevents the pumped DNA from flipping
back. Instead,a DNA strainis formed between INO80ATPaseand Arp5 / Ies6. Once sufficient force
is generated, the Arp5 / Ies6 counter grip is released and DNA translocation occurs. In this
model, DNA translocation is only possible because the Arp8 module stabilizes the transition
state prior to the release of the counter grip.

Author contribution

[ reconstituted and purified nucleosomes from recombinant sources with different lengths of
extranucleosomal DNA.
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The nuclear actin-containing Arp8 module is
a linker DNA sensor driving INO80 chromatin
remodeling

Kilian R. Knoll'?°, Sebastian Eustermann'?®, Vanessa Niebauer'?, Elisa Oberbeckmann?,
Gabriele Stoehr'?’, Kevin Schall'?, Alessandro Tosi'*®, Marianne Schwarz'**, Andrea Buchfellner®,

Philipp Korber?® and Karl-Peter Hopfner ©25*

Nuclear actin (N-actin) and actin-related proteins (Arps) are critical components of several chromatin modulating complexes,
including the chromatin remodeler INO80, but their function is largely elusive. Here, we report the crystal structure of the
180-kDa ArpB module of Saccharomyces cerevisiae INOB0 and establish its role in recognition of extranucleosomal linker
DNA. Arp8 engages N-actin in a manner distinct from that of other actin-fold proteins and thereby specifies recruitment of
the Arp4-N-actin heterodimer to a segmented scaffold of the helicase-SANT-associated (HSA) domain of Ino80. The helical
HSA domain spans over 120 A and provides an extended binding platform for extranucleosomal entry DNA that is required for
nucleosome sliding and genome-wide nucleosome positioning. Together with the recent cryo-electron microscopy structure of
INOBO“-nucleosome complex, our findings suggest an allosteric mechanism by which INO80 senses 40-bp linker DNA to

conduct highly processive chromatin remodeling.

temporal organization of chromatin and generate hallmark

features such as regularly spaced nucleosomal arrays flank-
ing nucleosome-depleted regions at promaoters’”. Remodelers are
generally grouped into four families, INOS&0, SWI/SNE ISWI, and
CHD, according to sequence similarities within their common
Snf2-type ATPase motor domain. They use ATP-dependent DNA
translocation to catalyze different types of large-scale nucleosome
remodeling reactions—sliding, eviction/assembly, positioning, and
editing (histone exchange) ™.

INOBD and SWI/SNF family remodelers are mega-Dalton com-
plexes comprising typically more than 15 different protein subunits’,
A unifying but poorly understood key feature of these two multi-
subunit remodeler families is the presence of N-actin and Arps.
Saccharomyces cerevisioe possesses altogether ten Arps. Arpd-9
localize to the nucleus as integral, functionally important subunits of
INOED and SWI/SNF remodelers and of the histone acetyl transferase
NuA4/TIP60, Arp4 and N-actin form an evolutionarily conserved
pair in all of these enzymes, except yeast SWI/SNF and RSC, where
the Arpd-N-actin pair is replaced by the diverged, but structurally
related, Arp7-Arp9 pair. Structural studies of Arp4-N-actin or Arp7-
Arp9 revealed binding via their barbed ends to a helical helicase-
SANT-associated (HSA) domain N-terminal to the Snf2-type ATPase
domain of Swrl and 5thl, respectively”''. N-actin and nuclear Arps
play an essential role in cellular stress response as well as during devel-
opment'=", and respective genes, encoding, for example, the human
Arp4 homolog BAF53, are frequently mutated in cancer'"", However,
the precise molecular mechanism explaining the functional impor-
tance of N-actin and nuclear Arps remains still largely elusive.

Q TP-dependent chromatin remodelers shape the spatial and

The INOBD complex is particularly intriguing for studying the
functional role of actin-fold proteins in the nucleus”'". In addition
to N-actin and Arpd, INOS0 contains with Arp5 and Arp8 in total
four actin-fold proteins and is conserved in this respect from yeast
toman™ ", INOS0 has pivetal functions in gene regulation, replica-
tion, and genome maintenance'", as it slides”, edits", and posi-
tions"” nucleosomes including the +1 nucleosome at promoter
regions’, INOSD has a modular architecture' ', The Ino80 pro-
tein subunit, harboring the Snf2-type ATPase motor, is an assem-
bly platform for the other subunits: its N-terminal region interacts
in yeast with the species-specific Nhpl0 module’ (a subcomplex of
INOSD subunits les1, Tes3, les5, and Nhpl0), which regulates the
switch-like stimulation of INOS0's nucleosome sliding efficiency
by extranucleosomal DNA >40bp™. The middle region of Ino&0
contains the HSA domain (Ino80™**), which binds the highly con-
served ‘Arp8 module’ composed of N-actin, Arpd, Arps, les4, and
Taf14'"". Deletion of Arp8 or the HSA-domain leads to the loss
of the whole Arp8 module and results in a remodeling defective
INOS0 complex’™*, The C-terminal region of Ino80 forms the
equally conserved INOS0 core module (INO80“), containing the
Snf2-type ATPase, les2, the Arp5-les6 complex, and the Rvbl-
Rvb2 heterohexameric AAA-type ATPases. The structure and
unified mechanism by which INO&0"" recognizes and remodels
the nucleosome core particle (NCP) has been recently revealed
at high resolution by cryo-electron microscopy (cryoEM)™,
We uncovered also that the function of INOB0™™ as a macromo-
lecular ratchet depends critically on a direct interaction of Arp5
with nucleosomal DNAY. It has been proposed that other nuclear
Arps could be involved in DNA or nucleosome interactions™"

'Department of Biechemistry, Ludwig-Maximilians-Universitat Minchen, Munich, Germany, “Gene Center, Ludwig-Maximilians-Universitit Minchen,
Munich, Germany, *Chair of Maolecular Biology, Biomedical Center, Faculty of Medicine, Ludwig-Maximilians-Universitat Minchen, Munich, Germany,
*Institute of Biophysics, Ulm University, Ulm, Germany. SChromoTek GmbH, Planegg, Germany. “Center for Integrated Protein Science, Ludwig-
Maximilians-Universitit Minchen, Munich, Germany. "Present address: OmicScouts GmbH, Freising, Germany. *Present address: Vossius & Partner,
Munich, Germany. "These authors contributed equally: K.R. Knoll, 5. Eustermann. *e-mail: hopfner@genzentrum mu.de

NATURE STRUCTURAL & MOLECULAR BIOLDGY | wwrw.nafurs

com/nsmb

43



ARTICLES

N-aclin

RAL & MOLECULAR

INQBO®="

b Mgt Mol AmB-mioduls
| |

tarm
lesk g5l |

d ArpB-module
Inoa6"®* binding site

N-actin

Inn&u"g“\hinding sile
N

F-aclin
{+} Barbad end
1=

(-} Pointed end

Fig. 1| Crystal structure of the 180-kDa Ino80™*-Arp4-N-Actin-Arp8 complex. a, Crystal structure of the INOE0 ArpE module comprising Arpd,
M-actin, Arp8, and Ina80"*, Arpd and M-actin are ATP-bound {colored spheres), whereas Arpd is nuclectide-free, LatA (black spheres) is bound next
to ATP in the N-actin nucleotide binding cleft. b, Schematic overview of the 5. cerevisioe INOBO complex illustrating its modular architecture. N-term,
M-terminal region of the Ino80 polypeptide; H5A, HSA domain of InoB0; PTH, post-H5A domain of Ino80. ¢, Front views of the actin-fold prateins
Arpd, N-actin, and Arp8. The Ino80"* binds to the barbed end of each of the actin folds. Actin fold insertions of Arpd and Arp8 are shown in gray.

d. Arrangement of actin-fold proteins. Schematics of actin folds with the individual subdomains shown as spheres. Interaction of Arpd with M-actin,
and MN-actin with Arp8 in the Arp8 module is compared with two laterally interacting actin molecules in F-actin.

Indeed, our cryoEM analysis of a fungal INO80 complex, which
included all evolutionarily conserved subunits, located the
Arp8 module near extranucleosomal entry DNA, but its analysis
was, unlike the NCP-INO&0™™ region of the complex, limited by
lower resolution. Until now, high-resolution structural informa-
tion on the functionally critical architecture of the Arp8 module
is missing.

Here, we report the crystal structure of the INOS0 Arps
module and identify it as an allosteric sensor of linker DNA.
Strikingly, the Ino80"** adopts a segmented conformation
comprising three helices that bind to the barbed ends of Arpd,
M-actin, and Arp8. The Arp8 module binds extranucleosomal
DNA, and we identified a conserved positively charged patch
on the solvent-accessible site of the Ino80"* as responsible for
DNA binding. Structure-based mutagenesis showed that bind-
ing of extranucleosomal, linker DNA by Ine80"* is critical for
INO80 nucleosome sliding, but not for INOB0 nucleosome bind-
ing and ATF hydrolysis. Thus, linker DNA sensing by the Arp8
module drives remodeling by INOR0 via coupling motor activity
to nucleosome repositioning.

Results

Crystal structure of the 180-kDa Ino80"-Arp4-N-actin-Arp8
complex. To gain molecular and functional insights into the evo-
lutionarily conserved Arp8 module of TINOBO, we determined its
crystal structure (Fig. 1). N-actin, Arp4, Arp8 (residues 255-881,
excluding the non-conserved N-terminal region™), and Ino80"*
(residues 461-598) from 8. cerevisine were produced in insect cells
as a stoichiometric 180-kDa complex (Supplementary Fig. la).
Initial crystallization attempts failed, most probably due to struc-
tural flexibility. In a recent study, N-actin adopted a nucleotide-
free state’ bound to Arpd and Swr1™*, whereas early biochemical
analysis of N-actin in the human BAF complex™, as well as our
own structural analysis using a cameloid nanobody (see below),
indicated ATP binding of N-actin. Consequently, we sought to limit
the structural heterogeneity of the Arp8 module by using latrunculin
A (LatA), a small molecule, sea sponge toxin that inhibits nucleotide
exchange of monomeric actin”. Addition of LatA yielded crystals
of the complex diffracting to 4 A, and the structure was deter-
mined by molecular replacement (see Table 1 for refinement and
model statistics).
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Table 1] Data collection and refinement statistics

ARTICLES

NactNB-Arpd-N-actin{ATF) MactNB-Arpd=-N-actin{apo) Ino80"*-Arpd~-N-Actin-Arp8
{PDB SNEM) (PDB SNEL) (PDB SNEN)

Data collection

Space group F 6. P&, C 222,

Cell dimensions

a b, (A 190,58, 150.58, 22062 191.22,191.22, 2197

a () 90,00, 90.00, 120,00 20,00, $0.00,120.00
Resolution (A) A4773-3.40 (3.50-3.40)° 49.43-2.80 (2.90-2.80)
L S— 0160 (1.081) 046 (1107
Ll 12.61(219) 12.08 (2.09)
CCp 0996 (0.715) 0.595 (0.617)
Completenass (%) 100 (1003 100 {1001
Redundancy 6.5(0.8) 59 (2.4)
Refinement
Resolution (A) 47.73-3.40 (3.50-3.40) 49.43-2.80 (2.90-2.80)
Mo, reflections 62,264 (6,206) N2.476 (1,263}
R Priee 0152 (0.231)/0193 (0.281) Q171 (0.276)/0.204 (0,316)
Mo, atoms

Protein 13,949 14,000

Ligand/ion 1280 :1:0

Water - 1%
B factors

Pratein 9230 58.50

Ligand/ian 8597 3880

Water o 48.77
R.m.s. deviations

Bond lengths (A) 0.004 0.004

Bond angles {°) 0.66 070

172.25, 26391, 24140
90.00, 90.00, 50,00
49.40-4.00 (410-4.00)
0.236 (1.336)
B71(1.87)

0.996 (0.605)

100 (1000

9.6 (10.0)

49.40-4.00 (4.10-4.003
46,675 (4,625)
0193 (0.254),/0.242 (0.288)

23,029

186¢

121.87
101.03

0.002
0.68

Diffraction data from ane Macthi-Ampd -N-actin{ATFD, ane MactNE-Ampd-H-actin(apa) and one Ing80"4 ipd=t-Actin-AnpE crystal wene used to solve the structures. “Values in pamntheses are for
highesl-resclution shell. "Baund ligards are lour AT and lour caleim ians. “Baund ligands aee beo ATP ard bwa calcim sans. “Bound ligands ane twe LabA, lour ATP, and bou calcium icns.

Figure 1 shows the elongated architecture of the Arp# module.
Ino807* forms a markedly segmented a-helix with helical elements
ol al”, and a2, spanning a distance of in total 120A (Fig. 1a). All
three actin-fold proteins bind via their barbed ends to the different
HSA helical elements in a similar and serial fashion, while pointed
ends remain accessible (Fig. 1<). From Ino80'™% N to C terminus,
the order of binding is Arp4 (to al’), N-actin (to «l”), and Arp8 (Lo
w2). The segmentation of the HSA helix enables N-actin to form
multiple contacts to both Arpd and Arp8. Arp4 engages N-actin in a
‘front-to-back” orientation in contrast to the classical fibrous (F) actin
‘front to front” interaction™ (Fig. 1d). However, the staggered pack-
ing of their subdomains (SDs) as well as local contacts between Arp4
and N-actin resemble lateral interactions of two F-actin subunits in
a filament, In contrast, Arp8 packs against the lateral face of N-actin
opposite Arp4 by using a fundamentally different ‘side-to-front’ type
of interaction, unlike any other seen so far between actin-fold pro-
teins, Interestingly, we observed unambiguous density for ATP in
the nucleotide binding pocket of Arp4 and N-actin, whereas Arp8
remains nucleotide-free (Supplementary Fig. Ib.c). Constitutive ATP
binding by Arp4 is consistent with our previous observations sug-
gesting that Arpd is catalytically inactive”. However, N-actin may
still retain its activity as part of chromatin remodelers™ and was cap-
tured here in its ATP state by LatA. Of note, ATP must have been
copurified with the complex from the cellular environment, as we
did not add any nucleotides and LatA was added after purification.
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N-actin and Arp4: a conserved heterodimer in distinct chroma-
tin complexes. Arpd-N-actin within the Arp8 module has an over-
all configuration similar to Arpd-N-actin bound to Swrl'™* and
Arp7-Arp9 bound to Snf27" suggesting that the Arp4-N-actin
heterodimer is a structurally conserved module within the INOSD
and SWI/SNF families.

Toprabe the Arpd-N-actin heterodimerinits nativeenvironment,
we capitalized on a nanobody (denoted Nact™NB) that we generated
from an alpaca immunized with the endogenous 8. cerevisine INOS0
complex. Nanobodies emerged as a valuable technology to reveal
physiologically important states of cellular key components™ .
NactNB is highly selective for the endogenous Arpd-N-actin hetero-
dimer. Affinity enrichment mass spectrometry of yeast whole-cell
lysate using NactNB showed all 35 subunits of chromatin-associated
yeast complexes containing the Arp4-N-actin heterodimer (INOSQ,
SWRI, and NuA4) (Fig. 2a,b), suggesting that NactNB recognizes a
solvent-exposed and conserved feature in all of these complexes. To
reveal this binding epitope, we determined crystal structures of the
Arpd-N-actin-NactNB ternary complex (Fig. 2¢, Supplementary
Fig. 2a, and Table 1). NactNB binds into a crevice jointly formed by
the pointed ends of the two actin-folds opposite the Ino80™* bind-
ing site (Supplementary Fig. 2b). Satisfyingly, NactNB recognizes
the same staggered configuration of N-actin and Arpd, as present
in the structure of the Arp8 module (Arp4-N-actin heterodimers
align with a backbone rm.s.d. of 0.68 A; number of aligned residues
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Fig. 2 | The Arp4-N-actin heterodimer is a conserved structural module of

og,; (MactNBVGFP-NB)

chromatin complexes, a, Arpd and N-actin are conserved core compoenents

af all INOBD and SW1/SMF chromatin remadeler families, except for the 5. cerevisioe SWI/SNF and RSC remodelers, which instead contain the sequence-
divergent Arp7 and Arp® prateins, INOBO and SWR1 contain the additional ArpS, Arpe, and Arp subunits. b, NactMB captures endogencus Arpd-MN-actin
heterodimer. Yeast whole-cell extract was subjected to affinity enrichment mass spectrometry experiments using NactNB and a GFP-binding nancbody as
a control. Assays were performed in triplicate, and a two-sided and two-sampled i-test shows {in a volcano plot representation} significant enrichment of
all 34 subunits of INDZ0, SWR1, and Musd complexes (see Methads for details). €, Structure of the Arpd-MN-actin-MactMB complex in two arientations
shawn as cartoon and surface representations (left panel: the ArpS medule structure aligned on the Arpd-N-actin dimer is shown in light gray). N-actin
and Arpd are ATP-bound {colored spheres). Boxed ‘zoom' image shows that Argl04 of MactMB binds the nucleotide binding cleft of N-actin,

(N} 753 using Secondary Structure Matching™ in COOT"') and
in complex with Swr1™* (Arp4-N-actin heterodimers align with an
ems.d. of 0.96 A and Njgn 724). Moreover, residual density in the
nucleotide binding pocket in absence of added nucleotide as well
as cocrystallization with ATP showed that NacINBE recognizes the
ATP state of N-actin (Supplementary Fig. 2e-e). NactNB detects the
relative orientation of the two N-actin lobes and inserts Argl04 in
between S5D2 and SD4, where it makes hydrogen bonds to the ATP-
bound conformation of Serl4 and Asp157 of the phosphate binding
loop P1 and P2, respectively, as well as Glu72 of the ATP sensor
loop (Fig. 2c).

Taken together, our data provide direct evidence for a conserved
configuration of the Arp4-N-actin heterodimer in the complete
endogenous INOS0O, SWRI, and NuA4 complexes and suggest that
M-actin can adopt an ATP-bound state in its native environment, as
previously also suggested for the human BAF complex™. The con-
served nature of the Arp4-N-actin heterodimer may point towards
a common, yet so far unknown, functional role of this module in
distinct chromatin complexes.

Arp8 recruits Arp4-N-actin to a segmented ‘two-plug’ scaffold of
Ino80™*, Deletion of Arp8 resulted in partially assembled INOSO
lacking also Arp4 and N-actin“. It rendered yeast cells highly

sensitive to metabolic and genotoxic stress””. A similar phenotype
was observed on partial removal of the Ino80"* and post-HSA
domain (InoB0r 154y (residues 531-598)7. The structure of the
Arp# module provides a framework for rationalizing the impor-
lance of Arp8 and the Ino80™* for recruitment of the Arp4-N-
actin heterodimer to the INOBO complex (Fig. 2a). Arp8 directly
engages N-actin through contacts between SD1 and SD2 of Arp8
with 53 and SD4 of N-actin. In addition, we identify a function for
long insertion element I-3a of Arp8. I-3a covers the lateral surface of
the Arp8 actin-fold and forms thereby a latch that consolidates the
interaction with N-actin. Owverall, this bipartite interaction of Arp#
recognizes a 1,392 A7 large area of the N-actin lateral face opposite
Arp4 and thus specifically helps to recruit and retain the interaction
of Arpd-N-actin with Ino80%4,

Previous models proposed that N-actin and Arps are recruited to
chromatin remodelers by a long, continuous HSA helix that provides
a binding platform for barbed ends of actin-fold proteins™"”. While
the general helical structure and serial binding of Arp4 and N-actin
barbed ends are consistent with this model, Ino80™" adopts a
distinct segmented structure (Fig. 3b and Supplementary Fig. 3a,b).
The N-terminal helix ol (residues 472-518), bound to the
barbed ends of Arp4 and N-actin, has a pronounced kink at position
483-485 that divides it into segments ol and «l”. The C-terminal
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Fig. 3 | Arp8 recruits Arpd-N-actin to a segmented ‘two-plug' scaffold of Ino80HSA. a, Cartoon and surface representations of the Arp8 module

displaying interaction sites between ArpS and M-actin. The Arp8 actin core fold is colored in gray and the insertions in blue. Arp8 contacts M-actin 503
and -4 via its actin core fold, with SO0 and -2 {boxed close-ups in the left panel), and its actin fold insertion 3a (close-up in the right panel). b, Sequence
alignment of InoBO"* from different species, with positively charged residues {Arg and Lys) colored in blue and hydrophohic residues (lle, Leu, Trp, Val,
Phe, Tyr, and Met) in green. The region visualized in the crystal structure is indicated by red lines above the sequences. The highly conserved TELY maotif is
highlighted by a red rectangle. Green dots below the sequences emphasize conserved hydrophebic residues in Flug] and Flug2 that bind Arpd and Arp8,
respectively. Belaw, cartoon representation of the Arp8 module. The Ino80'" domain is shown, with hydrophobic residues colored in green and positively

charged residues colared in blue.

helix w2 (residues 522-557) forms the third segment, bound to the
barbed end of Arp8. We identified two hydrophobic residue clus-
ters (Plug 1 and Plug 2) that define the register and contain each
an anchoring tryptophan residue. A structural shift resulting from
segmentation of al enables Plug 1 (lle476, Trp477, and Met480)
to insert into a hydrophobic pocket of the barbed end of Arpd
(Fig. 3b and Supplementary Fig. 3¢), while well-defined loop L1 in
between a1” and a2 shifts o2, enabling insertion of Plug 2 (Met539,
Phe542, and Trp543) into a hydrophaobic pocket of the barbed end
of Arp8. The latter interaction appears to be critical not only for
recruitment of Arp8 but also of the Arp4-N-actin dimer. The pre-
viously reported partial removal of the InoB0'™* and InoBpe=-t=t
includes Plug2 of «2 and leads to loss of the entire Arp8 module
in vivo™, although the Arp4-N-actin binding site of the Tno80™*
is still intact. The distance between the two hydrophobic plugs in
conjunction with the asymmetry of Ino80"** segmentation matches
the unique arrangement of actin-folds within the sandwich-like
structure of Arpd, N-actin, and Arp8. In addition, loop L1 and the
resulting translational and rotational shift of a2 enable formation of
the extensive contacts between N-actin and Arp# that would not be
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possible for a continuous HSA helix. Thus, our structure shows how
Arp8 specifies recruitment of the Arp4-N-actin heterodimer to the
segmented, ‘two-plug’ scaffold of the helical Ino80/*,

Ino80"** of the Arp8 module binds extranucleosomal DNA.
Our recent cryoEM study of the INO80™ -nucleosome complex
revealed density of the Arp8 module adjacent to the well resolved
nucleosomal DNA entry site, where the Ino80 Snf2-motor domain
pumps DNA into the nucleosome™ (Fig. 42). To test for binding of
the Arp8 module to nucleosomal and extranucleosomal DNA, we
performed electro mobility shift assays (EMSAs) where nucleo-
somes with (ON80) and without (ONO) 80bp extranucleosomal
DMA on one side compete for binding the Arp8 module (Fig. 4b).
In such competition assays, the Arp8 module showed a clear bind-
ing preference for the ONBO over the OND nucleosome, showing that
the Arp8 module binds extranucleosomal DNA.

Combination of the INOB0“*-nucleosome complex cryoEM
structure” and the Arp& module crystal structure leads directly
to a structural model of how the Arp8 module might be located
at extranucleosomal DNA, as discussed further below. In this
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Fig. 4 | Extranucleosomal DMA binding by the Arp8 module is critical for INOBO nucleosome sliding and genome-wide nuclessome positioning.

a, CryoEM density of the INOBO-nucleosame complex™, with a structural model for InaB0™ = les2, ArpS, lest, and the Rvb1-Ryvb2 heterohexamer

bound te an MCP. Density next to the nucleocsamal DMA entry site could be assigned to the ArpB module (colared in blue), b, Competition EMSAs with
two nucleasome species (20 nM each: ene with {ONS0) and cne without (ONO} an 80-bp extranuclecsomal DNA overhang), showing a clear binding
preference of the Arp8 module for ONED nucleasomes. Mutation of solvent-exposed basic residues on helix a2 of Ino80* (H5Aa2) decreases ONE0
binding by the Arp8 module. Assays were performed in triplicate. Conc., molar concentration in nbd; WT, wild type. ¢, INOBO (27 nh) ATPase activity,
basal or stimulated with 223-bp dsDNA (100 nM3, ONO Q00 nM ), and ONBO (50 nM ) nucleosomes, Error bars represent the mean+s.d. from three
independent experiments. d, Time course of ATP-dependent INOBD nucleosome (ONE0) sliding on a single mononucleosome substrate (with 180
IMBD and 90 nk ONBO). Reaction educt {end-positicned nucleoseme) and praduct {center-pasitioned nucleasome) were resalved by MativePAGE.
Assays were performed in triplicate. e, Genome-wide nucleosome pasitioning by INOBO (18 nM), Heat map displaying color-coded nucleosome dyad
density of YCpE0 plasmid library yeast genes aligned an the in vive-defined +1 nucleasorme dyad (0 bp) position, after seguence-intrinsic nucleosarme
paositioning by salt gradient dialysis (5G0), ar after additicnal incubation with indicated wild-type or mutant INOBO complexes, Rows are sorted acconding
ta INOBO effectiveness. f, Compasite plots of heat maps shown in e. Grey background displays in vive nuclessame pasitioning. Gename-wide nucleosome
positioning assays were performed in duplicate. Uncropped gel images are shown in Supplementary Data Set 1.

model, Ino80"** mediates direct binding of extranucleosomal DNA ~ domain of Ino80", Having the crystal structure for Ino80™*, we
along the barbed ends of Arp8, N-actin, and Arp4. In isclation,  noticed a set of highly conserved, solvent-accessible lysine and argi-
neither actin and Arpd nor human Arp8 bind double-stranded nine residues that may account for binding of extranuclensomal
DNA (dsDNA) with considerable affinity”, while the Ino80™* was  DNA (Fig. 3b and Supplementary Fig, 4a). To test this hypo-
proposed from sequence analysis to be part of a dsDNA binding  thesis, we mutated several of these lysine and arginine residues
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in the InoB0™ a2 helix to glutamines (HSAu2), We observed
lower expression yields of the mutated minimal Arp8 module,
indicating perhaps destabilizing effects of the mutations by low-
ering the helix propensity of Ino807*. However, using complex-
stabilizing NactNB for purification provided sufficient quantities of
stable material for DNA binding studies (Supplementary Fig. 4b).
Fluorescence anisotropy analysis on binding of generic 40bp
dsDNA and competition EMSAs with 0N0 and 0N80 nucleosomes
showed that binding of NactNB at the pointed end of N-actin only
slightly reduced dsDNA binding (around twofold; Supplementary
Fig. 4c.d). S0, we used NactNB to rule out that any loss of DNA
binding is induced by weakening of the complex. Importantly, the
a2 mutations substantially reduced binding of the Arp8 module
both to dsDNA (Supplementary Fig. 4c) and nucleosomes (Fig, 4b
and Supplementary Fig. 4d). Thus, we conclude that the positively
charged HSA domain of Ino80 provides a binding site for extra-
nucleosomal DMNA.

Arp8 module is important for nucleosome sliding and genome-
wide nucleosome positioning, To assess the mechanistic impact of
DNA binding by the Arp8 module on nucleosome remodeling by
INO80 (Fig. 4), we mutated Ino80™* in the context of the entire
INOS80O complex (Supplementary Fig. de). Parallel to this study, we
established an insect cell co-expression approach for expression and
purification of the entire S. cerevisiae 15-subunit INO80 complex.
Such recombinant INOSO retains the activity of the endogenous
complex, but is fully amendable to site-directed mutagenesis (to be
published elsewhere by: Krietenstein Nils, Oberbeckmann Elisa,
Niebauer Vanessa, Schall Kevin, Schwarz Marianne, Moldt Manuela,
Tobias Straub, Korber Philipp, Hopfner Karl-Peter, and Eustermann
Sebastian). Using this system, we were able to purify stable INOS0
complexes with wild-type-like stoichiometry of all subunits, and also
if full-length Tno80 with mutated TISA was co-expressed together
with all other 14 subunits of INO&0 (Supplementary Fig. 4f). EMSAs
with ON80 nucleosomes showed homogenous complex formation at
similar concentrations for wild-type as well as for mutant INOS0
(Supplementary Fig. 4gh. This was in contrast to the decreased
binding affinity of Ino80-HSAx2 in context of the isolated Arp8
madule and suggests that binding of the entire complex to nucleo-
somes is mostly dominated by subunits other than the minimal
Arp8 module; for example, subunits of the INOS(O core that interact
directly with the nucleosome, or other DNA binding subunits such
as the Nhpl0 module. OF note, Arpd in the recombinant 15-sub-
unit INOB0 complex contains the full N-terminal tail in contrast to
the construct used for crystallization, Although the N-terminal
region of Arp# is not well conserved among species, it might
additionally contribute to nucleosome interactions, DNA binding,
or complex stability.

However, despite retaining high-affinity nucleosome interac-
tions, mutations of the InoB0™* domain markedly affected dsDNA-
stimulated ATPase and ATP-dependent nuclensome sliding activity
of INOBO. ATP hydrolysis by wild-type INO80 is robustly stimulated
on addition of dsDNA or NS0 nucleosomes (Fig. 4c). Mutations
of the helix «l or a2 of Ino80"* impaired ATPase stimulation by
dsDNA, while the same mutants showed similar or even moderately
faster ATP hydrolysis rates than wild-type complex if stimulated by
ONS0 nucleosomes, Despite this similar or increased ATP turnover,
HSA mutations substantially decreased INOS0s activity to slide
ON80 nucleosomes towards the center of a 225-bp DNA substrate
(Fig. 4d). Mutations of either helix «l or a2 reduced nucleosome
centering to residual levels, while mutations targeting both helices
abrogated this remodeling activity completely.

Given this mechanistic impact on sliding activity in a specialized
mononucleosome context, we asked whether Ino&0M* is also more
generally important to mobilize and position nucleosomes across
the whole yeast genome. To this end, we employed a genome-wide
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Fig. 5| Structural model of the INO&0***+-nucleosome complex.

a, Medel of the INOBO ™ *"-nucleosome complex (shown as surface
representation) based on the INO80“-nuclecsome cryaEM structure™
and the Arp8 module crystal structure (this study). b, Previously published
cryaEM density map of the INOB0***-nucleosome complex™ with the
madel of the INOBO™***-nucleasome complex fitted into the density.

reconstitution approach, where it was shown previously that puri-
fied INCBO on its own is able to properly position +1 nucleosomes
on a genomic plasmid library’, A similarly direct analysis of INO80's
nucleasome positioning activity would be inherently difficult in
vivo, given the complex interplay between different remodeler fami-
lies as well as other factors such as the transeription and replication
machinery*. Micrococcal nuclease digestion and next generation
DNA sequencing (MNase-seq) was used as read out for nucleosome
positions across the genomic plasmid library before and after incu-
bation with INO80 and ATPE. In contrast to the strongly decreased
sliding activity with a mononucleosomal substrate based on the
‘Widom 6017 sequence (Fig. 4d), INOB0 mutations targeting HSA
helix al or a2 individually did not compromise average patterns
of genomic +1 nucleosome positioning (Fig. 4e[). This finding
is intriguing as it suggests that nucleosomes on genomic DNA in
plasmids may be a less demanding substrate for translocation and
positioning than a "Widom 601" mononucleosome. This could be,
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Fig. 6 | Conserved architecture of N-actin-Arp modules in INOBO/SWR1 and SWI/SNF family chromatin remodelers. a, Crganization of the M-actin-
Arp modules in INOB0, SWR1, and RSC remodelers with respect to the Sni2-type ATPase. The schematic representation is based on our IngB0f=m+4w-
nucleosome madel (shown in Fig. 5a), the structure-based sequence alignment shown in b, and the crystal structures of Arpd-M-actin-Swrl™

(PDB SISE), Arp7=Arp2=5nf2"* (PDE 4l6M), Arpd=N-actin=ArpE=InoB0"™*, and 5nf2 in complex with a nucleosome (PDB SHZR). Conformation of the
respective H3A domains (red) is illustrated by a continuous or segmented helix, The post-H3A of InaB0 and Snf2 (pink) interacts directly with M-lobe of
the Snf2-type ATPase (red) and is connacted via a linker region {datted line). The nucleotide state of the actin-fold proteins is indicated according to the

respieclivi crystal structure, Interestingly, recent bicchemical analysis suggested that the Swil™ is bound by Arpd and bwa M-actin molecules™,

Qur structure-based alignment shown in b reveals that the Arp8 binding site of IneB0™* correspands to the second N-actin site in Swrl***, aa, amino
acids. b, Structure-based seguence alignment of the HSA and post-HSA domains of Ino80, Snf2, and Swrl {basic and hydrophobic residues are
highlighted in blue and light green, respectively). Binding sites for Arps and N-actin are conserved between the INOBD and SWI/SNF remodeler families.
Our structure-based alignment reveals that the Ino80r= 1 (QITELY motif is related to the Saf2e=54 QTHK[FAY] motif.

for example, due to the presence of multiple nucleosomes, extranu-
cleosomal DNA on both sides, the absence of DNA ends, or due to
lower intrinsic nucleosome stabilities. The former three possibili-
ties seemed unlikely as remodeling an internal nucleosome within
an array of 601 sequences separated by 50bp extranucleosomal
DNAY was also strongly impaired by mutations targeting either
HSA helix individually (Supplementary Fig. 4h,i). Importantly,
however, mutation of both H5A helices al and @2 at the same time
abolished INO&0 nucleosome remodeling on all tested substrates
including genome-wide nucleosome positioning (Fig. 4d-f and
Supplementary Fig. 4i).

Taken together, our biochemical results identify a critical role for
binding extranucleosomal DNA by the Arp8 module in coupling
the energy derived from ATP hydrolysis to productive nucleo-
some sliding by INOS0. Such chemo-mechanical coupling may
be particularly important to mobilize nucleosomes in the context
of sequences that strongly bind the histone octamer, such as the
601 sequence. Positioning of +1 nucleosomes guided by promaoter
sequences is likely to involve also other parts of the INOS0 complex,
such as the Nhp10 module.

A structural model of the INO80-nucleosome complex includ-
ing its Arp8 module. Combination of the 4.3-A cryoEM structure
af the C. thermophilim INOB0I“—nucleosome complex’” with the
4-A 5, cerevisiae crystal structure of the 180-kDa Arp8 module
leads directly to a compaosite model of the evolutionarily conserved
INOSI+*7 complex bound to a nucleosome with a molecular
weight of approximately 1 MDa (Fig. 5a). The two structures can be
joined in silico by the highly conserved post-HSA and HSA domains
of Ino80: helix a2 of the HSA domain crystal structure needs to be
extended by only 35 C-terminal residues to include the post-HSA
helix that is present in the cryoEM structure™, This structural model
is consistent with the mapping of INOS0 subunits onto nucleoso-
mal substrates in vive”™, in vitro™, and with our previous cryoEM

data™ as it places the Arp8& module into the large unassigned density
patch (Figs. 4a and 5b) and at the same time maintains a continu-
ous H5A and post-HSA helical structure, In particular, we observed
cryoEM density for an extended post-HSA-HSA helix pointing
from the N-terminal lobe of the Sni2-type ATPase domain at SHL-6
towards entry DMA at SHL-8, Moreover, the elongated architec-
ture of the Arp8 module accommodates approximately 40 bp extra-
nueleasomal entry DNA and fits thereby into the low-resolution
reconstruction obtained for the entire 11-subunit INO&Q&s e
nucleosome complex'’. The 120-A HSA domain is positioned along
the dsDNA with conserved arginine and lysine residues contacting
the phosphate backbone as probed by our biochemical experiments
described above. Helix a2 contacts the DNA around SHL-8 while
the N-terminal helix ol reaches SHL-10 to -11. Consequently, Arps
resides on the extranucleosomal DNA proximal to the Snf2-type
ATPase of Ino80, while the Arp4-N-actin heterodimer binds in a
distal position. The model is therefore consistent with promoter
binding of Arp8 proximal to the +1 nucleosome in vive™, as well
as cross-linking of Arp4-N-actin heterodimer to extranucleoso-
mal DNA at position —110nt (SHL-11} in vitro", However, given
the flexibility of the Arp8 module in the cryoEM reconstructions,
we do not rule out the presence of other conformations and posi-
tions of this module during the functional cycle of INOB0 in nucleo-
some remadeling,

Discussion
Here, we provide a structure and function for the enigmatic, evolu-
tionarily conserved actin-fold subunits Arp4, N-actin, and Arp8 in
the INO80 chromatin remodeler. We show that the three actin-fold
proteins in complex with the Ino80"* form an extended structural
element that recognizes extranucleosomal, linker DNA, a critical
feature of INO80 mechanism and function.

INOS8D is a highly processive chromatin remodeler™" and we
recently proposed a mechanism by which INOS0 core subunits
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function as a macromolecular ratchet™; minor groove tracking by
the Ino80 Snf2-type ATPase motor at SHL-6 pumps DNA in mul-
tiple 1-2bp steps against a grip formed by Arp5-les6 at SHL-2/-3
until DNA propagates around the histone octamer and translo-
cates nucleasomes by a large step size. Indeed, 10-20bp transloca-
tion steps are observed "', and a kinetic model has been proposed
describing the dependency of INOB0 on extranucleosomal DNA:
the activity of the ATPase motor does not result in efficient DNA
translocation unless more than 40bp of entry DNA are available; the
pumped DNA might otherwise collapse backwards™. Intriguingly,
the footprint of the Arp8 module matches this limiting length of
40bp DNA (Fig. Sa). If less than 40bp extranucleosomal, linker
DNA are available, pumping an additional 10-20bp DNA into the
nucleosome would substantially shorten the entry DNA beyond
this limit; that is, pull away the DNA and thereby abrogate the con-
tacts between DNA and the distal part of the HSA domain, where
the Arp4-N-actin heterodimer binds. Consequently, this scenario
recapitulates the impact of HSA mutations that also lead to loss of
extranucleosomal DNA binding and reduce nucleosome sliding to
residual levels, most probably caused by 'back-slippage’ of DNA.
By combining our structural and biochemical data with previous
kinetic insights~, we thus propose that the Arp8 module within
INOS80 functions as sensor of extranucleosomal DNA, mechanisti-
cally coupling ATP-dependent DNA pumping to processive nucleo-
some translocation.

Biochemical and genetic evidence for the SWI/SNF chromatin
remodeler family suggests that the yeast Arp7-Arp% module of
RSC has a role similar to that proposed here for the Arp8 module
of INO20, as it also couples ATP-dependent DNA translocation
of the Snf2-type Sthl motor domain to nucleosome remodeling
such as translocation and ejection®. It was proposed that the post-
HSA domain of Sth1 acts as a ‘throttle’ controlling ATPase activ-
ity"". Indeed, our structural study shows that the post-HSA domain
interacts with the N-lobe of Ino80* in a homologous manner as
previously observed for Snf2"" and Sth1'. A structure-based align-
ment reveals that the highly conserved (Q)TELY motif® of the
Ino80r 154 domain is related to the QTXX[F/Y| motif of Snf2
(Fig. 6a,b), while the interaction with protrusion-1 provides,
together with brace helix-1, a key allosteric site for controlling DNA
groove tracking by the ATPase motor'™, Despile recent prog-
ress' L s still elusive how the Arp7-Arp9 module of RSC
functions at a molecular level. It was suggested that the module
folds back onto the Sthl motor domain acting as ‘clutch’ to pro-
maote nucleosome remodeling. While INOBO might adopt a closed
conformation in absence of a nucleosome™", our structural and
binchemical data suggest an extended conformation of the Arp8
madule which enables extranucleosomal DNA binding. The inter-
play between the HSA and post-HSA demains may thus link sens-
ing of extranucleosomal DNA to allosteric control of the Snf2-like
motor domain of Ino80.

Sensing of linker DNA is a hallmark of chromatin remodelers
since it provides mechano-chemical means to conduct higher order
remodeling reactions such as spacing and phasing of nucleosomes
in genic arrays". Future studies will use the mechanistic insights
discovered here as a framework to dissect such functions and will
show whether they may provide unifying principles for regulation
of the INOS0 and SWI/SNF families of multi-subunit chromatin
remodelers.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at hitps://doi.
org/10.1038/541554-018-0115-8.
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Methods

Nansbody generation. For generation of the Arp4—M-actin binding nanobody
(NactNB), an alpaca was immunized with purificd and cross-linked endogenous.
[NOE0 complex. INO80 complex for immunization was prepared as arlier described".
Alpaca immunization, nanobody library generation, and selection of INO#( binding
nanobodies were performed as previously published ™ by ChromoTek GbH.

Cloning, protein expression, and purification, Nenobody (Nact8B). The DINA
sequence coding NaciNB carrying & C-terminal Twin-Strep-Tag was cloned into
A pHENS vector upstream of the pelB leader sequence”’, Escherichia coli Rosetta
[DE3 cells iMerck Millipore] were transformed with the pHENG-NactNEB vector,
Ereshly transformed cells were cultured at 37 °C in lysogeny broth containing

100 pgml™ ampicillin. Protein was expressed for 2h at 22°C after induction with
0.3mM isopropyl [i-d-1-thiogalactopyranoside at an optical density at 600nm of
0.6. All protein purification steps were performed at 4°C. Cells were collected by
centrifugation and subsequently incubated for 30min in lysis buffer (50 mM Tris
PH A0, 300 mM NaCl, 1x protease Inhibiter cocktall {Sigma-Aldrich), | mgml™*
Iysozyme {Carl Roth), and 125 units ml-' benzonase (unlt ks a measure for the
amaount of the enzyme and defined by the vendor Sigma- Aldrich)) for periplasmic
Tysis. The cell debris were separated by centrifugation, NactNB was purified from
the soluble extract via the C-terminal Twin-Strep-Tag using Strep-Tactin Sepharose
(IBA) in 50mM Tris pH 8.0 and 300mM NaCl. NactNB bound to Strep-Tactin
Sepharose was stored at £°C and used within 2d for pull-down assays or eluted
with buffer containing 2. 5mM d-Desthiobiotin.

Arpd-N-actin-NactNB complex. 5. cerevisiae genes coding for Arp4, Arps, actin,
Tafl4, lesl, les2, les3, Jesd, Tes5, and Nhpl were combined in a single pFBDM
vector using the MultiBac system ™. Integration of genes from the pFBDM

vector inte the baculoviral genome was performed in DHIOMultiBac cells
[GenevaBiotech), baculovirus generation in Spodoptesa frugiperda S121 insect cells
(IPLE-SIZIAE Invitrogen), and protein co-expression in Trichoplusia ni High Five
insect cells (BTI-TN-5B1-4 Invitrogen) according to a published protocol”™, High
Five cells were transfected 1/100 {viv) with baculovirus, Cells were cultured for 60 h
at 27°C until they were collected by centrifugation, Cells were lysed by sonication
in 30 mM Tris pH 8, 300mM NaCl, 5% plycerol, and 1 protease inhibitor cocktail
(Sigma-Aldrich). The raw ccll lysate was cleared by centrifugation. NactNB-bound
Strep-Tactin Sepharase was used to isolate the Arpd-N-actin heterodimer from the
soluble cell extract. The Arpd-N-actin-NactNE complex was washed with 500mM
Tris pH 8, 30 mM NaCl, and 5% glycerol and eluted with 50mM Tris pH 8,

300 mbd NaCl, 5% glycerol, and 2.5 mM d-Desthiobiotin, The ternary complex was
further purified by lon-exchange chiromatography with a HiTrapQ HP column (GE
Healthcare; linear gradient 100 mM 1o 1 M NaCl) and gel Aliration with a Superdex
200 column {GE Healtheare) equilibrated with 20mM HEPES pH 8 and 200 mM
NaCl. Pure protein was concentrated to a final concentration of 16-20mgml~',
fash frozen in liquid nitrogen, and stored a1t —80°C,

Arp& module. Genes encoding 8. cerevisioe Arp4 and actin were cloned into one
PFEDM vector and those coding for 8 cerevisiae Arp8 (residues 255-881; the
non-conserved N-terminal residues 1-254 were deleted ) and Ino80°%* {residues
462-598) carrying a C-terminal StrepTag 11 were combined on a second pFEDM
vector . Baculewvinuses for the respective vectors were generated in S{21 insect cells
as described above. For the co-expression of the four proteins, High Five insect
cells (BTT-TN-SB1-4 Invilrogen) were co-infected with the lwo viruses (11100 (viv)
each), cultivated for s0hat 27 °C, and collected by centrifugation, High Five cells
were lysed by sonication in 20 mM HEPES pH 7.8, 100 mM KCI, 2.5% glycerol, and
1% protease inhibitor cockiail (Sigma-Aldrich). The complex was purified from the
cleared cell lysate by affinity chromatography using Strep-Tactin Sepharose (1BA),
ion exchange chromatography with a HiTrapQ HP column (GE Healtheare; linear
gradient 100-800 mM NaCl), and gel filtration with a Superdex 200 column

[GE Healthcare) equilibrated with 20mM HEPES pH 8, 150mM KCI, 2.5%
glyceral, and | mM dithiothreitol. Feak fractions containing hemogenous Arpg
module complex were poaled, concentrated, flash frozen, and stored at —80°C.

For the Arps module InoR0-HSAa2 mutant (see Supplementary Table 1 for the
mitated sequence range), a single pACE-Bacl vector encoding expression cassetles
fisr &, cerevisiee Arpd, 3 Arpd [resicues 255-881), and [noB0-HSA w2 (residues
462598+ Ceter 1 StrepTag 11) was generated by using the latest MultiBac
system”, Generation of the bagulovirus, expression in High Five insect cells, and
purification of the wild-type and the HSAc2 mutant Arp8 moedule in complex with
NactNB were performed in principle as described above, Prior purification of the
respective complex 1 mg of purified MactNB (purification of NactWE is described
abeove) was added directly to 20ml of cleared insect cell bysate. Further purification
followed the procedure described before for the wild-type Arps module.

TNORD comples. Purification of recomblnant expressed 5. cerevisiae TNOSO
complex from insect cells will be published elsewhere {unpublished data by:
Krietenstein Mils, Oberbeckmann Elisa, Miebauer Vanessa, Schall Kevin, Schwarz
Marianmne, Moldt Manuela, Korber Philipp, Hopfoer Karl-Peter, and Evstermann
Sebastian). Briefly, two Baculoviruses were generated by MultiBag technelogy™
using coding sequences for 8, cerevisiae Ino®{2x Flag), Bvbl, Rvb2, Arp4,
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ArpS-His, Arp8, Actln, Tafld, lesl, les, les3, Tesd, les5, Test, and Nhp 10 subcloned
into pFRDM vectors. For expres High Five insect cells (BTI-TN-5F1-4
Tiwitrogen) were co-infected with the two baculoviruses 17100 (viv) each. INOSO
complex was purified from the insect cells according 1o a previous published
protocel " which resulted ina pure and monedisperse sample.

INOE0 complex HSA mutants were prepared as described for wild-type
INOS. Three Inodi 2x Flag) HSA mutants (H3Axl, H5Aa2, or HSAx]/ul)
were generated using standard cloning technigues and integrated into above-
described Baculovirus using MultiBac technology™ (mutated residues are shown in
Supplementary Fig. 4e and Supplementary Table 1).

Preparation af huwasn mononcleosormes. Canonleal human histones were
esentially purified as described previously .

Briefly, E Coli BL21 {DE3) cells (Novagen) were used 1o express histones for
2hat 37°C. Cells were disrupled using non-denaturing conditions and inclusion
bodies were washed wsing 1% Triton X- 108, Guanidinium chloride (7 M) was
used for resuspension and inclusion bodies were dialyzed in urea (8 M), Cation
cxchange chromatography was applied to purify histones. After refolding of
histones under low-salt conditions, an anion exchange chromatography step was
used as a final purification step. Histones were lyophilized for long-time storage. To
assemble histone octamers, single histones were resuspended in 7 M guanidinium
chioride, mixed at a 1.2-fold excess of H2AJ H2ZB, and dialyzed against 2 M MaCl
for 1ah. Size exclusion chromatography (Superdex 200 1a/600 column; GE
Healtheare] was used to purlfy histone octamers, which were then stored 1o 50%
glycerol at =20°C. For the purpose of mononucleosome reconstitution we used
Muorescein-labeled Widom 601 DNA™ with #0bp extranucleosomal DINA in the
(NS0 orientation” or without extranucleosomal DNA (0ND). After amplification
by PCR, the DNA was purified using anion exchange chromatography and
concentrated by applying vacuum. Histone octamers and DNA were mixed at
1.1-fold excess of INA at 2 M NaCl. The sodium chloride concentration was then
decreased to a final concentration of 50 mM over 17h at 4°C. In a final step, NCPs
were purified using anion exchange chromatography. After dialysis w 50mM NaCl,
NOCPs were concentrated to I mgml™ and stored at 4°C.

Crystallization. Arpd-N-actin-NactNB, Before crystallization the Arpd-N-
sctin-NactNE complex (16 mg ml-") was mixed with subtilisin (1=6,000
{wiprotease)/w(complex)} for in-drop proteolysis). 0.2 mM CaCl,, and either 1mM
ATP (buffered at pH 7.5 in 100 mM Tris) for the N-actin ATP-bound structure

or with 1mM ADP (buffered at pH 7.5 in 100mM Tris) for the nucleotide- free
{apo} structure, Crystals were grown by hanging-drop vapor diffusion at 20°C in
1.4-1.5M sodium malonate at pH 6.0. The best diffracting crystals were harvested
after 4-8d and cryo-protected with 23% glycerol.

Inod0" - Arpd-N-Actin-Arp&. For the crystallization of the Ino&0F* - Arp4-N-
Actin-Arp8 complex, protein solution (13 mgml ') was mived with LatA (for

the LatA stock solution LatA was dissolved in 10d% dimethylsulfoxide 1o a final
concentration of 10mM)ata molas ratio of 115 (complex/LatA ). Crystals were
grown by hanging-drop vapor diffusion at 4°C against 0.1 M sodivm citrate tribasic
dibydrate and 18% wiv polyethylene glycol 3,350, The crystals were collected after
300 and eryo-protected with 200% plyceral.

Data collection and processing, structure determination, and refinement.
Diffraction data from all crystals were collected at 100 K with a wavelength of 1.0.4
at the Swiss Light Source beamline X065A. Data were processed with XDS and
scaled with POINTLESS and AIMLESS within the CCP4 snite .

Arpd-N-actin-NactNB, The two structures of the Arpd-N-actin-NactNE complex
with N-actin ATP bound [Protein Data Bank (PDB) SMEM) and nucleotide-free
{apn) (PDE 5MEL) were determined by molecular replacement with Phaser™,

For a first model, structures of 8 cercvisiae actin (PDB 1YAG) and Arpd

(PR 30RO were used as search models following the removal of any nucleatides,
water molecules, or metal atoms. A homaology model of NactNE was generated
wsing the PHY RE server™ and the three complementarity-determining region
loops were deleted before its use as a search model. Sequential search analyses
with two copies of each of the search models for Arp4, actin, and NactNE resulted
in & unique solution for two copies of the ternary complex per asymmetric unit.
The initial model was used as search model for the analysis of the diffraction data
sets from crystals grown in presence of ATP or ADP giving bnmediately a siingle
solution with two complexes per asymmetric unit for both structures. In crystals
grown with ATP, N-actin was clearly ATP bound, Tn contrast, in crystals grown in
presence of ADP, N-actin was nuclestide-free, madels were then improved
by iterative rounds of medel refinement with phesizrefine” and manual model
building with COOT™. Both electron density maps contain density for a peptide
of unknown source that we could not assign to any sequence of the expressed
proteins. This density was therefore modeled as a poly-UNK (unknown amino
acid) peptide. The final model of the N-actinf ATP}- Arp4-NactNB complex
{PDB 5NBM) at 3.4 A resolution has B, /R, values of 15.2%/19.39

the model of the M-actin{apo)- Arp4-NactNB complex {PDB 53
resolution has B /R, values of 17.1%/204% (Table 1).
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TR0 Arpd-N-Actin-Arp&. The [noB0™ Arpd-N-Actin-ArpS structure
B0 was determined by molecular replacement with Phaser™. The Arpd-
~MNactMNB structure (PDB M BM) without NactNE and the yeast ArpgCTD
structure (PDB 4AM6) were used as search models following the remeval of
any ligands or waters molecules, A single solution containing twe copies of the
Arpd-N-actin-ArpE complex per asymmetric unit was found. Clear difference
density for the Ino80"** domain was visible in the initial map after molecular
replacement. The model was improved through iterative rounds of refinement with
phenix.refine, applying secondary structure restraints and MCS restraints, and
manual model building with COOT. The Ino80"™* domain was built manually
with COOT using B-factor sharpening and feature-enhanced maps” (calculated
by phiesiz.fem) for model bullding. Density for bound nucleotides at the canonical
nuclentide binding sites of Arpd and N-actin could be identified as ATE Building
aml refinement of ADP into the unbiased density map showed in both cases clear
difference density for 2 missing gamma- phosphate. Subsequent refinement shows
similar B-factors for the alpha, beta, and gamma phosphate of each ATF molecule.
The final mode] of the Ino80™*-Arp4-N-Actin- Arp8 complex at 4.0 A resolution
has R, /Ry,., values of 19.3%(24.2% (Table 1),

Structures were analyzed using COOT" and PISA™, Superposition of
structures was performed by using the Secondary Structure Matching ” algorithm
in COOT. Figures of structures were prepared with PyMOL™ and ChimeraX™.

Affinity enrichment mass spectrometry. Yeast with a double FLAG-tagged
INORD (Genotype: MAT: INOSO-FLAG, his3 A200 lewd AD met 15A0 tepl AR
uradAd; kindly provided by X. Shen)’ were prown for 2d in YPD medium al 30°C,
Cells were collected by centrifugation. Pellets were re-suspended 5:1 (wiyeast)!
wibuffer)) in 20mM HEPES pH 7.8, The cell suspension was dripped into liquid
nitrogen and the frozen cells were lysed using a freczer mill (SPEX SamplePrep).
The frozen cell powder was stored at —80 °C until usage.

Frozen yeast cell powder (20 ) was thawed in 20 ml bysis buffer (23mM HEPES
pH 8.0, 500mM KCL 10% glycerol, 0.05% NP40, | mM EDTA, 4mM MgCL, and
1 protease inhibitor cocktail {Sigma-Aldrich)). Chromatin was fragmented with a
polytron homogenizer (Kinematica; Fisher Scientific) and by sonication (Branson). The
raw cell lysate was cleared by centrifugation and 250pg ml " avidin (TBA ) was added.

The specific-binder nanobody (NactNB) and the control nanobody (enhancer
GFP nanobody; eGFP-NEF both had a C-terminal Twin-Strep-Tag and were
expressed and purified as described for above for NaciNB, NaciNB or eGFP-NB
immahbilized on Strep-Tactin Sepharose were incubated with equal amounts of
cleared yeast cell lysate. Unbound protein was remaoved by washing with buffer W1
(25 mM HEPES pll 8.0, 500 mM KCI, 10% glycerol, 0.05% NP40, 1 mM EDTA, and
4mb MgCl,) followed by buffer W2 (25 mM HEPES pH 8.0, 200mM KCL, 10%
glyceral, ImM EDTA, and 4mM MgCL).

Samples for liguid chromatography-tandem mass spectrometry measurement
were in principle prepared as published before™. Briefly, equal amounts of the
nanobady Strep-Tactin Sepharose beads from each pull-down were incubated
In buffer E1 {50mM Tris-HCl pH 7.5, 2M urea, Spgml " trypsin (Promega),
amd 1M dithiotheeitol] for 30 at 30°C foF on-bead digest. Any remaining
peptides were eluted from the beads and alkylated with buffer E2 (30mM Tris-
HCIpH 7.5, 2 M urea, 5 mM iodoacetamide), Elution fractions were pooled and
incubated in the dark overnight at 32°C. The digestion was stopped by the addition
of 1% trifluoroacetic acid. Samples were loaded on seli-made C18 reversed-phase
StageTips for purification and enrichment following a standard protocol”, Peptides
were eluted with 2 20 pl buffer B (80% ACN and 0.5% AcOH) and concentrated
using a $peedVac concentrator to a final volume of 5-10pl, Finally, 2.5 pl buffer A*
(2% ACN, 1% TEA) and 2.5 pl buffer A (0.5% AcOH) were added to the sample.

Peptide samples were measured on a liquid chromatography-tandem mass
spectrometry system using an ultra-high performance liquid chromatography
systern (EASY-nlL.C 1000) coupled to an LTC Orbitrap Elite (both Thermo
Scientific) equipped with » standard nanoelectrospray source, Peptides were lnaded
onto @ 15-com x 0050-mm inner diameter reversed phase column packed with
2pim C18 beads {Acclaim PepMap RSLC analytical column, Thermo Scientifi
and subsequently separated using a 90-min gradient of solvent B {98% ACN,
0.1% FA) from 2% te 35% at a flow rate of 250 nl min™'.

“RAW files from the ¢GFP-NB (mock) and NactWB triplicate experiments
were analyzed together using the MaxCuant software suite (version 1.5.2.18)
including the label-free algorithm for label-free quantification intensity
calculation”. Drownstream data analysis was performed in the Perseus environment
[vershon 1.5.0.9.)7, Briefly, label-free quantification tntensity values were log,,
transformed. the data were filtered for at least two valid values in at least one of
the two conditions, and missing values were imputed using a normal disiribution
at the noise level (width: 0.3s.d. of the data; dewn shift: 1.85d. of the valid data).
Tor reveal significant outliers, a two-sample i-test was performed and data were
visualized using an in-house R script.

Fluorescence anisetropy. ArpE module in solution 40bp dsDNA binding affinity
was measured by fluorescence anisotropy in principle as described before ™.
Equimelar amounts of the two complementary DNA strands (forward 5'-3
fluorescein- COCTGOCGACT TCGOCTOGTTTTGGOGATTTTCT TAGC AAM
TATTCTTTC and reverse 5'-3" GAAAGAATATTTGCTAAGAAAATCGCCA

RAL & MOLECULAR BIOLOGY

AAACGAGGCGAAGTOGOCAGGEG), solved in water, were heated to 95°C for
10min and slowly cooled at room temperature 1o anneal the twe DNA strands,
Arp module was diluted 1o the respective working concentration and incubated
with 20nM dsDNA on ice for 30 min in 20 mM Tris pH 7.8, 30mM KCl, and 2.5%
ghycerol in a total volume of 100pl. Fluorescence anisetropy was measured in a
black flat-bottomed non-hinding $6-well plate (Greiner-Bio) on a Tecan [nfinite
M1 plate reader {excitation wavelength 470nM, emission wavelength 520 nM).
Data were analyzed and fitted to a non-linear, non-cooperative 1:1 binding
model (y= Af— (Af=Ablx(x/(Kd+x)); y anisotropy: Afanisotropy of frec
ligand; Ab Anisotropy of bound ligand; Kd dissociation constant; x receptor
concentration) with the program Prism (GraphFad) to calculate the dissociation
constants for the respective complex. Experiments were performed in telplicate,

EMSAs. The Arpd medule binding pref: Fior mmar with or
without extranuclessomal DNA was examined with competition EMSAs,
Increasing amounts of Arpd module were titrated against 2 1:1 mixture of
OM0 and 0NS0 (20nM each) mononucleosomes in 10mM HEPES pll 8.0, 2mM
MgCl, 60 mM NaCl, 8% glycerol, and incubated for 20min on ice. Then, 15pl of
cach titration step were loaded on a precast native polyacrylamide gel (NativePAGE
Novex 4-16% Bis-Tris Protein Gels: Invitrogen). Arp# module bound and
unbound nucleosomes were resalved by Native-PAGE in 1 NativePAGE Running
Buffer (Invitrogen: according to the manufacturer protocol) at 120V for 1 20min
at 4°C. Gels were analyzed on a Typhoon FLA 9000 plate reader (GE Healthcare)
with 25 pm pixel size, using FITC fluorescence scan.
T test the binding capability of TNOS0 to nucleosomes, a titeation of the
complex was carried oul, Increasing amounts of the protein in 25 mM Hepes,
pH 88, 60 md KCL 7% glycerol, and 1mM CaCl, were incubated with 20mbd
(MED nuelensomes for Hmin on ice. INOED bound and unbound nucleosomes
were resolved by Native PAGE (Novex 4-16% Bis-Tris Protein Gels; Invitrogen) and
subsequently visualized on a Typhoon FLA 906K plate reader as described above,

Nucleosome sliding assays. The nucleosome sliding activity of INOED was
monitored on ON&D monenucleosomes.

TNOED {18 nd) was incubated with #0aM ONS0 nucleosomes in sliding buffer
{25 mM Hepes, pH &0, a0 mbd KCL 7% glycerol, 0.10mgml ' BSA, 0.25 mM
dithaotlsrestol, 2mh MgClL) at 26 °C. The sliding reaction was started by the
addition of AT and MgCl, (final concentrations: 1 mM ATF and 2mM MgCl,).
At the respective time points (30, 60, 120, 300, 600, 1,800, and 3,600 5), the reaction
was stopped by adding lambda DNA (NEE) te a final concentration of 0.2mgml-",
Mative PAGE (Native PAGE Novex 4-16% Bis-Tris Protein Gels; Invitrogen) was
used to separate distinct nucleosome species. Gels were visualized on a Typhoon
FLA 2000 plate reader as described above,

ATPase assays. In order to determine the ATPase rate of TINOSQ, we applied an
NADH-based ATPase assay in principle as described in* .

Brbefly, 27 nM INOS0 was Incubated in assay buffer (25 mM Hepes, pH 8.0,
SthinaM KCIL 5mb MgCl, 0.1 mg el BSA] with 0.5 mM phosphoenolpyrivate,
2mM ATE 0.2 mM NADH, and 25 units m1™' lactate dehydrogenase/pyruvate
kinase (unil is a mensure for the ameunt of the enzymes and defined by the vendor
Sigma- Aldrich) in s final volume of 50l at 30°C, The Tecan Infinite M100 (Tecan)
was used to monitor the NADH dependent luorescence signal in non-binding,
black, 384-well plates (Greiner) at an excitation wavelength of 340nm and an
cmission wavelength of 460 nm over a time course of 40 min. ATPase activity for
all samples was determined at conditions of maximum INOS0 wild-type ATPasc
activity. Stimulation was performed with 50 nhf ONSD nucleosome, 100 nbi GN0
nucleosome, or 100nM 223bp DNA (DNA template used to reconstitute DNBD
nucleosomes). The final ATP turnover rate was calculated using maximal initial
linear rates, which were corrected for a buffer blank.

The genome-wide in vitro reconstilution assay and the restriction enzyme
accessibility assay are described in the Supplementary Note,

Reporting Summary. Further information on research design is available in the
Mature Research Reporting Summary linked to this article,

Data availability. Coordinates and structure factors have been deposited in the
PDE under accession codes SMEM for the N-actinf ATP)-Arp4-NactN B module,
ANEL for the N-actin{apo)-Arpd-NactNB module, and 5B for the Inof0"*-
Arpd-N-actiin-Arp# structures. Data for the genome-wide nuclecsome positionlng
experiments reported in this paper have been deposited in the Gene Expression
Omnibus under accession number GSE113400, All other data and materials are
available from the correspomnding author on reasonable request.
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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 ofthe 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 nucleosomesleadstoaheterogeneous 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
representalowered 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 remodellingby IN0O80, isregulated by PTMs.

Author contribution

[ 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 INO8O.
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Genome maintenance and integrity requires continuous alterations of the
compaction state of the chromatin structure. Chromatin remodelers, among
others the INOS0 complex, help organize chromatin by repositioning, reshap-
ing, or evicting nucleosomes. We report on INOBD nucleosome remodeling,
assayed by single-molecule Foerster resonance energy transfer on canonical
nucleosomes as well as nucleosomes assembled from tailless histones. Nucleo-
some repositioning by INOSO0 is a processively catalyzed reaction. During the
initiation of remodeling, probed by the INOSO bound state, the nucleosome
reveals structurally heterogeneous states for tailless nucleosomes (in contrast
to wild-type nucleosomes), We, therefore, propose an altered cnergy land-
scape for the INOS(-mediated nucleosome sliding reaction in the absence of
histone tails.

Keywords: chromatin remodeling; nucleosome: single-molecule FRET

In eukaryotic cells, DNA is packed into the dense
chromatin structure.  ATP-dependent  chromatin
remodelers that are conserved from fungi to mammals
[1] balance the tradeoff between the dense packing of
DNA and the accessibility of DNA for transcription,
DMNA damage repair. and DNA replication. They
organize chromatin by sliding, repositioning, reshap-
ing, or gecting nucleosomes [2,3]. These chromatin
remodelers with an ATPase domain belonging to the
DNA/RNA helicase superfamily 2 (SF2) [4] group into
different phylogenetic subfamilies (SWI/SNF, ISWI,
CHD, INORO) [1,3,5]. In Saccharomyces cerevisiae,

Abbreviations

different chromatin remodelers are known to have
specific and partly redundant functions to establish the
position of the +1 nucleosome and to establish well-
positioned nucleosome arrays in the gene body [6].

The basic building block of chromatin is the nucleo-
some core particle (NCP). The NCP contains the his-
tone octamer and 145147 bp of DNA [7-9]. The
histone fold domains of two copies each of histones
H2A, H2B, H3, and H4 form the octamer core of the
nucleosome, which is wrapped approximately 1.7 times
by nucleosomal DNA [8). This NCP together with lin-
ker DMNA  constitutes the primary substrate for

at, all tailless, crDMNA, competitor DNA; FRET, Foerster Resonrance Energy Transfer, PDA, probability distribution analysis, NCP, nuclecsome
care particle; PIE-MFD, pulsed interleaved excitation combined with multiparameter fluorescence detection; RT, room temperature; SHL,

superhelical location; wi, wild-type.
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chromatin remodelers. The N-terminal histone tail
domains of the four core histones and the C-terminal
histone tail of H2A extend bevond the compact NCP
structure [8,10].

The stability and plasticity of various nucleosome
variants could be an important physicochemical aspect
in shaping chromatin and the activity of remodeling
processes, While structurally the fold of the histone
octamer is well understood, considerably less is known
about how histone tails together with numerous func-
tional modifications control the accessibility and stabil-
ity of nucleosomes [11,12]. For instance, tailless
nucleosomes show a decreased stability, in particular
attributed to removing stahilizing effects of H2B and
H3 tails [13.14]. Direct insight into nucleosome stabil-
ity comes from single-molecule force spectroscopy
experiments  [15,16]. In  particular, single-molecule
methods have been of great interest to delineate
altered DNA wrapping dynamics in the absence of his-
tone tails [17] and partial DNA unwrapping for H4
tail acetylation [18]. Along this line, single-molecule
Foerster Resonance Energy Transfer (FRET) methods
applied on nucleosomes [19] showed altered nucleo-
some stability due to unspecific histone modifications
[20], in the presence of specific globular histone fold
acetylation [21.22] or after incorporation of histone
variants [23]. Most of these studies probing variations
of the histone octamer made use of the SELEX-gener-
ated 601 Widom' positioning DNA  sequence (601
sequence) [24]. Importantly, also the DNA sequence
influences nucleosome stability [20,25], In particular, in
the case of the widely used 601 sequence, it is known
that either side of the nucleosome shows differential
DNA flexibility [26],

So far. single-molecule  nucleosome  remodeling
FRET studies (that mostly monitor the nucleosome
entry and/or exit DNA) probed DNA trunslocation on
canonical nucleosomes by single subunit chromatin
remodelers [27], chromatin remodelers comprising a
few subunits [28.29], and the multi-subunit RSC
remodeler [30]. Interestingly, these and other studies
report incremental movement of DNA with 1-2 bp
steps [28,30.31] as postulated by structural models [32].

INOEO is a conserved multi-component complex
[33], which has been linked to numerous DNA-based
metabolic processes, such as transcription regulation
[34-37]. DNA damage repair [38,39], and DNA repli-
cation [40.41]. In yeast. the InoBO-ATPase together
with the INOE0 subunit 2 (les2) form a functional
scaffold that assembles three multi-subunit-submodules
forming a 19 subunit and = 1 MDa INOS0 complex
[42,43]. Tt can robustly slide nucleosomes on DNA
in vitro [44.45], while its HZA/HZB histone exchange

Single-molecule nucleoseme remodeling by INOBD

activity is under debate [46-48]. Recently, it has been
suggested that both activities can be explained by a
unifying mechanism, involving Ino80-ATPase translo-
cation close to the DNA entry site of nucleosomes and
thus close to the DNA-H2ZA/B interface [49]. This
interpretation is supported by the observation that in
contrast to other remodelers, the INOBO complex does
not require octamer flexibility at the H3/H4 protein-
protein interface for nucleosome remodeling [50].
However, due to the lack of direct mechanistic studies
on nucleosome remodeling at the level of single mole-
cules, such mechanistic hypotheses yet await experi-
mental verification.

Here, we establish single-molecule level binding and
sliding assays for INOS0 to help decipher its mecha-
nism in sliding and positioning of nucleosomes, We
have developed a single-molecule FRET assay  that
reports on nucleosome sliding by a marked change in
FRET efficiency of a double-labeled nucleosome. As a
first step, we will focus on the effect of histone tails on
nucleosome recognition and sliding by INOS0 by com-
paring results on wild-type and all tailless nucleosomes.
When using surface-immobilized nucleosomes, we
observe that the INORD complex repositions both wild-
type and all tailless nucleosomes in a processive man-
ner. However, the initial conformation of the nucleo-
some entry DNA in the presence of INOS0 and ADP
differs in both cases. We, therefore. propose that the
breakage of the histone-DNA contacts near the nucleo-
some entry site imposes an important regulatory bar-
rier to the initiation of INOS0 nucleosome remodeling.

Materials and methods

Protein purification

The DNA sequence of human histone proteins {Table 53)
was cloned in individual pET2/a (MNovagen, now Merck,
Darmstadit, Germany) vectors and provided by the Lingst
laboratory (University of Regensburg). Histone proteins
were recombinantly expressed in Escherichio cofi and puri-
fied individually, and histone octamers were formed as
described in Refs [51] and [52]. The histone octamer refold-
ing product was separated from side products by size exclu-
sion  chromatography  on 2 Superdex 200 16/600 (GE
Healthcare, Chicago. IL. USA) column in 2w NaCl
10 mm Tris pH 7.5, 1 mm EDTA, 3 mm beta-Mercap-
toethanel running buffer, Octamer formation was verified
on an 18% polvacrylamide SDS gel with Coomassie stain-
ing {data not shown).

The ScINOS0 complex was recombinantly expressed and
purified from insect cells (Eustermann er al. to be published
elsewhere). The purified INOROD complex was adjusted to
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storage buffer conditions, namely final buffer concentra-
tions of 20 my HEPES pH &, 350 mm KCl, 25% Glycerol,
0.8 mv DTT, 3.2 mw MgCls, and stored at —80 *C.

All protein concentrations were estimated from absor-
bance at 280 nm using extinction coefficients calculated
from the sequence with ProrParam [33).

Nucleosome assembly

Nucleosomes were assembled from octamers, 601 sequence
DMNA (Table 82, Doc. S1), and crDNA (Doc. S1) using salt
gradient dialysis. The assembly was prepared in 20 mm Trs
pH 7.6, 2 M NaCl, 10 mm DTT, and 200 ng.uL~" BSA. For
single-molecule applications, 0.38 pa 601 DNA was used,
thereol 110 labeled 220 bp-601 and 9/10 unlabeled 200 bp-
60l derived from pUCHS digestion. The pUCHS backbone
from the pUCIE: 20200 bp-6id] (Doc. S1) digestion was
used as ofDNA in a mass ratio of 11 compared to the
combined 601 DNA mass. For the establishment of the
nucleosome  assembly  protocol, 042 pm of  each,
147 bp crDNA and 220 bp 601 DNA, were used. Octamer
concentrations were titrated. Each assembly reaction was
transferred to a Slide-A-lyzer dialysis chamber (Thermo
Fisher, Scientific. Waltham, MA, USA, 7-kDa cutoff). The
salt gradient dialysis started in a 300-mL volume of 20 mm
Tris pH 7.6, 0.1 myv EDTA, 2 v NaCl | mw DTT bulffer;
and the NaCl concentration was reduced by adding 20 mm
Trs pH 7.6, 0.1 my EDTA, 50 my NaCl, 1 mm DTT at
3 mLmin~" up to final 3 L. The products were analyzed on
a 0.4 = TBE/6"% polyacrylamide gel and imaged on a Che-
milocMP system with the mace Las software (BioRad
Laboratories, Hercules, CA, USA) before and after Sybr-
Gold staining. Nucleosomes used in binding assays were
additionally purified by anion exchange chromatography
(Source)). For assessing nucleosome homogeneity, fluores-
cent bands were analvzed with maacer [54].

Nucleosome binding and sliding assays

All single-molecule assavs were perl‘mmw:l in remaodeling
buffer (25 mm Tris pH 7.6, 4 mm MgCla, 500 pm DTT,
200 ngul " BSA, 80 mwm KCLL 10% Glyecerol).

For the sliding assay, [00 ns INOSD, 2 my ATP
(Sigma), and the nucleosomes (in the presence of competi-
tor DNA from nucleosome assembly) were used, with a
final concentration around 50 nm nucleosomes, thereofl
110 labeled nucleosomes, and 10 ng-pI." crDMNA, The
reaction was incubated for 1 h at 27 °C and stopped by
addition of #-DNA (NEB) to a final concentration of
115 ngpuL~",

The quenched sample was analyzed by native PAGE (3—
12% Bis-Tris; ThermoFisher) and fluorescent samples were
imaged on a ChemiDocMP system (BioRad Laboratories).

The binding assays in Fig. 2 were performed in 20 mm
HEPES pH &, 50 mm KCI, 8% Glveerol, 2 my CaCls and

M. Schwarz er al.

2 mm ADP, analyzed by native PAGE (3-12% Bis-Tris)
and visualized wsing the Typhoon imaging svstem (GE
Healtheare). Gel bands were quantified using imaces [54].

Total internal reflection fluorescence microscopy
(TIRFM)

TIRF microscopy was performed as described in Ref. [55].
Briefly, nucleosomes were diluted in remodeling buffer to
a concentration on the order of 10 pm labeled nucleo-
somes  (equivalent  to  ca. 0.1 oM nucleosomes,
<005 ng L' crDNA) and leaded to a PEG-coated sam-
ple chamber with a syvringe pump (PHD2MW» Harvard
Apparatus) either in the absence or presence of 3% nm
INOSO and 2mm ADP (Calbiochem now  Merck),
Remodeling was initiated by buffer exchange to 2 mm
ATP for 6 min (alternatively by adding 39 nm INOZ0 and
2 mm ATP in case of Fig. 53). Remodeling was allowed
for 25 min at RT. If indicated, the reaction was quenched
in the presence of Apyrase (MEB) for 15 min at RT. The
nucleosomes were allowed to relax to a new stable posi-
tion for 10 min at RT after washing the sample chamber
with measurement buffer following a modified protocol
developed by Blosser er af. [29].

The smFRET analysis software was provided by the
Lamb Laboratory (LMU Munich) [56]. For calculation of
FRET efficiencies, individual y corrections (accounting for
differences in detection efficiencies and quantum yields)
and [ corrections (accounting for spectral crosstalk) were
applied [55] if appropriate, otherwise a mean v of 0.55 and
B of 0.045 were used.

Confocal spectroscopy

For smFRET measurements, nucleosomes were diluted in
remodeling buffer to a concentration on the order of
100 pw labeled nucleosomes (equivalent to ca. 1 nm nucleo-
somes, <0.5 ngpL~" crDNA). We chased off the INOSO
complex  from remodeled nucleosomes with competitor
DNA for confocal spectroscopy experiments as described
in the section Nucleosome binding and shiding assavs,
which was not useful in TIRF microscopy due to high
background. For INORO bound samples, nucleosomes were
incubated with either 39 nw or 156 nv INOS0D and 2 mm
ADP. The sample was placed on a PEG-coated coverslip
into a well formed by Liguid Barrier Marker (Roth).

Freely diffusing fluorescent nucleosomes were recorded
at room temperature (RT) on a custom built confocal setup
(Dwoc. S1) using time-correlated single-photon counting and
pulsed interleaved excitation combined with multiparameter
fluorescence detection (PIE-MFD) [57] similar to Ref.
[22.23).

The software for data analysis (PAM — PIE analysis with
MaTLar 10} was provided by the Lamb Laboratory
(LMU Munich) and is available at hiips:/www gitlab.com)
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PAM-PIE/ PAM. An all-photon-burst-search was applied to
the photon time traces [58], selecting only Auorescent bursts
with at least 10 photons i 500 ps and 50 or more photons
per burst in total.

Confocal  spectroscopyv—derived  quantitative  distance
information on dye positions was extracted by probability
distribution analysis (PDA) [539] (Doc. S1).

Calculation of dye mean positions

Expected dye mean positions were derived from the 601
nucleosome structure (3LZ0, [60] with a modeled DNA
overhang) using the res software [61] with a dve linker
length of 19 A (Alexat4T) and 15 A (Tamrab), a dye linker
width of 4.5 A and a dye radius of 6 A, The isotropic
Foerster radius was determined to be 67 A as described in
arXiv: [ T10.03807v] [g-bio.QM]. The absorption spectrum
of donor only nucleosomes and the emission spectrum of
free dye were integrated with the software PhotochemCAD
[62] to yield the spectral overlap integral. The donor guan-
tum yield was determined from the universal rate of radia-
tive deexcitation for the donor dye and the fluorescence
lifetime of donor-only nucleosomes.

MNotably, apparent inter-dye distances are not identical 1o
the distance of dye mean positions. To this end, we con-
verted FRET efficiencies (TIRF data) and inter-dye dis-
tances (PDA  analysis) to distances of the mean dve
positions (Table 1), as described in Ref. [63]. The distance
uncertaintics (Table 1) are as follows: uncertainty of the
apparent inter-dye distance for  TIRF data
(arXiv: 1 7T10.03807v1  [g-bio.QM]); and determination of
upper and lower limits for the distance of mean dye posi-
tions with respect to the Foerster Radius uncertainty (for
confocal data; Doc, S1).

Results
MNucleosome assembly in the presence of
competitor DNA yields high sample homogeneity

Maono-nucleosomes consist of DNA and two copies of
cach  individual histone.  While in wive  histone

Single-molecule nucleoseme remodeling by INOBD

chaperones help assemble first the H3/4 tetramer and
then both H2ZA/B dimers onto the DNA [64]. perform-
ing salt gradient nucleosome assembly relies on stoi-
chiometric  protein  educts  [51].  Notably, the
observation of subnucleosomal DNA-histone products
recently led to the discovery of oriented hexasomes on
the 601 sequence [65].

In order to obtain homogenously assembled nucleo-
somes (TNG6, 601 nucleosome with 7 and 66 bp over-
hang, respectively) and to avoid incomplete assembly
side products, we made use of competitor DNA
(crDNA) in the salt gradient dialysis assembly reaction
(147-bp fragment of a generic DNA sequence from the
pUCIS vector [66], Materials and methods). As estab-
lished for chromatin fiber formation [66], due to its
lower affinity for histone octamers, erDNA will form
nucleosome core particles only after 601 sequence satu-
ration, We find that ‘undersaturated” titration points
defined by no visible shift of crDNA as compared with
the DMNA-only control (e.g. 1.1 - | molar ratio of octa-
mer to 601 DNA in Fig. 1A) have a high propensity
for an incomplete assembly side product alongside
with the completely assembled nucleosome. Presum-
ably, this side product constitutes a hexasome as
observed recently [65.67]. In contrast, ‘oversaturated’
titration points form vet another defined 601 DNA-hi-
stone complex with reduced electrophoretic mobility
alongside with complete binding of crDNA  (e.g.,
20001 melar ratio of octamer to 601 DNA in
Fig. 1A). A possible conformation that can explain the
observed reduced maobility is that of an overlapping
dinucleosome [68]. At intermediate concentrations,
nucleosomes are packed completely and no additional
side products are observed (e.g., 1.7 : | molar ratio in
Fig. 1A). Taken together, nucleosome assembly in the
presence of competitor DNA is a convenient tool to
assess the 601 DNA saturation of the assembly and to
prepare homogenous nucleosome samples,

We extended our protocol using the entire pUCIS
plasmid backbone as erDNA (Fig. 1B). The assembly
strategy  works equally well for wild-type and all

Table 1. Expected and measured distances of dye mean positions for the LF nucleosome bafere and after INOB0-mediated remodaling. Of
note, remodeling was quenched with apyrasa in TIRF microscopy and lambda-DMNA in confacal spectroscopy measurements,

Expected distance of mean dye positions

Distance from PDA analysis
of confocal data

Distance obtained fram
TIRF microscopy

Wild-typelw THEE 76 A 66 A + 8% B6 A + 8%
Al taillessiatTNGE 73 A + 8% 74 4+ 8%

Remodelad(R) wi7NGE 33 A 110 bpl 38 A (20 bpl 36 A (30 ba) 42 A+ 10% nd.

Remodeled(R) ai7NEE A0 A+ 1% n.d.

Quenched RwTNGE 38 A 110 bp 38 A (20 bpl 36 A (30 bl 4z A +12% A +12%

Quenched Rai7HEE 1A 1% 42 A +£12%
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Fig. 1. Homogenous nucleosome sample preparation for single-molecule FRET. (4] Establishment of nucleosome  assembly, left:
multichannel fluorescence readout for 220 bp 601 DNA Ired bands), and for 147 bp crDMA (green bands); nght: SybrGold staining of the
same gel. Single channel fluorescence readouts in Fig. 51. (B) Overview of the six assembled nucleosome constructs wiHF_A, atHF_A,
wilF, atlF, wiHF_B, atHF_B used for smFRET measurements; lett: tluorescence readout for double-labeled 220 bp G071 DNA; nght:
SybrGold staining of the same gel, IC) B01 sequence [24] for THEE nuclecsomes with donor (green) and different alternative acceptor (red)

label positions, namely HF_A, HF_B, LF (see text], 7-bp and 66-bp

inkers are written in brown letters, and the 147-bp nucleosome core

DA in black letters. The 145 bp that form histone-DNA interactions for the 601 seguence [7,95] are underlined with a base-pair-ruler. (0]
Description as in |A) depicted in the direction of the dyad {black circlel for the different single-malecule FRET constructs. NCF, nucleosome

core particle, wt, wild-type, at, all tailless; crDNA, competitor DNA;

native polyacrylamide gels

tailless nucleosomes (Fig. S1A.B) and the resulting
material (best titration points summarized in Fig. 1B)
is highly homogenous. Therefore, it can be used
directly without the need of further purification to
study nucleosome remodeling at the single-molecule
level. Of note, for single-molecule applications, only 1/
10 of the nucleosomes (TN66) was packed against
labeled 220-bp DNA (fuorescence readouts Fig. 1B,
Fig. S1D). As seen in the SybrGold stained gel, 9/10
of nucleosomes are unlabeled and packed to TN46 par-
ticles. The labeled TN66 mono-nucleosomes used in
this single-molecule study are (i) low FRET Fpl3
(Tamrab)Rmid AlexatdT), abbreviated with ‘LF, (i)
high FRET Fpl3{Tamraé)Fm72(Alexa647), abbrevi-
ated with *"HF_A’, and (iii) high FRET Fpl3(Tamra6)
Fm65(Alexab47), abbreviated with 'HF_B. The

molar ratios of octamer:801 DNA are indicated for each lane of the

nomenclature directly explains the location of the
labels {Fig. 1C), for example. the construct (i) is
labeled {(on the forward primer. “F7) at a position
13 bp away from the dyad in 3" direction (plus, p")
with Tamra 6, and at a position 84 bp away from the
dyad in 5 direction {minus, ‘m") with Alexa647 (on
the reverse primer, ‘R’). Thus, the acceptor label is
placed on the entry DNA and the donor label on the
opposite side of the nucleosome dyad (near superheli-
cal location SHL-1.5) (Fig. 11) [69,70].

The INO80 complex binds wild-type and
all tailless nucleosomes with equal affinity

In order to determine appropriate conditions for
smFRET experiments with very low (ca. 100 pm)
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nucleosome  concentrations, we next determined
INOSD binding conditions for TN66 nucleosomes (in
the absence of competitor DNA) (Fig, 2). We found a
regime with < 30% of nucleosomes hound for < 5 nm
INOSOD and a regime with < 80% bound for < 20 nm
INOSO, In this intermediate regime, the gel shows dif-
ferent bunds, indicative of different complex conforma-
tions. For =40 nm  INOS0D, more than 90% of
nucleosomes are bound and only a single band is
observed in the gel, that is, the complexes show a uni-
form conformation. Importantly, the INOS0O complex
binds wild-type and all tailless TN66 nucleosomes with

equal affinity (Fig. 2, Fig. S2).

The INO80 complex robustly repositions wild-
type and all tailless surface tethered
nucleosomes while exhibiting marked differences
in the bound state

We next tested whether the INOBD complex reposi-
tions nucleosomes under smFRET conditions using
double-labeled surface-immobilized nucleosomes
(Materials and methods). We designed end-positioned
nucleosomes (TNG6) with an initial FRET efficiency of
E=48% (o = 6%, Fig. 3A, blue). Assuming that [or
stable nucleosome states formed either from remodel-
ing intermediates and/or after remodeling, the DNA
adopts the canonical path on the octamer core. we
postulate the acceptor label on the entry DNA to
move into the nucleosome core and the donor label to
move from one side of the dyvad to the other side of
the dvad on the opposite gyre. Therefore, FRET is
expected to have increased after remodeling.

When binding INOR(O to the wild-tvpe nucleosome
in the presence of ADP, the FRET efficiency distribu-
tion only changed marginally (E = 43%, @ = 0%,
Fig. 3B, green). Thus, the INOB0 bound state does not
substantially alter the apparent distance of the two

A
<(INOBO0)nm 0 24 49 98 195 35 78 156

INOBO: WtTNEE — B e e

WITNEE = o e b s

Single-molecule nucleoseme remodeling by INOBD

labels; however, we cannot exclude changes in the
nucleosome structure upon INOSO binding, as FRET
studies depend on the relative label positions and a
particular position could be insensitive to changes in a
certain direction [T1].

Importantly, upon addition of 2 mm ATP, we
observed an increase in FRET efficiency as expected
for INO&0-mediated nuclensome remodeling
(E=85%, o=35%, Fig. 3C, red). These data were
obtained after incubation with ATP and subsequent
relaxation of the remodeled nucleosomes to stable
nucleosomal states upon buffer exchange (end-point
assay, Materials and methods). Note that remodeling
using prebound INOSD complexes was not complete
(45% remodeling in Fig. 3C). We attribute this obser-
vation to the fact that not all observed nucleosomes
had an INOS0 complex bound and/or to a small frac-
tion of inactive remodeling complexes, When estimat-
ing the expected FRET efficiency for different putative
remodeled states (Table 1) of energetically favored
positions after 10 bps, 20 bps, or 30 bps [72,73] of
remodeling (Materials and methods), we find that the
observed FRET efficiency is in a good agreement with
any of these possible states.

We used a constant flow of remodeling buffer, to
ensure that remodeling of the individual immobilized
nuclessomes was driven by a prebound remodeler.
Thus. these results proof that the INOSD complex is a
processive molecular machine using several ATPase
cycles accompanied by incremental translocation steps
(Introduction) to reposition nucleosomes while staying
engaged to the nucleosome. This result might have been
expected since several of the INOS0 submodules con-
tribute to nucleosome and/or DNA binding [42,74-T6].
We propose that cither the ATPase itsell acts as a
processive translocase, or alternatively the INORO sub-
modules take turns in tethering the complex to the
nucleosome in case the ATPase lets go off its substrate.

0 24 495 958 155 39 78 156

L

INOB0: atTNGE we

ATNGE = i b s

Fig. 2. The INOB0D camplex binds wild-type and all tailless nucleosomes with egual affinity. (A0 INOSO0 binding to wild-type nucleasomes. (B)

IMCED binding to all tailless nucleosomes.
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Fig. 3. The INOB0 complex remodels nuclecsomes in a processive manner for both wild-type and all tailless nuclecsomes, but shows
marked differances for the respective pre-remodaling bound state. TIRF microscopy data of (&) {pluel wild-type low FRET nuclecsome
PwtLFh [B) fgreen) INOBO nucleasomea binding in the presence of ADP, compared with witlF {grayl, {C) iredl Processive INDBD nuclzoseme
remodeling upen addition of ATP comparad with the bound wiLF (gray). (Db [bluel All tailass low FRET nucleosome (atLF). (E) laraen)
INCBD nucleasome binding in the presence of ADP, compared with atlF lgrayl. (Fl [red) Processive INCBO nucleasome remodeling upon
addition of ATP compared with the bound atlLF (gray). Vartical black dashed line at the mean position of wild-type nucleasomes. Fit results

in Table 51

Next, we wanted to test the influence of nucleosome
tails on INOS0 binding and nucleosome remodeling.
Therefore. we repeated the smFRET experiments on
immaobilized nucleosomes using nucleosomes lacking
all histone tails. The all tailless nucleosome showed a
somewhat decreased FRET efficiency compared to
wild-type nucleosomes (F = 37%, o = 7%, Fig. 3D,
blug). Dilferences in entry DNA coordination for his-
tone tail deletion constructs have been reported previ-
ously [13.14.17]. Our observations show that despite a
slightly different conformation of the entry DNA and
thus lower FRET efficiency for the nucleosome educt,
there is a similar FRET efficiency peak width and thus
a well-defined DNA conformation of the linker DNA,
similar to that observed for wild-type nucleosomes.

In contrast, INORO binding to all tailless nucleo-
somes in the presence of ADP led to a significant
change in the observed single-molecule FRET distribu-
tion (Fig. 3E, green), The resulting histogram can no
longer be described using a single Gaussian [unction;
instead, we observe a quasicontinuum of FRET states,
which has to be fitted with at least three different
Gaussians (£ = 9%, 22%,. and 48%; o= 3%, 9%.

and 10%. respectively, comprising 13%. 30%. and
57% of the data).

We repeated the nucleosome remodeling experiments
with the all tailless nucleosomes, resulting in a sharp
peak in the observed histogram at high FRET effi-
ciency (Fig. 3F, red, £=87%. o = 6%). As for wild-
type nucleosomes, this peak again arises from proces-
sive remodeling of prebound INOBD complexes. Again
remodeling is incomplete (39% remodeling in Fig. 3F),
and the unremodeled part of the histogram is reminis-
cent of the heterogeneous bound states in the presence
of ADP {(gray background histogram). Importantly,
= 90% of the observed surface-immobilized all tailless
nucleosomes are intact during the course of the
experiment.

Given that we tailored experimental conditions for
the nucleosome remodeling end-point  assay, we
observed only a small percentage of dynamically
switching fluorescence time trajectories occurring con-
comitantly with the static molecules presented in Fig. 3
for nucleosomes alone (examples in Fig. 560.G),
nucleosomes in presence of INOS0 and ADP (exam-
ples in Fig. S6E.F and H.I). or remodeled nucleosomes
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(data not shown), However, we observed prolonged
real-time smFRET transitions between different states
upon addition of INO&D and ATP in the presence of
an oxygen scavenging system (exemplary smFRET
data shown in Fig. $6B.C). A detailed mechanistic
analysis is bevond the scope of this study, as for the
label position of our LF construct, discrimination of
double-labeled nucleosomes that display previously
reported inherent nucleosome dynamics before or after
remodeling (such as breathing [77.78], dimer splitting
[79]. or gapping [80]) from real-time INOS0 remodel-
ing is extremely challenging.

MNucleosome integrity is maintained during
remodeling and fully consistent with expected
remodeled positions

In order to test nucleosome integrity after INOSD
remodeling, we used single-molecule FRET confocal
spectroscopy  (Materials and methods). The above-
mentioned labeling scheme for nucleosomes allowed us

Single-molecule nucleoseme remodeling by INOBD

to make sure that every nucleosome substrate is at the
most double labeled, {one acceptor and one donor
molecule) in contrast to  previous single-molecule
FRET studies on chromatin remodelers, which use his-
tone labeling and therefore critically rely on measure-
ments  of  immobilized complexes to  sort  out
nucleosomes with two donor labeled histones [28-30]).
Additionally, the TN66Fpl3({Tamra6)Rm84{Alexab47)
construct allows us to clearly discriminate between
end-positioned and remodeled nucleosomes without
being limited by the dynamic range of FRET. For the
educt and remodeled wild-type nucleosomes that show
a shift in electrophoretic mobility, the observed FRET
efficiency change in the confocal setup is comparable
to that obtained using TIRF microscopy (Fig. 4A).

In order to rule out that the observed structural
heterogencity of the INORD bound states for all tailless
nucleosomes (in contrast to a homogenous bound state
for wild-type nucleosomes) is caused by interactions
with the surface of the flow chamber, to which the
nucleosomes are bound, we repeated the experiments
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Fig. 4. Nucleosomes remodalad by the INOBO complex can be assigned to FRET efficiencies that are in agreement with biochermical
knowledge on repositioned nucleosomes after competing off INOBD with excess DNA, (&) Mative PAGE and confocal spectroscopy data of
wild-typa low FRET nuclensomes (wilF, educt, blue) compared with repositioned nucleosome (product, red). (B) INOS0 (39 nm) bound 1o
wilF (greenl, wilF (blue) a5 in (&) [C) INOBO (156 nw) bound to wWiLF {viglet), wilF [mlue) as in {4). (D) Mative PAGE and confocal
spactroscopy data of all tailless low FRET nucleosomes (atLF, educt, blugl compared with repasitioned nucleosame lproduct, rad). (E)
IMOBO (39 mwl bound to atlF (green), atLF (bluel a5 in 400, (F) INC8O (156 nv) bound 1o atlF (violet), atLF bluel as in (D). Fit results in
Tabla 51. Red fluarescenca readout of natve PAGE 15 shown, Green fluorescance readaut of the sarme geals in Fig. 540.E, respectnely.
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using nucleosome-ADP-INOSD complexes freely diffus-
ing through the focus of a confocal microscope (Mate-
rials and methods), The observed FRET efficiency
histograms closely resemble that from the experiment
of immobilized complexes (Figs 3B.E and 4B.E),
respectively, thus establishing that the observed hetero-
geneity is a result of INOSO binding to all tailless
nucleosomes. We hypothesize that this difference has
functional importance (Discussion),

Moreover, the data for remodeled all tailless nucleo-
somes (Fig. 4D), tested for the new position on the
DNA by native PAGE. are in agreement with the data
for TIRF microscopy (Fig. 3F). After remodeling. the
FRET population for the un-remodeled counterpart
for the quenched nucleosomes has disappeared
{almost) completely (Fig, 4D, emphasizing that the
integrity of the nucleosomes is maintained during
remodeling, In contrast to the described experiments
(for wild-type and all tailless nucleosomes) using pre-
bound INOSD complexes, remodeling is more complete
in these experiments (Table S1, Fig. 4A.D, Fig. 84)
and 15 also more complete in similar surface-based
experiments (Fig. 83). Presumably, nucleosomes that
are processively remodeled are bound by an active
remodeler during the incubation period, while in other
experimental scenarios, an active remodeling complex
can bind to its substrate any point in time.

To quantify the agreement of expected FRET effi-
ciencies with TIRF data and confocal spectroscopy
data, we applied PDA to the confocal FRET (Materi-
als and methods, Fig, S5, summarized in Table 1), The
consistency of the model with both, confocal and
TIRF data. highlights the precision of our study.

Discussion

Here, we report a single-molecule level assay for
INOSD, based on the relative movement of FRET
labels on the nucleosome. We used this assay to
address the influence of histone tails on nucleosome
recognition and sliding by INOS0,

We found that while binding wild-type and all tail-
less nucleosomes with equal affinity, the bound state
of INOB0D in the presence of ADP is homogenous for
wild-type nucleosomes and heterogeneous  for  all
tailless nucleosomes. When thinking about  the
mechano-chemical cycle of ATP-dependent nucleo-
some remodeling by INOSD, nucleosome recognition
and the bound state are part of the cyele and thus of
functional importance. Previously, it had been shown
that INOSO remodeling on all tailless nucleosomes is
faster than for wild-type nucleosome [45] and that ini-
tiation of remodeling is functionally different from the

M. Schwarz er al.

continued remodeling reaction by INOS0 [49]. More
precisely. nicked nucleosome constructs have been
reported 1o have a considerable effect on initiation of
remodeling by INOS0, but only have marginal effects
on continued remodeling [49]. Based on these results
and the data presented here, we conclude that the his-
tone tails are a major regulatory barrier for INOSO
nucleosome invasion. We, therefore, propose that for
the case of all tailless nucleosomes, the energy land-
scape has been modified. so that multiple structural
states of the nucleosome are populated due to a bound
INOS0 complex (Fig. 5). Interestingly, INOS0 subunits
that have been mapped to the periphery of the nucleo-
some free region like Arp8 and les5 [21] also crosslink
to histone tails [42], suggesting that histone tail inter-
actions possibly also constrain conformations of the
bound INORO.

A consequence of this result is that the structurally
heterogeneous  INOS0 bound state also possesses a
lowered energy barrier for initiation of remodeling,
thus giving a structural perspective for the previous
biochemical results. The INOSO complex 15 considered
to primarily monitor the nucleosome flanking DNA
length [45.82] and the observed increase in remodeling

Wild type All tailless

,TQG

Reaction coordinate

L

.
Reaction coordinate

B Conar lubmphons
¥ Accetoe

ADF

Fig. 5. Madeal for effect of histone tails on the initiatien of INOB0
remadeling, Whils INOB0 binds with the same affinity to wild-type
and all tailess nuclecsomas, single-molecule FRET data show a
homogenous bound state for wild-type nucleosomes and a
heteroganecus distribution for all tailless nucleasomas. The INOBD
complex repositions both, wild-type and all tailless nucleosomes, in
a processive manner. We propose  that the known  faster
nucleosome repositioning [45] for all tailless nucleosomes can be
explained by the haterogenarty of bound states for the all tailless
nucleosomes, which causes a lowered energy barrier (for details
see taxt), For exact FRET label pastians, we refer to Fig. 1C,0.
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rate in the absence of histone tails is accompanied by
an increased ATPase rate [45]. Thus, we assume that
studyving the INOSO complex activity in the absence of
histone tails reports mainly on effects on the active site
of the remodeler,

The limited number of available structural [70,83,84]
and mechanistic studies on DNA translocation by the
ATP-dependent nucleosome remodelers ISWI, Chdl,
SWI/SNF, or of histone exchange by SWRI [73,85-90]
revealed a unique ATPase motor position around
SHL2/-2. However, the underlying mechanism for
INOSO might be different, as the Inof0-ATPase has
heen mapped near SHL-6 close to the DNA entry site
of the nucleosome [49].

Another enzyme that, like the INOSO complex.
invades the nucleosome from one side is RNA poly-
merase (RNAP) [91-93]. In the case of clongating
RNAP 11, it was shown that RNAP exploits brief
nucleosomal fluctuations (partially unwrapped DNA)
for transcribing through the nucleosome [93). For tail-
less  nucleosomes, significantly fewer and shorter
pauses of transeription were reported [17.94], specifi-
cally at the DNA entry region of the nucleosome [17].
Therefore, the effect of the altered energy landscape
for INOS0 bound to all tailless nucleosomes likely
resembles the situation for RNAP that has to over-
come a barrier before passing through the nucleosome.
Taken together, this barrier is more rigid in the pres-
ence of histone tails. Compared with ITNOEO remodel-
ing, this notion goes along with the fact that for
initiation of remodeling, torsional strain needs to build
up [49] and an additional energy input might be
required. In the light of our study. this raises the pos-
sibility that the reported increase of the rate of
INO&O-mediated nucleosome movement for histone
tail deletion constructs [43] may be due to decreased
nucleosome stability. This could lead to an improved
accessibility of the ATPase motor to the translocation
site or a smaller number of futile ATPase cycles for
the all tailless nucleosomes.
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Fig. 52, The INO&0 complex binds wild-type and all
tailless nucleosomes with equal affinity.

Fig. S3. Remodeled TIRF microscopy data after Apyr-
ase quenching compared to unquenched remodeling
reactions.

Fig. S4. Nucleosomes remodeled by the INOS0 com-
plex are in agreement with biochemical knowledge on
repositioned nucleosomes also for high FRET con-
structs.

Fig. S5. Inter-dye distances for nucleosomes before
and after remodeling by the INOS0 complex can be
extracted by probability distribution analysis.

Fig. S6. Examples for dynamic fluorescence time tra-
jectories and real-time smFRET efficiency changes of
double-labeled nucleosomes (wild-type (wt) and all
tailless (at) low FRET (LF) construct) for datasets
taken in different conditions as indicated.
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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 apo348388389 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 nucleosome345.34, 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 translocation??. The interaction of Swi2 /Snf2 with nucleosomal DNA distorts primarily
the tracking strand by bulging out 1 bp of DNA around its binding site34¢6. Thisleads 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 ATPasesand illustrates their fundamental
catalyzed reaction, which is the pumping of 1 bp of DNA155347, Two ISWI ATPases have been
characterized in complex with the nucleosome so far; Isw1 from Saccharomyces cerevisiae34?
and SnfZh from Homo sapiens (Fig 9a)39. Both bind to SHL -2 and interact with the H4 tail via
their C-lobe, which regulates ISWI activity196347.3%, Snf2h is reported to change the structure
of the histone octamer upon binding, which is proposed to contribute to the translocation
reaction3%. However, this was not observed for Isw1 or for any other remodeller with sliding
activity34’. 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
domain?20, Its ATPase domain also interacts with SHL -2 while its double chromodomain
contacts SHL -1 (Fig. 9b)220.396, The DBD of Chd1, composed ofa SANT and SLIDE domain, binds
toSHL +5 - SHL +7, where it unravels exit DNA from the histone octamer220.396, Single-molecule
data suggests that this is dependenton the nucleotide-state of the ATPase398.

High-resolution information on SWI/SNF andINO80 remodellers increased considerably in the
pastyears. In particular,subunits interacting withthe NCP have been identified and visualized
for anumber of remodellers (Fig. 9c, d)353.387.389,391-395, The ATPases of all SWI/SNF remodellers
bind toSHL -2 or nearby in anoverall similar fashion as remodellers of the ISWIand 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)34539, 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 DN A. 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 families295353 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
remodeller3s?.3%,

Isw1

pdb: 6UXW pdb: 6TDA pdb: 509G

YSWI/SNF

pdb: 6TDA pdb: 6LTJ

C.1. INO80 H.s. INO80

pdb: 6EML pdb: 6ETX pdb: 6GEJ

Figure 9: 3D structures of remodellers bound to the nucleosome determined by cryo-EM. a, ISWI family. b,
CHD family. ¢, SWI/SNF family. d, INO80 family. C.t.. Chaetomium thermophilum; Hs.: 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 from3%°.

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)220347.390-394, 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 INO8O, this interaction is formed by Arp5 and les6 opposite from
Ino80ATPase and is essential for the catalysis of DNA translocation387. [twas termed ‘counter grip’
ina model, which denotes the ATPaseas a motor and Rvb1/2 as a stator connectingmotor and
counter grip (Fig. 9d, left panel)387. This principal arrangement holds also true for human
INO80 and SWR1 (Fig.9d)353395. 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 tothe histone octamer around the acidic patch (Fig. 9c; 2.1.1.2)391-3%. In
ySWI/SNF and RSC, the subunits forming this contact are called arm module3913% 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. 9¢)391-394. The pre-HSA domain and associated
subunits might thus act as a stator element, similar to the complex of Ino80insertand 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)220353387.395 To a smaller extent, exit DNA is also detached
by ySWI/SNF and RSC391392, This could be a common principle of remodellersto reduce friction
by histone-DNA contacts during DNA translocation353.

a dyad b dyad

Swi2/Snf2
C-lobe

INO8O ySWI/SNF

Figure 10: Direction of DNA translocation in INO80 (left) and ySWI/SNF (right). a, The Ino80ATPase hinds 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: 6FML3%7. 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. [t 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 editing!88274, [t 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 translocation 188400, 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 Swcé and binds to SHL -6, which correspondsto entry DNA (Fig. 9d, Fig. 11b)353.387,395, At
thissite, 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 [es6 (Fig. 11)353387. In
INO80 and SWR1, both subunitsofthe heterodimeric counter gripare anchoredin 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.es6 contacts H2A too, but to a reduced
extent387. These interactions might contribute to the exchange reactions catalyzed by INO80

and SWR1.
a
NCP
INO80
Arp5
’,(;.é‘}_fl
W) |noBQATPase
Arp5 ;9 > "
»'4' -3 ; |
% e“!{ ; Rvb2
‘,@ “\.J b 4 Ino8Qnsert
Rvb2
@® polar, charged
polar, uncharged
nonpolar, aliphatic
® nonpolar, aromatic

b NCP

SWR1

] SW’-A]ATPase
Arp6
S insert / Rvb2
Rvb2

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: les6; Red: Ino80; Orange: les2; Dark
grey: DNA; Grey: histone octamer. pdb code: 6FML3®7, 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:
6GEJ333. Subunits arerepresented as transparent surface except for Ino80 / Swr1, which are shown as cartoon. Side
chains of amino acids ofthe insert domains ofIno80 and Swr1 are shown as sticks in theright panel and color coded
according to their chemical properties (see table in figure). Models of INO80 and SWR1 are aligned on their ATPase
domains.

les2 in INO80 and Swc2 in SWR1 possess an overall similar 3D structure353387, Both are
anchored inthe Rvb1/2 ring with their C-terminus, interact with the respective ATPase via an
a-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)353387. Swc2 is the subunit with histone
chaperone activity in SWR1 and essential for the catalysis of the exchange of H2A for
H2A.Z29429%, The function of les2 is less well understood. It was suggested to clear an auto-
inhibitory state of Ino80ATPase, hence its characterization as a molecular throttle?8. Given the
close relationship in structure, it is tempting to speculate that Ies2 might act similarly to Swc2
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inthe exchange of H2A.Z for H2 A catalyzed by INO80. However, whether INO80 can even carry
out thisreaction is discussed controversially and no activity as a histone chaperone has so far
been described for 1es2300-303, The N-terminal portion of both proteins is not resolved in the
currently published structures, most likely due to intrinsic disorder of these regions276.35338,
According to cross-linking data, the N-terminus of les2 interacts with the species-specific
Nhp10 module?76. Since this was notincluded in the samples characterized by cryo-EM so far,
no structural insights in this interaction are available387.39%5. Adding the module in future
samples might provide a way to stabilizeand visualize this part ofles2 and assigna 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 SWR1353387.395, The heterohexamericringisin 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 theinsert domains of
Ino80 and Swr1352:353387395, This is supported by the observation that peptides of Ino80Qinsat
stimulate the ATPase activity of Rvb1/2354, strongly indicating that ATP hydrolysis by these
AAA+ ATPasesis important for the biogenesis of remodellers of the INO80 family. This would
supportthe concept of Rvb1/2 acting asassembly 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)3533873883%, Both
insert domains are planar and adopt a wheel-like structure35338738839%, [no8(insert resembles a
spoked wheel with several connections toward its center while Swr1insertJacks these elements
(Fig. 11)353:387,388395 [n the INO80 complex, Ino80insert js 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, Swrlinsert contains a similar plug helix, but no latch and overall less residues
are buried in the Rvb1/2 ring353. Instead, two a-helicesjut out the ring opposite of Swr1ATp=e
where they are exposed to solvent and interact with an insertion of Arp6 (Fig. 11b)353. The
function of thisinteraction 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
components188267,273275, Theseare nucleated by the HSA domain, which precedesthe 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 Rtt102238267-269, 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 Yaf9275276.279, Additionally, both
INO80 remodellers compriseanother ARP, Arp5 in INO80 and Arp6 in SWR1,which is not part
of the Arp module but of the core module276279, 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 INO80267.275402, 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 nucleosomes23°.

The crystal structure of the isolated Arpmodule of the SWI/SNF complex reveals that Arp7 and
Arp9 bind the HSA domain via their barbed ends and interact with each otherin 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 ySSWI/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)39.403, 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 [ thereby
regulating the ATPase activity?39403, 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 domainis 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 Swr1HSAin complex with actin and Arp4373. These also interactin a ‘front-
to-back’ arrangementas previously described for the Arp7-Arp9 dimer while Swr1H5Ais bound
by their barbed ends t00269373, 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 SWR1238276279, 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 NCP353387.395 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 nucleosome3%. 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 density38s. 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). Itincludes 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 a2 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 toySWI/SNF (Fig. 12a). Thisleadstoa fundamentallydifferentposition of
the Arp module relative tothe 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 thepath ofexit DNA and presumably contributes toits partial detachment from
the histone octamer391-393, [n INO8O, the Arp8 module binds extranucleosomal DNA at the
NCP’s entry site ahead of the ATPase386. Point mutations in the HSA domain demonstrate that
thisinteraction 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 isin agreement with the observation that INO80 requires atleast
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
backinstead 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.
a b

INO380

ySWI/SNF

extranucleosomal
DNA

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: les4; 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,
actinisin a nucleotide-freestate in the crystal structure of the actin-Arp4-Swr1HSA construct3’3
but bound to ATP in the crystal structure of the Arp8 module of INO80386, Of note, for
crystallization of the latter nonucleotide wasadded 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-actin38é. In the BAF complex, biochemical data suggests that actin is also bound
to ATP and might even hydrolyze ATP to some extent4%, while Arp7and Arp9 are in nucleotide
free states in the crystal structure of the Arp module of ySWI/SNF269. Furthermore, the
nucleotide state of Arp8 differs between the crystalized Arp8 module from Saccharomyces
cerevisiae38¢ 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 nolarger 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 39.
Thus, itis very likely that themodule is highly dynamic and can adoptvariouspositions 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 INO8O 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 disorderd387.388395, This region comprises ~100 amino acids (Fig.12a)386 and might
contribute to the flexibility of the module by providing a longlinker 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 H2A%06 while Arp8 shows high affinity towards the H3-H4
tetramer375376, These interactions do not necessarily have to be formed to the same
nucleosome the core module binds to but potentially also toan adjacent nucleosome given the
extended conformation ofthe 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
properties!827. 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.INO80interacts with theacidic patch via the insert domain of Arp5 (Fig. 13a), which
is essential for it to catalyze DNA translocation38.407. The first factor tobe described to bind the
acidic patch was a peptide from the Karposi’s sarcoma-associated herpesvirus latency-
associated nuclear antigen (LANA)2°. This peptide mediates theattachment 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 activity408while Sir3 contributes to the generation of transcriptionally
silenced domains#09. Although all these enzymes differ fundamentally in theirbiological 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 factors273,
Intriguingly, there is no sequence homology or common structural motif among the acidic
patch-interactingprotein regions (Fig. 13)27.36. Instead, these are highly diverseand 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)2627.293136, This is referred to as the arginine
anchor motif2” and in INO80 formed by R501 of Arp5insert (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 peptide??, ¢, 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.
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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 (alsosee 2.2.1.1)497. The binding
to the acidic patch clears the inhibitory effect of these flanking domains on the ATPase and
activatesit407. RSCbinds the acidic patch via the positively charged C-terminal tail of Sth1 and
this interaction is critical for the ejection of nucleosomes from DNA by RSC39%. These two
examples and the observations made for INO8O0 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 INO80387.394407, 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 action3873%4. In turn,
the ATPase activity of Snf2Zh depends on its binding to the acidic patch 407. Thus, theacidic patch
impactsremodeller 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 dueto their unordered nature (see 2.1.1.3)1547. 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 negativeregulation of the domains AutoN and NegC on ATP hydrolysis and the
coupling of ATP hydrolysis to DNA translocation, respectively1%. In the cryo-EM structure of
nucleosome-bound Isw1, the H4 tail interacts with the C-lobe including contacts to H4K163%.
Thisresidue interacts with the acidic patch ofthe adjacent nucleosome in nucleosomal arrays,
compacting the chromatin fiber (see 2.1.1.2)1539,

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
les2276, 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 304411,
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 invasion#!%. They possibly constrainthe conformations of INO80 bound
to the NCP thereby increasing the energy barrier to initiating remodelling41L This would
explain the elevated speed of the sliding reaction observed for nucleosomes lacking the histone
tails304411, More recent biochemical experiments indicate that the H3 tail regulates the activity
of INO8039, The residues 31 — 39 appear to be of particular importance in this process as
mimicking acetylation at H3K36and H3K37 results in an increased sliding velocity and affects
the proposed dimerization of INO80 on the nucleosome384395, 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 nucleosome#13. Itsstarting
pointis a local over- or underwinding of nucleosomal DNA, which resultsin a twist or untwist
(hence the name) to accommodate the gain or loss of a single bp ata given site412413, 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 bp#12 or torsional oscillations of entry DNA414. Hence, it also accounts for the spontaneous
motion of nucleosomes on DNA#15, 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
ATPase*13. 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 a-satellite sequence (see 2.1.1.4)182526 [n addition, it was shown, that remodeller
ATPases can introduce superhelicity in linear DNA46. Objections to the twist diffusion model
arose asitinvolves arotation of DNA behind the source of the twist resulting in torsional stress
and eventually topological changes of nucleosomal DNA#412.413, Early biochemical experiments
on nucleosome sliding by ISWI could also not confirm the model as it was demonstrated to
translocate nicked DNA too#!7. However, it gained new attention by the high-resolution cryo-
EM studies of Swi2 /Snf2, Isw1 and CHD4 bound to the nucleosome?234346347, | n these structures,
a distortion?234 or register shift346347 of the tracking strand is observed relative to the guide
strand.

Theloop /bulge propagation model proposesthat theremodeller ATPase breaks histone-DNA
contacts by pulling (or pushing) entry DNA into the NCP resulting in the formation of a
distorted DNA loop#12. 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 footprinting2!, which demonstrate movements of
nucleosomes in increments larger than 1 bp302418, 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 INO8O0.
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 direction3®. However,
the question remains how this counter grip alternately binds and releases from the NCP to
enable formation and propagation of the DNAloop, 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 subunits#12418 The key element for this coupling in INO80 mightbe
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 Ino80ATPase 35 its differential
readout of a histone variant results in an elevated level of ATPase activity387. Future studies
will show whetherthis 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 domainsis also presentin
multi-subunit remodellers and how this can be brought in accordance with DNA translocation
in increments of 10 — 20 bp by IN080302.305, Finally, this will touch on the question why and in
which context multi-subunit remodellers are necessary giventhe manifold actions remod eller
ATPases can carry out in small complexes or even as single subunits.
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AAA+
ACF
ACS
ARP
ARS
AutoN
bp
BAF
BAP
BPTF
BRD7
BRG1
BRM
CHD
CHRAC
ChIP
ChIP-exo

digestion

ChIP-seq
CID
cryo-EM
Da

DNA
DSB
esBAF
FACT
GLTSCR1
GLTSCRI1L
HAT
hBRM
HDAC
HIT
HMG
HP1

HSA

HSS

IDR

Ies
INO80
ISWI

kb

LAD
LANA
IncRNA
Mb

Mec1

6 Abbreviations

ATPases associated with diverse cellularactivities
ATP-utilizing chromatinassembly and remodellingfactor
ARS consensus sequence

actin-related protein

autonomously replicatingsequence

autoinhibitory N terminal

base pair(s)

BRG1-associated factors

BRM-associated proteins

bromodomain and PHD finger transcription factor
Bromodomain-containingprotein 7

Brahma-related gene 1

Brahma

chromodomain helicase DNA-binding

chromatin accessibility complex

chromatin immunoprecipitation

chromatin immunoprecipitation followed by 5’->3’ exonuclease

chromatin immunoprecipitation followed by deep sequencing
chromosomally interactingdomain
cryogenic electron microscopy

Dalton; unit of mass; 1 Da correspondsto 1 u
deoxyribonucleicacid

double strand break

embryonicstem cell BAF

facilitates chromatin transcription

glioma tumor suppressor candidate region gene 1
GLTSCR1-like

histone acetyltransferase

human Brahma

histone deacetylase

histidine triad

high-mobility group

heterochromatin protein 1
helicase/SANT-associated
HAND-SANT-SLIDE

intrinsically disordered region

Ino eighty subunit

inositol requiring 80

imitation switch

kilo base pairs

lamina-associated domain
latency-associatednuclear antigen

long noncoding RNA

megabase pairs

Mitosis entry checkpoint protein 1
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MNase
MNase-seq
NAP1
NCP
NDR
NegC
NFR
Nhp10
NTD
NuA4
NURF
NuRD
OB
ORC
PAPA-1
PBAP
PcG
PBRM1
pdb
PHD
PIC
PRC1/2
PTM
RCC
recA
RNA
RNAPII
RSC
RSF
Rtt102
Rvb1/2
SRCAP
SD
SELEX
SGD
SHL
SIR
SWI/SNF
Swril
TAD
Taf14
Tell
TF

wt
Yaf9
YEATS

micrococcal nuclease

micrococcal nuclease treatment followed by deep sequencing
nucleosome assembly protein-1

nucleosome core particle
nucleosome-depletedregion

negative regulator of coupling

nucleosome-free region

non-histone protein

N-terminaldomain

nucleosome acetyltransferase of H4

nucleosome remodelling factor

Nucleosome Remodelling and Deacetlyation
oligonucleotide-binding

origin recognition complex

Pim-1-associated protein-1 associated protein-1
Polybromo BAP

Polycomb group

Protein polybromo-1

protein data bank; refers to the structure’s ID in the pdb
planthomeodomain

pre-initiation complex

Polycomb repressive complex 1/2
posttranslational modification

regulator of chromosome condensation
recombination protein A

ribonucleicacid

RNA polymerase I1

remodels the structure of chromatin
remodelling and spacing factor

repressor of Ty1 transposition, gene 102
RuvB-like protein 1/2

Snf2-related CREB-binding proteinactivator protein
subdomain

Systematic evolution ofligands by exponential enrichment
salt gradient dialysis

superhelix location

silentinformation regulator

switching defective/sucrose non-fermentable
Swi2/Snf2-related 1

topologically associated domain

TBP-associated factor 14

Telomere length regulation protein 1
transcription factor

wild-type

Protein AF-9 homolog

Yaf9,ENL, AF9, TAf14, Sas5
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