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Characterizing the Mechanism of the INO80 family Chromatin 

Remodeling Machine 

By Muryam Abiola Adoma Gourdet 

Abstract 

 

DNA encodes the genetic material to instruct all cellular processes and to establish cellular 

identity. Cellular identity is established by both genetic content and regulation of gene 

expression. In eukaryotes, gene expression is regulated by many factors including chromatin 

structure. Chromatin structure consists of nucleosomes, comprised of ~150 bp of DNA wrapped 

around a histone octamer. This structure regulates several DNA dependent processes including 

transcription and DNA damage repair. Understanding the mechanisms that regulate chromatin 

structure is key to understanding how biological systems are controlled in the cell.  

 

DNA dependent cellular process are known to be regulated by chromatin remodelers. 

Chromatin remodelers couple the energy of ATP hydrolysis to slide nucleosomes, transfer 

histones, and/or distort the octamer— activities that are essential to regulate the chromatin 

state. A unique chromatin remodeler, INO80, requires both the RecA-like ATPase and 

accessory subunits to slide nucleosomes in vitro. In vivo, INO80 plays a role in both DNA 

damage repair and transcription. However, it is unclear how INO80 sliding activity contributes to 

its diverse biological roles. Recent work from our lab revealed the following about INO80 

mechanism: (1) INO80 is regulated by two nucleosome cues: flanking DNA length and the H2A-
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2B dimer acidic patch on the histone octamer; (2) INO80 remodeling reaction has at least one 

intermediate state and transition of this intermediate to a slid product is regulated by DNA 

length; (3) the Nhp10 accessory module regulates the transition between the intermediate state 

and the slid product. Others have shown that both Nhp10 and Arp8 modules recognize DNA. 

The Arp8 module alters how INO80 engages both the DNA and histones of the nucleosome, 

specifically altering how the Arp5 module engages the H2A-H2B dimer. Cryo-EM structures 

revealed that the Arp5 and Ies2 modules engage the H2A-H2B dimer acidic patch. It wasn’t 

clear if the engagement of both Arp5 and Ies2 with the two respective H2A-H2B dimer acidic 

patches was required for INO80 remodeling.  In this thesis, we investigated the requirement of 

the Arp5-H2A-H2B-acidic patch interaction versus the Ies2-H2A-H2B-acidic patch interaction in 

INO80 remodeling. We discovered that only the Arp5-H2A-H2B acidic patch interaction was 

required for INO80 remodeling and contributed to the generation of a nucleosome intermediate.  

Others have also shown that INO80 preferentially acts on nucleosome containing H2A.Z-H2B 

dimer, which has a more expansive acidic patch. H2A.Z-H2B containing nucleosomes are 

present during transcription. As INO80 acts during transcription, what alternative substrates 

generated during transcription could INO80 act on? Others have shown that hexasomes, 

nucleosomes missing one H2A-H2B dimer, are generated by polymerase during transcription. In 

this thesis, we further investigated the role INO80 plays in remodeling hexasomes. We identified 

that INO80 not only regulates hexasome positions in yeast, but INO80 is also preferentially 

stimulated by hexasomes. Surprisingly, the dimer missing in the hexasome is the dimer Arp5 

contacts in the nucleosome. This led us to hypothesize that Arp5 must make alternative 

contacts on the hexasome, that allow INO80 to be more active. In this thesis, we additionally 

obtained the structure of INO80 bound to a hexasome. We showed that not only does Arp5 

make alternative contacts with the H3-H4 tetramer, but the Ino80 ATPase engages the 

hexasome at SHL-2, which reflects a ~180o rotation compared to the nucleosome. Most 

remodelers bind at SHL2 of the nucleosome. This provides an explanation for why INO80 is 
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more active on a hexasome compared to a nucleosome. We hypothesize that INO80 generates 

a hexasome-like intermediate while remodeling a nucleosome. We speculate that Ino80 

migrates from SHL-7/-6 towards SHL-2 on path to remodeling a nucleosome. Overall this thesis 

highlights the versatility with which remodelers like INO80 act on various substrates. Such 

versatility which may allow INO80 to act in diverse processes in vivo.  
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Chapter 1: Introduction 
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1) Chromatin regulates cellular health 
 

The development of multicellular organisms, such as humans, is a highly regulated process. The 

genetic information that dictates how an organism develops and functions is encoded in the form 

of DNA. Packaging of DNA in the form of chromatin allows regulation of all processes that require 

access to genetic information. The smallest unit of chromatin is the nucleosome in which ~150 bp 

of DNA is wrapped around a histone octamer consisting of two H2A/H2B dimers and one H3/H4 

tetramer (Figure 1.1A). The wrapped DNA can be divided into waypoints at superhelical locations 

across the surface of the histone octamer, which are mirrored on opposing faces(1) (Figure 1.1A). 

The nucleosome acts as a barrier to transcription because the histone octamer interactions with 

the DNA make those regions inaccessible. Furthermore, inter-nucleosomal interactions in 

collaboration with other factors result in higher order chromatin compaction. Different degrees of 

compaction result in regions that are transcriptionally inactive and active, termed heterochromatin 

and euchromatin, respectively. Heterochromatic regions contain densely compacted 

nucleosomes, which limit access to DNA, and prevent recruitment of factors essential for 

transcription (Figure 1.1B). Contrarily, euchromatic regions contain less densely compacted 

nucleosomes, allowing the DNA to be more accessible for transcription (Figure 1.1B). During 

transcription, chromatin structure is continuously modified by covalent and non-covalent 

modifications. Non-covalent conformational changes of nucleosomes expose specific genetic 

regions and allow DNA-interacting proteins to access the DNA(2). This requires the hydrolysis of 

ATP by ATP-dependent chromatin remodeling enzymes to transform nucleosome structure(2).  

 

ATP-dependent chromatin remodelers play a critical role in establishing the overall chromatin 

structure. These enzymes carry out different functions that are important in biological processes 

such as DNA damage repair and transcription. Mutations in these enzymes have been implicated 

in various cancers consistent with their important roles in DNA dependent processes(3). Although 
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many studies have demonstrated that chromatin remodelers are key regulators of chromatin, their 

mechanisms remain ill-defined.  

 

2) Chromatin remodelers are highly conserved regulatory machines.   
  

ATP-dependent chromatin remodelers are highly conserved regulators of chromatin structure. 

ATP-dependent chromatin remodelers are members of the Superfamily II nucleic acid 

translocases, and all share an evolutionary related ATPase subunit composed of two RecA fold 

lobes(2). Differences in the sequence of this ATPase subunit divide chromatin remodelers into 

four different families: CHD (chromodomain, helicase, DNA binding), SWI/SNF (switching 

defective/sucrose nonfermenting), ISWI (imitation switch), and INO80 (inositol requiring 80)(2). 

However, distinct non-catalytic accessory domains confer specific properties on different 

remodelers. These complexes transform the nucleosome in various ways including sliding an 

intact histone octamer, disassembling an intact histone octamer, exchanging histone variants, 

and altering the nucleosome conformation (Figure 1.1C). The majority of remodelers are involved 

in sliding an intact histone octamer on DNA in vitro(2). However, in vivo, these remodelers 

contribute to different biological processes to regulate genome architecture through distinct 

mechanisms. 

    

Differences in the accessory subunits of each chromatin remodeler may regulate substrate 

recognition and activity. Biochemical studies have begun to interrogate the role of the accessory 

subunits in contributing to the unique core functions of chromatin remodelers. Thus, it is essential 

to further understand the biochemical basis for chromatin remodeler mechanisms to   

suggest models for how their activities could be regulated during transcription and other DNA 

dependent processes.  
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3)  INO80: Unlike the rest?  
  

Recent work suggests that the subunit differences between chromatin remodelers include 

sequence motifs with autoregulatory functions essential for substrate recognition and the 

remodeling outcome. The INO80 family of chromatin remodelers is unique compared to other 

classes of remodelers, because the RecA-like lobes in the ATPase are interrupted with a large 

insertion domain (~ 300 amino acids)(2). Contrary to other remodeling families, the INO80 family 

requires their accessory subunits for their core activity. The INO80 class contains two members, 

the INO80 complex (INO80) and the SWR complex (SWR) (Figure 1.2). Interestingly, despite 

belonging to the same family and playing overlapping in vivo roles in DNA damage and 

transcription, INO80 and SWR execute different functions in vitro. INO80 primarily slides 

nucleosomes while SWR unidirectionally exchanges canonical H2A/H2B dimers with variant 

H2A.Z/H2B dimers(4–6) (Figure 1.2B). Although SWR and INO80 have such distinct biochemical 

functions, they share core architectural features including homologous non-catalytic subunits. The 

insertion domain, unique to the INO80 family, recruits the Rvb1/2 AAA+ ATPases and the core 

non-catalytic subunits. Cryo-electron microscopy (cryo-EM) structures of INO80 and SWR bound 

to nucleosomes, revealed that despite structural similarities they engage the substrate through 

distinct interactions(7–9) (Figure 1.2C). SWR, like most other ATP-dependent chromatin 

remodelers, interacts with nucleosome at superhelical location SHL2 (9) (Figure 1.2C). 

Surprisingly, INO80 binds to nucleosomes at SHL-6/7, which suggests that INO80 employs a 

distinct mechanism for moving DNA across the octamer surface(7, 8) (Figure 1.2C). This raises 

the question of what makes INO80 so unique compared to other remodelers, including its own 

family member SWR? 
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4) Previous biochemical and structural studies of INO80 
 

INO80 is a large, ~1MDa, multisubunit complex, composed of several non-catalytic subunits that 

form the following functional modules: Nhp10, Arp8, Arp5 and, Ies2 modules(7, 8, 10) (Figure 

1.2A). Cryo-EM studies on nucleosomes with flanking DNA on only one side revealed that the 

INO80 complex asymmetrically engulfs the nucleosome with the support of the non-catalytic 

subunits(7, 8). INO80 makes extensive contacts with the flanking DNA, core DNA, and histone 

octamer(7, 8, 11, 12). The Arp5 module contacts the SHL-3 region of the core nucleosomal 

DNA(7). Furthermore, the Ino80 ATPase contacts SHL-6/7 near the flanking DNA, where the DNA 

is peeled away from the histone octamer core(7, 8, 12). Flanking DNA length regulates INO80’s 

activity by promoting binding to nucleosomes(13) and regulating its sliding activity(14) (Figure 

1.3A). Previously our lab showed that INO80 does not efficiently slide nucleosomes with 40bp of 

flanking DNA or less(14). However, by increasing the flanking DNA length to 80 bp, a 300-fold 

increase is observed in INO80’s sliding activity (Figure 1.3A). Interestingly, altering the flanking 

DNA length from 40 to 80 bp only had a minor effect on its ATPase activity. This data led to a 

model where INO80 generates a nucleosome intermediate prior to nucleosome sliding. 

Surprisingly, reducing flanking DNA length only modestly decreased INO80’s ability to form the 

nucleosome intermediate. As a result, we hypothesized that INO80’s remodeling activity consists 

of at least two steps: (1) forming at least one nucleosome intermediate and (2) sliding the 

nucleosome. In addition, we hypothesized that the flanking DNA length dependence occurs in 

step 2 (Figure 1.3A). 

  

The Ino80 ATPase, Arp8 and Nhp10 modules, all make contacts with the flanking DNA(10, 12). 

The Arp8 and Nhp10 modules, when purified in isolation from the INO80 complex can interact 

with DNA(10). Previous work from our lab revealed that the Nhp10 module negatively regulates 

INO80’s sliding activity(14). Deletion of Nhp10, abolishes length sensing by INO80, and rescues 
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sliding of nucleosomes with 40bp of flanking DNA by ~100 fold(14). This result highlights that the 

Nhp10 module has a role in inhibiting INO80’s sliding activity on nucleosomes with short flanking 

DNA. The Arp8 module, coordinates INO80’s nucleosome contacts, as it directly interacts with 

the helicase SANT-associated (HSA) domain of the ATPase(10, 15). The HSA domain is a known 

DNA binding domain(15, 16). Therefore, the Arp8 module was proposed to contribute to flanking 

DNA binding by Ino80(12, 15, 16). Deleting the N-terminal domain of Arp8 to break Arp8’s 

contacts with DNA alters how the Nhp10 module and Ino80 ATPase engage flanking DNA(12). 

Interestingly, altering these contacts also affects how the INO80 complex contacts the histone 

octamer(12).  This highlights how the modules coordinate their contacts with all components of 

the nucleosome, the DNA and the histones (Figure 1.3).  

 

 In addition to flanking DNA, INO80 makes extensive contacts with the histone octamer, 

specifically with the H2A-H2B acidic patch(7, 8). The acidic patch is a highly negatively charged 

region between H2A and H2B and plays an essential role in many chromatin remodelers 

activity(7, 17–20). A major role for the acidic patch is maintained for INO80 as mutating the H2A/B 

acidic patches reduces its sliding activity by 100-fold(19). Cryo-EM studies reveal that the two 

nucleosomal acidic patches make contacts with the Arp5 and Ies2 modules(7, 8). How these two 

interactions contribute to INO80’s remodeling activity remains elusive (Figure 3C). 

 

The Ies2 module wraps around the nucleosome and contacts the acidic patch distal to the flanking 

DNA(7). Structural studies show that Ies2 also makes contacts with multiple components of 

INO80(7, 10). The Ies2 module plays a key role in maintaining the INO80 complex. Upon deletion 

of Ies2, the INO80 complex loses Ies2 and the Arp5 module(21). The Arp5 module engages the 

dimer acidic patch proximal to the flanking DNA and contacts the nucleosomal DNA between 

SHL-2 and SHL-3(7). The Arp5 subunit of the Arp5 module contains a domain called the grappler. 

The Arp5 grappler bridges the Arp5 module contacts between the nucleosomal DNA and the 
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dimer(7). The Arp5 grappler adopts two conformations, the open and closed state.  In the closed 

state, the Arp5 module binds to nucleosomal DNA near the dyad, flanking DNA at SHL-7.5 and 

the acidic patch(7). In the open state, the Arp5 grappler contacts the DNA at SHL-1 and the exit 

DNA (7). In this conformation, the Arp5 module may block movement of the exit DNA. Based on 

biochemical and structural insights into the Arp5 module, it is hypothesized that the Arp5 module 

couples ATPase activity to sliding by gripping onto the octamer and DNA. Maintaining this hold 

allows for a ratcheting translocation step that is on path to generate a slid nucleosome.  The Arp5 

module’s engagement of the nucleosome is hypothesized to be critical in allowing nucleosome 

sliding (7, 10). Furthermore, mutations in Arp8 affect how other subunits of INO80 engage the 

histones (12). Specifically, deletion of the N-terminal extension of Arp8 alters how Arp5 engages 

the H2A-H2B dimer (12). This provides evidence the Arp8 module may coordinate how other non-

catalytic subunits engage the nucleosome. Since Arp8 makes contacts with the flanking DNA, 

does the Arp8 module contribute to flanking DNA length sensing by INO80 (Figure 1.3B)? Does 

the Arp8 module couple DNA length sensitivity to activation of the Ino80 ATPase?  Further work 

needs to be done to understand how the Arp8 module contributes to INO80’s sliding activity.   

 

5) Open questions in INO80 mechanism.  
 

A huge conundrum in the field is how INO80’s biochemical activity relates to it’s in vivo function. 

Previous data has shown that INO80 is involved in nucleosome positioning at the +1 position and 

into the gene body (22–25). The DNA flanking the +1 nucleosome exceeds 40 bp, however the 

spacing between nucleosomes in the gene body is approximately 20 bps (26) (Figure 1.4A). This 

raises the question of how INO80 remodels nucleosomes in the gene body when biochemically it 

does not efficiently remodel nucleosomes with 40bp or less of flanking DNA. Removal of some 

non-catalytic subunits (i.e., Nhp10), relieves this inhibition on nucleosomes with shorter flanking 

DNA lengths. Therefore, one possibility is that INO80 can exist in subcomplexes in vivo, thereby 
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modulating its activity based on nucleosome density. Another possibility is that the features of the 

nucleosomes vary in vivo which relieves INO80’s autoinhibitory action. How can these substrates 

vary in vivo?  Various factors change histone composition by exchanging canonical histones for 

non-canonical histones that alter the surface features and dynamics of the nucleosome. One 

prevalent non-canonical histone is H2A.Z. H2A.Z is found at promoters and can be deposited by 

SWR and histone chaperones (6, 27)(Figure 1.4B). This variant contains an extended dimer acidic 

patch, which has been shown to promote INO80’s sliding activity(7). In addition to having an 

extended dimer acidic patch, others have suggested that nucleosomes containing H2A.Z are less 

stable(28). Structural analysis suggests H2A.Z dimers have fewer stabilizing interactions with the 

DNA allowing the dimer to more readily dissociate from the nucleosome (28, 29). Does INO80 act 

better on H2A.Z nucleosomes it because the histone acidic patch of H2A.Z-H2B dimers is more 

extended, or is it because this dimer is less stably bound (Figure 1.4C)?  What alternative 

substrates can INO80 act on? Are other noncanonical substrates preferred by INO80 (Figure 

1.4E)? There has been increasing evidence that subnucleosomal particles exist in vivo(30, 31). 

These subnucleosomal particles typically are missing one H2A/H2B dimer(30). These can be 

generated by factors such as histone chaperones. Additionally, during transcription, RNA 

polymerase generates hexasomes in gene bodies and repositions these products(30) (Figure 

1.4D). Could INO80 act on these hexasome particles (Figure 1.4E)? If so, is this how INO80 

regulates nucleosomal positions within the gene body?  

 

Chapters 2-4 address various aspects of these open questions. 
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Figures 
 

 

 

 

 

 

 

Figure 1.1. Chromatin organization.  
A) Nucleosomes are composed of two H2A-H2B dimers (in blue) and one H3-H4 tetramer 
(grey). Approximately ~150bp of DNA wraps around the histone octamer core. This DNA is 
divided into “waypoints” called Super Helical Locations (SHL). Entry/flanking DNA (in orange) 
extends beyond SHL-7.  B) This cartoon shows the organization of the chromatin structure. 
Regions in which nucleosome packaging is condensed or relaxed, are referred to as 
heterochromatic and euchromatic regions, respectively. C) A cartoon showing the different ways 
chromatin remodelers noncovalently modify nucleosomes (octamer eviction, histone exchange, 
DNA unwrapping, and nucleosome sliding).  
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Figure 1.2.  INO80 Family: INO80 and SWR   
The INO80 family is composed of the multi-subunit complexes INO80 and SWR. A) This cartoon 
of INO80, demonstrates how multiple non-catalytic subunits interact with the Ino80 ATPase. B) 
INO80 and SWR function differently biochemically. INO80 primally slides nucleosomes, while 
SWR exchanges the canonical H2A-H2B dimer for the H2A.Z-H2B variant (in green and red). C) 
The Ino80 ATPase (red) engages the nucleosome at SHL-7/-6, while theSwr1 ATPase (dark-
blue) engages at SHL2.  
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Figure 1.3.  Mechanisms that regulate INO80 nucleosome sliding activity    
INO80 nucleosome sliding contains at least two steps, (1) generation of nucleosome 
intermediate and (2) nucleosome sliding. These steps are uniquely regulated. A) Step 2, 
nucleosome sliding, is regulated by flanking DNA length. Nucleosome sliding is inhibited on 
nucleosomes with <40bp flanking DNA. Removing Nhp10 module rescues this inhibition, so 
Nhp10 may contribute to Step2 of INO80 nucleosome remodeling. B). The Arp8 module 
recognizes DNA. The Arp8 module coordinates how the Nhp10 module and Ino80 ATPase 
contacts the nucleosome flanking DNA. The Arp8 module may contribute to Step2.  C) INO80 
nucleosome sliding is stimulated by the H2A-H2B acidic patch. It is not clear which step requires 
the H2A-H2B acidic patch. The Arp5 and Ies2 modules makes contacts with this acidic patch. It 
is not clear if both contacts are required to stimulate INO80 sliding activity.  
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Figure 1.4. Open questions about INO80 action    
A) INO80 regulates nucleosome positions in gene bodies, despite only ~18bp of DNA between 
the nucleosomes. It is not clear how INO80 can act on these nucleosomes, while biochemically 
INO80 cannot effeciently remodel nucleosomes with <40bp flanking DNA. INO80 is localized at 
genes during active transcription. During active transcription, H2A.Z-H2B dimers are deposited. 
B) INO80 sliding activity is increased with nucleosomes with H2A.Z-H2B dimers. C) H2A.Z-H2B 
dimers have an expanded acidic patch and are proposed make less stable contacts with the H3-
H4 tetramer. Is INO80 more active on H2A.Z-H2B containing nucleosomes because (i) the 
expanded acidic patch or (ii) the instablilty between H2A.Z-H2B and H3-H4? C) During active 
transcription, RNA polymerase generates hexasomes. E) If hexasomes are generated either by 
destabilized H2A.Z-H2B nucleosomes or by RNA Polymerase, could the hexasome be a 
substrate for INO80? 
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Chapter 2: A hexasome is the preferred substrate for 
the INO80 chromatin remodeling complex, allowing 
versatility of function.  
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Abstract 

The critical role of the INO80 chromatin-remodeling complex in transcription is commonly 

attributed to its nucleosome sliding activity. Here we’ve found that INO80 prefers to mobilize 

hexasomes over nucleosomes. INO80’s preference for hexasomes reaches up to ~60-fold when 

flanking DNA overhangs approach the ~18 bp linkers in yeast gene bodies. Correspondingly, 

deletion of INO80 significantly affects the positions of hexasome-sized particles within yeast 

genes in vivo. Our results raise the possibility that INO80 promotes nucleosome sliding by 

dislodging an H2A/H2B dimer, thereby making a nucleosome transiently resemble a hexasome. 

We propose that this mechanism allows INO80 to rapidly mobilize nucleosomes at promoters and 

hexasomes within gene bodies. Rapid repositioning of hexasomes that are generated in the wake 

of transcription may mitigate spurious transcription. More generally, such versatility may explain 

how INO80 regulates chromatin architecture during the diverse processes of transcription, 

replication, and repair.  

  

Introduction 

In eukaryotes, most DNA dependent processes have to contend with chromatin. The most 

prevalent building block of chromatin is a nucleosome, which is composed of ~147 bp of DNA 

wrapped around a histone octamer containing two H2A/H2B dimers and an H3/H4 tetramer. 

Several studies indicate that the octameric histone composition changes during processes such 

as transcription and replication, which require transient disruption of histone-DNA contacts(1). In 

particular, transcription results in accumulation of subnucleosomal particles, many of which are 

hexasomes that are missing a single H2A/H2B dimer (2). Extensive work has addressed how 

nucleosome positions are regulated during transcription (3–6). In comparison, whether and how 

hexasome positions are regulated is poorly understood. 
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Nucleosome positions during transcription are regulated by ATP-dependent chromatin 

remodeling enzymes, which can evict octamers, exchange histones, and distort and slide the 

histone octamer(7). These highly conserved enzymes often fall into four main classes, ISWI, 

SWI/SNF, CHD and INO80. Together these enzymes collaborate to maintain a nucleosome 

depleted region (NDR) at promoters and specific nucleosome positions in the gene body (Figure 

2.1A) (8, 9). In vitro, enzymes from these different classes such as S. cerevisiae Chd1, INO80 

and ISW2 superficially show a similar ability to slide nucleosomes (10). Yet in vivo, these enzymes 

play non-overlapping roles. In such comparisons, it is commonly assumed that nucleosomes are 

the preferred substrates. Indeed, specific features of nucleosomes are recognized by these 

enzymes, such as the length of the DNA overhang flanking a nucleosome, an acidic patch found 

on the H2A/H2B dimer and histone post-translational modifications (10, 11). Amongst these 

features, interactions with the acidic patch play a significant role in nucleosome remodeling by 

the ISWI, SWI/SNF, CHD and INO80 classes of enzymes (12–16). At the same time however, 

the prevalence of subnucleosomal particles in vivo (2, 17) provokes the question of whether the 

action of these remodeling enzymes differs on hexasomes, thereby contributing to some of their 

unique functions in vivo.  

 

Recent studies with S. cerevisiae Chd1 provide some insight. Chd1 can bi-directionally slide 

nucleosomes (18). However, removal of one H2A/H2B dimer inhibits sliding in one direction, 

resulting in unidirectional sliding (19). Whether other remodeling enzymes are similarly regulated 

is unclear. Here we addressed this question in the context of the multi-subunit S. cerevisiae INO80 

complex, which plays central roles in DNA repair, replication and transcription. Unlike CHD and 

ISWI enzymes, where the ATPase subunit is sufficient for remodeling, INO80 sliding is highly 

regulated by its additional subunits. S. cerevisiae INO80 has 14 subunits in addition to the Ino80 

ATPase subunit (20, 21). These additional subunits are organized in separable modules (Figure 

2.1B). In particular, the Arp5/Ies6 module plays an activating role for sliding nucleosomes (13, 20, 
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22, 23). Further, unlike the CHD and ISWI ATPases, which bind at the internal location of Super 

Helical Location (SHL) +2 on a nucleosome, the Ino80 ATPase, binds near the entry-exit site of 

the nucleosome at SHL-5/-6 (13, 24) (Figure 2.2A). These significant biochemical and structural 

differences between INO80 versus CHD and ISWI enzymes led us to examine more carefully 

INO80’s substrate specificity in vivo and in vitro. 

 

Here, using a combination of in vivo and biochemical studies we have uncovered a new biological 

activity of INO80. We find that in addition to regulating nucleosome positioning, INO80 contributes 

to the steady-state positioning of subnucleosomal particles in gene bodies. Surprisingly, in vitro, 

INO80 is not just capable of sliding hexasomes, but prefers hexasomes over nucleosomes. The 

preference for hexasomes was unexpected given INO80’s reliance on the acidic patch of 

H2A/H2B for nucleosome sliding. However, our results raise the possibility that during 

nucleosome sliding, the Arp5/Ies6 module of INO80 enables transient detachment of an H2A/H2B 

dimer through interactions with the acidic patch, allowing a hexasome-like intermediate. Overall, 

our work shows that INO80’s specific biochemical mechanism uniquely gives it the versatility to 

act on both nucleosomal and hexasome substrates based on genomic context.  

 

Results 
 
INO80 regulates both nucleosome and subnucleosomal spacing in vivo 
 
Most genes in S. cerevisiae have a stereotypical chromatin architecture near promoters, which 

includes an NDR at the transcription start site (TSS). The NDR is flanked by two well-positioned 

nucleosomes, a +1 nucleosome, the first nucleosome in the gene body and a -1 nucleosome, the 

first upstream nucleosome (4) (Figure 2.1A). Nucleosomes further in the gene body (+2 to +9) 

show some degree of defined positioning with an average inter-nucleosomal linker DNA spacing 

of ~18 bp (4) (Figure 2.1A). 
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INO80 has been shown to position the +1 nucleosome at TSSs, specifically at metabolic genes 

in budding yeast (8, 9, 23, 25). However, while there is increasing evidence for subnucleosomal 

particles at promoters and gene bodies of active genes arising from the high rates of nucleosome 

turnover during transcription, little is known on how remodelers affect these particles (2, 17). To 

identify potential roles of INO80 in regulating subnucleosomal particles, we performed MNase-

seq in the context of WT S. cerevisiae cells and cells deleted for the ATPase subunit of INO80, 

Ino80 (∆ino80 cells), and mapped nucleosomal and subnucleosomal particles as previously 

described (2) .  

 

A prior study demonstrated that a prevalent set of subnucleosomal particles found near TSSs 

correspond to MNase protected fragments of ~100bp, which were identified as hexasomes, (i.e. 

nucleosomes missing one H2A/H2B) (2). We therefore first mapped all fragments >90 bps to 

TSSs of the yeast genome using chemical cleavage mapping data (see Materials and 

Methods(26)) in WT and ∆ino80 cells (Figure 2.1A). We then filtered the fragments by size to 

differentiate potential hexasomes from nucleosomes (Figure 2.1C). Consistent with prior data, we 

observed that in the ∆ino80 strain, nucleosomes at the +1 position are not as well positioned 

compared to WT cells(9, 23)  (Figure 2.1C, top right panel). Previous studies have focused on the 

role of INO80 on positioning the +1 nucleosome (9, 23). Here, in addition to the changes in 

positioning of the +1 nucleosome, we observe that nucleosomes further into the gene body (up 

to +6) also show altered positions in ∆ino80 cells (Figure 2.1C, top right panel). Thus, our data 

suggest that INO80 is also important for maintaining spacing of nucleosomes within the gene 

body.  

 

Intriguingly, we found that particles suggestive of hexasomes at the +1 position also show 

disrupted positioning in ∆ino80 cells compared to WT cells, similar to the effects seen on +1 
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nucleosomes. Furthermore, there is a clear directional change in the positioning of potential 

hexasomes within the gene bodies in ∆ino80 beyond the +1 position, analogous to results 

observed with nucleosomes (Figure 2.1C, top left panel, bottom right and bottom left panels). The 

mispositioning of nucleosomes and hexasomes is also obvious in a heat map representation 

showing all genes, where the +1 to +6 nucleosomes show fuzzier profiles in ∆ino80 cells 

compared to WT cells (Figure 2.1D and 2.1E). Overall, these results show that INO80 is important 

for both nucleosome and hexasome positioning at the TSS and in the gene body.  

 

Next, we analyzed the genes that were most affected by deletion of Ino80 by calculating the 

Spearman Rho correlation coefficient for WT and ∆ino80 nucleosome signals (see Materials and 

Methods). The genes with the lowest Spearman Rho value represent the genes that had most 

differences in nucleosome positioning between WT and ∆ino80 cells (Figure 2.1F). In other words, 

the nucleosome positions within these genes in the ∆ino80 cells are most disrupted relative to 

WT cells (Figure 2.1F). These same genes also have substantially mispositioned hexasomes 

(Figure 2.1G), suggesting that INO80 contributes to positioning both nucleosomes and 

hexasomes at the same class of genes. An iPAGE heat map of genes (27) sorted by least to most 

correlated between WT and ∆ino80 shows the gene ontology (GO) enrichment terms of the 

different classes (Figure 2.1H). The GO enrichment terms are consistent with previously reported 

roles for INO80 at metabolism related genes(23). Our data show that genes involved in 

metabolism not only have changes in nucleosome positions, but also have changes in hexasome 

positions upon loss of INO80. Together, these results for the first time demonstrate that the 

locations of subnucleosomal particles at TSSs and within genes are regulated by INO80. 
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INO80 shows a large preference for remodeling hexasomes over nucleosomes  
 
The effects of INO80 on hexasome positions in vivo described above could arise directly from the 

action of INO80 on hexasomes, or indirectly through INO80’s action on nucleosomes, which are 

then partially disassembled by other factors. To distinguish between these possibilities, we asked 

if INO80 can act on a hexasome substrate in vitro.  

 

Prior biochemical work has shown that RNA polymerase elongation through nucleosomes results 

in asymmetric loss of the H2A-H2B dimer in the direction of Pol II transcription (Figure 2.1I) (28). 

Consistent with these biochemical findings, in vivo MNase footprinting in Drosophila cells 

suggests that elongating RNA polymerase results in hexasome formation within the gene body 

with a bias for losing the promoter-distal H2A-H2B dimer (2). Our data above suggests that INO80 

is important for sliding hexasomes within the gene body away from the promoter (+2 onwards, 

Figure 2.1C). Based on the prior biochemical and Drosophila studies we interpret this to mean 

that INO80 plays a role in sliding hexasomes towards the direction that the dimer is lost from. 

Therefore, we focused on testing INO80’s activity on a hexasome lacking the dimer proximal to 

the flanking DNA, which would mimic a nucleosome with the dimer lost in the direction of Pol II 

transcription in vivo (Figures 2.1I, 2.2A and 2.2B). We define this dimer as the proximal (or entry 

side) dimer to reflect its proximity to the side of the DNA that enters into the nucleosome during 

nucleosome sliding. The other dimer is referred to as the distal or exit side dimer.  

 

Previously, we have found that INO80 displays maximal remodeling activity on an end positioned 

nucleosome assembled on the 601 Widom sequence followed by at least 80 bps of flanking DNA 

(7). We therefore assembled hexasomes on the same 601 DNA template using recently described 

methods to obtain specifically oriented hexasomes(19) (Figure 2.2B). INO80 remodeled the 

hexasome, which we refer to as 601 +80 hexasome (H), ~2 fold faster than the 601 +80 

nucleosome (N) (Figures 2.2C and 2.2D, Figure S2.3, and Table 2.2). The products of hexasome 
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remodeling are consistent with sliding of the hexamer towards the center of the DNA based on 

comparisons to 40-601-40 hexasome standards (Figure S2.7). The products of nucleosome 

remodeling also migrate at locations consistent with centered nucleosomes as seen previously 

(Figure S2.7). Additionally, INO80 remodeled 601+100 nucleosomes with comparable rates as 

601+80 nucleosomes (Figure 2.2D and Table 2.2).  

 

While 80 bps of flanking DNA is required for maximal remodeling of nucleosomes by INO80 in 

vitro, within gene bodies in yeast, the average linker DNA length is ~18 bp. In vitro, the flanking 

DNA on a nucleosome provides a context to mimic the linker DNA found in vivo.  Interestingly, in 

vitro, reducing nucleosomal flanking DNA to 40 bp or less reduces rates of remodeling by INO80 

by 300-fold, such that remodeling occurs on the order of hours(7). This observation raised the 

question of how INO80 acts on nucleosomes and subnucleosomal particles in gene bodies. Given 

that hexasomes are substrates for INO80, we asked if these substrates are more readily mobilized 

on shorter flanking DNAs resembling the linker DNAs found in gene bodies.  

 

We found that a 601+40 hexasome is remodeled ~60-fold faster than a 601+40 nucleosome 

(Figure 2.2E, 2.2F and Table 2.2). A missing H2A-H2B dimer proximal to the linker DNA will 

release ~ 20 bp of DNA effectively increasing the length of the flanking DNA.  To test if the faster 

hexasome sliding arises from the additional flanking DNA that is released, we measured 

remodeling on 601+20 hexasomes. The use of 601+20 hexasomes results in effectively a similar 

length of flanking DNA as the 601+40 nucleosomes (Table 2.2). We found that 601+20 

hexasomes are also remodeled ~60-fold faster than 601+40 nucleosomes ruling out any effects 

from increased flanking DNA length.  

 

Further, the 601+20 hexasome and the 601+40 hexasome are remodeled only 5-fold slower than 

a 601+80 hexasome (Figure 2.2F). These results indicate that while hexasome remodeling by 
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INO80 shows a flanking DNA length dependence, this dependence is less steep than for 

nucleosomes. As a result, the time scales for sliding 601+20 and 601+40 hexasomes (t1/2 ~ 2 

minutes) are now more compatible with time scales of transcription elongation within yeast (29, 

30). 

 

Given that hexasomes are better substrates we next asked if this preference is also reflected in 

their ability to stimulate the ATPase activity of INO80. We found that 601+80 hexasomes stimulate 

the ATPase activity of INO80 6.3-fold more than 601+80 nucleosomes (Figure 2.2G and Table 

2.1). In the course of these studies, we noticed another major difference in how nucleosomes and 

hexasomes stimulate INO80’s ATPase activity. The hexasome stimulated ATPase activity shows 

a much bigger dependence on flanking DNA length than the nucleosome stimulated ATPase 

activity. Previously we showed that the ATPase activity of INO80 on nucleosomes is not strongly 

dependent on flanking DNA length (7). Consistent with these prior studies we find that a 601+80 

nucleosome stimulates the ATPase activity of INO80 only ~1.5 -fold more than a 601+40 

nucleosome (Figure S2.1B and Table 2.1). Additionally, a 601+100 nucleosome shows 

comparable ATPase stimulation as a 601+80 nucleosome (Figure S2.1 and Table 2.1). In 

contrast, a 601+80 hexasome stimulates the ATPase activity of INO80 7.6-fold more than a 

601+20 hexasome (Figure 2.2H). Finally, a larger population of hexasomes are remodeled in 

comparison to the corresponding nucleosomes (Figure 2.2E), suggesting more productive DNA 

translocation with hexasomes compared to nucleosomes. 

 

In principle, the faster observed remodeling of hexasomes could also be explained if INO80 

irreversibly slides the hexasome in one direction but slides the nucleosome in both directions, 

thereby seeming to be less effective at sliding the nucleosome (7). Comparisons of rate constants 

from the gel-based sliding assay, bulk FRET and prior single-molecule FRET indicate that we are 

mainly capturing unidirectional sliding towards the longer flanking DNA for nucleosomes (Figure 
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S2.4). Importantly, the higher ATPase activation by hexasomes further indicates that reversibility 

is not an issue. 

 

These results establish that a hexasome is the preferred substrate for INO80 in terms of 

remodeling rates, remodeling extent, and ATPase stimulation. These findings further raised the 

possibility that the slower remodeling of nucleosomes arises from a nucleosome-specific rate-

limiting step. To uncover this step, we studied the functional significance of the interactions made 

by INO80 with the proximal H2A/H2B dimer that is missing in the hexasomes tested above.  

 

INO80 largely uses only one acidic patch within the nucleosome  
 
The acidic patch on the H2A/H2B dimer of the nucleosome has been shown to be crucial for the 

activities of many remodelers including INO80 (13, 14). It’s been shown through structural studies 

that within an INO80-nucleosome complex, the Arp5/Ies6 module binds the entry site (proximal) 

dimer, and the Ies2 subunit binds the exit site (distal) dimer (13, 24). Both binding interactions 

involve contacts with the acidic patch on the respective H2A/H2B dimer (13, 24) (Figures 2.3A 

and 2.3B). Importantly, the hexasome that we used above is missing the dimer that is normally 

contacted by the Arp5 module. We therefore sought to determine the role of the interactions made 

by INO80 with the acidic patch on the proximal dimer. Previous studies have shown that mutating 

the acidic patches on both H2A/H2B dimers causes a large decrease in nucleosome sliding by 

INO80 (13, 14) . To determine the functional role of interactions with the proximal dimer’s acidic 

patch, we generated asymmetric nucleosomes, which had a mutated acidic patch on either the 

proximal or the distal dimer (Figure 2.3C) (15).  

 

Asymmetric nucleosomes are made by isolating hexasomes and adding in H2A/H2B dimers that 

are either WT or acidic patch mutant (APM) to reconstitute nucleosomes (Figure 2.3C). To confirm 
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that this method of nucleosome assembly generates a nucleosome that can be remodeled, we 

mixed WT hexasomes with WT dimer and subjected the nucleosome to remodeling by INO80. 

While this method of reconstitution led to more hexasomes in the starting substrate, the 

remodeling rate of the nucleosome substrate was comparable to canonically assembled 

nucleosomes (Figure S2.2A, S2.2C and Table 2.2). Further, to ensure that excess dimer was not 

contributing to the effects seen in remodeling, we added comparable amounts of excess dimer to 

canonically assembled nucleosomes and did not see significant effects on remodeling kinetics 

(Figure S2.2B). 

 

Unexpectedly, introducing a single APM dimer at the proximal location slowed nucleosome sliding 

by 200-fold, an effect that was comparable to the 150-fold defect of mutating both acidic patches 

(Figure 2.3D, 2.3E, and Table 2.2). In contrast, introducing a single APM dimer at the distal 

location caused only a modest (<1.5 fold) remodeling defect (Figures 2.3D and 2.3E). Thus, 

despite recent EM structures showing contacts by INO80 with both acidic patches of the 

nucleosome, contacts with the acidic patch on the proximal dimer contribute significantly more to 

nucleosome remodeling. Further, mutating the distal acidic patch in the context of hexasomes did 

not significantly change the remodeling rates (Figure S2.2E-G and Table 2.2). Together, these 

results indicate that the interactions made by the Arp5 module with the acidic patch of the proximal 

dimer play a major role in INO80 remodeling, while the interactions made between Ies2 and the 

acidic patch of the distal dimer do not make a large contribution to remodeling. We propose that, 

the Ies2-acidic patch contacts may be important for binding the nucleosome rather than for 

catalysis (31). Thus, the interaction between the H2A/H2B acidic patch and the Arp5 module may 

regulate a key step in nucleosome remodeling.  
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A differential role for the Arp/Ies6 module in nucleosome vs hexasome remodeling 
 
The results above suggested that the Arp5 module may play a bigger role in nucleosome sliding 

than hexasome sliding because its contacts with the proximal acidic patch promote nucleosome 

remodeling. To test this possibility, we purified a mutant INO80 complex from yeast lacking Arp5, 

which we denote as INO80(∆arp5) (Figure S2.9). INO80(∆arp5) did not display large defects in 

binding of hexasomes and nucleosomes (Figure S2.5). Previous studies have implied that 

deletion of the Arp5 module abrogates sliding by INO80 (20, 23, 32). However, upon assaying for 

longer times, we found that saturating concentrations of INO80(∆arp5) display detectable 

nucleosome sliding activity (Figure 2.4A). Under excess and saturating enzyme conditions, we 

found that removing the Arp5 module still permits sliding on 601 +80 nucleosomes, albeit 200-

fold more slowly that WT INO80 (Figure 2.4A, B and Table 2.2). The products generated by 

INO80(∆arp5) align with the intermediate nucleosome positions generated by INO80(WT), 

indicating that these are INO80(∆arp5) sliding products and not supershifted bound bands (Figure 

2.4A and 2.4C and Figure S2.7). In contrast, remodeling of a hexasome by INO80(∆arp5) is 

undetectable and is at least 800-fold slower than with WT INO80  (Figure 2.4A and 2.4C). These 

results indicate that the Arp5 module plays a larger activating role in the context of a hexasome 

than a nucleosome. 

 

Superficially, this was a counterintuitive result as the hexasomes used here lack the dimer that 

the Arp5 module contacts in a nucleosome. However, in addition to contacting the acidic patch, 

the Arp5 module also contacts nucleosomal DNA at the internal location of SHL-2/-3 through the 

DNA binding domain of the Arp5 subunit and through parts of the Ies6 subunit (Figure 2.4D) (13). 

A consequence of removing the proximal H2A/H2B dimer is that nucleosomal DNA at this location 

is released, increasing the length and changing the flexibility of the flanking DNA (Figure 2.4E). 

Importantly, such a change would make the internal DNA location of SHL-2/-3 more accessible 

to binding the Arp5 module. We therefore hypothesized that the hexasome is a better substrate 
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in part because it allows INO80 to more productively engage the DNA at SHL-2/-3 resulting in 

unimpeded translocation of DNA. We further found that under saturating enzyme concentrations, 

the ATPase activity of INO80(Δarp5) on hexasomes is ~ 30-fold slower than that of INO80(WT) 

(Figure S2.1 and Table 2.1). These results are consistent with the possibility that the Arp5 module 

contributes to the proper positioning of the Ino80 ATPase on hexasomal DNA thereby explaining 

Arp5’s bigger activating role in hexasome remodeling.   

 

Based on these results, we propose that the Arp5 module uses the acidic patch interactions to 

loosen the contacts between the H2A/H2B dimer and the H3/H4 tetramer at SHL-4/-5, making 

the substrate transiently resemble a hexasome. To further test this model, we next investigated 

which additional steps in nucleosome remodeling rely on the Arp5-acidic patch interaction.  

 

Interactions between Arp5 and acidic patch prime the nucleosome for DNA translocation 

 
Our previous work has suggested that the INO80-nucleosome complex forms an intermediate 

upon addition of ATP, prior to sliding (7).7(7). This experiment was done with 601 +40 

nucleosomes to assess formation of the intermediate in the context of very slow or no sliding. To 

assess the role of the proximal dimer’s acidic patch, we used nucleosomes containing acidic patch 

mutations in both dimers because these nucleosomes show comparable rates of sliding as 

nucleosomes with only the proximal dimer mutated (Figure 2.3D and 2.3E). These double APM 

nucleosomes were 10.8-fold slower at generating the REA accessible intermediate compared to 

a WT nucleosome (Figure 2.5B). These results suggest that the acidic patch is used in the 

formation of the intermediate. We next tested the effects of deleting the Arp5 module. With WT 

nucleosomes, INO80(∆arp5) was ~5-fold slower in generating the REA accessible intermediate 

compared to INO80(WT) (Figure 2.5B). On APM nucleosomes, INO80(∆arp5) showed only a 

modest (~1.5-fold, within error) further decrease in the generation of the REA accessible 
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intermediate (Figure 2.5B). These results suggest that the direct interaction between the Arp5 

module and the acidic patch is essential to form the intermediate.  

 

To test if the Arp5 module-acidic patch interactions are important for other remodeling steps, we 

used gel-based assays to measure sliding rates for APM nucleosomes with INO80(∆arp5). 

INO80(∆arp5) slid APM nucleosomes with similar rates as WT nucleosomes (Figure 2.5C and 

2.5D), suggesting that the acidic patch does not contribute to INO80 remodeling in the absence 

of the Arp5 module. This result is consistent with the effects observed in the context of the REA 

assay (Figure 2.5B). Notably, mutating the acidic patch of 601+80 nucleosomes slows 

nucleosome sliding by 200-fold, but does not affect WT INO80’s ability to center 

nucleosomes (Figure 2.5C and 2.5D). In comparison, as noted in figures 2.4A and 2.4C, deleting 

the Arp5 module alone results in off-centered products (Figures 2.5C). This comparison suggests 

that in the context of a nucleosome, the Arp5 module has an additional role in regulating the extent 

of nucleosome sliding, which is independent of the acidic patch interaction.  

 

The results above most simply suggest that the Arp5-acidic patch interaction promotes 

intermediate formation, which then allows nucleosome sliding to proceed efficiently. Given the 

large stimulatory effects of the Arp5-acidic patch interaction for the overall reaction, we tested if 

this interaction is coupled to ATP hydrolysis. Surprisingly, we found that mutating the acidic patch 

residues has small effects on ATPase activity (Figure 2.5E). In contrast, consistent with previous 

work we find that that deleting the Arp5 module decreases nucleosome-stimulated ATP hydrolysis 

by at least 10-fold (20, 32) (Figure 2.5F). Similar to the conclusions from figures 2.4A, 2.4C, and 

2.5B, these results suggest that the Arp5 module plays additional roles during nucleosome 

remodeling that are independent of the acidic patch interaction. 
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Discussion 
 
How INO80 achieves its many biological functions is poorly understood (33). We have found here 

that INO80 preferentially slides hexasomes over nucleosomes. Our findings explain how 

subnucleosomal particles are repositioned in cells and point to a sophisticated remodeling 

mechanism that regulates the extent of INO80’s preference for hexasomes in a genomic context. 

Below we discuss the mechanistic and biological implications of these findings. 

 

Mechanistic explanation for how INO80 acts on hexasomes and nucleosomes 
 
The faster remodeling of hexasomes raises the possibility that nucleosomes may be remodeled 

via a hexasome like intermediate, which is mediated by the Arp5 module. This intermediate could 

involve transient loss of either the proximal or distal dimer. For the reasons discussed below we 

suggest that transient loss of the proximal dimer through interaction with the Arp5 module is the 

more parsimonious model. However, we cannot rule out alternative models that involve transient 

loss of the distal dimer and different roles for the Arp5 module. 

 

We propose that the proximal H2A/H2B dimer inhibits movement of DNA that is translocated from 

the entry site by the INO80 ATPase. In this model the inhibition is relieved through transient 

dislodging of the H2A/H2B dimer by the Arp5 module though interactions with the acidic patch. 

Such dislodging may then allow unimpeded movement of the DNA translocated by the Ino80 

motor (Figure 2.6A). This model is consistent with previous evidence for a nucleosomal 

intermediate that displays increased DNA accessibility and previous crosslinking studies, showing 

disruption of the H2A/H2B-DNA contacts by INO80 (7, 22). Such a model is also consistent with 

prior single-molecule findings showing an ATP-dependent pause preceding a rapid DNA 

translocation step (7) . We suggest that the ATP-dependent pause represents the time taken to 

dislodge the proximal dimer.  
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The absence of the proximal dimer will also increase the accessibility of DNA at SHL-2/-3, the 

region contacted by the DNA binding domain of Arp5 and by Ies6 (Figure 2.4E). We therefore 

speculate that Arp5 is able to better engage the DNA at SHL-2/-3 in hexasomes, thereby enabling 

more efficient passage of the translocated DNA. In a nucleosome, such productive engagement 

of the DNA at SHL-2/-3 would occur after the proximal dimer is transiently dislodged, adding an 

unfavorable step to the overall reaction. Prior cryo-EM studies showed that the Arp5 module can 

adopt two different conformations on a nucleosome, one that appears inhibitory for DNA 

translocation and one that appears permissive for DNA translocation (13). Additionally, action of 

the Ino80 ATPase has been proposed to introduce torsional strain at the proximal H2A/H2B dimer 

in a nucleosome (22). We therefore propose that in response to such strain the Arp5 module 

switches between the inhibitory and permissive conformations thereby transiently dislodging the 

proximal dimer to more effectively engage the DNA at SHL-2/-3.  

 

To date the H2A/H2B acidic patch has been shown to be serve largely a binding purpose (11) 

and in the context of the human ISWI enzyme, SNF2h also has an allosteric activating role (14). 

Our studies suggest a third type of role wherein the interactions made with the acidic patch 

transiently displace an H2A/H2B dimer to promote nucleosome remodeling.  

 

It has been debated whether INO80 exchanges an H2AZ/H2B dimer with an H2A/H2B dimer (22, 

34, 35). Our results suggest the exchange may be a side reaction. As INO80 transiently dislodges 

the dimer, it may fall off in certain reaction conditions and be replaced by free dimers in solution. 

If H2AZ destabilizes nucleosomes, this may preferentially dissociate H2AZ/H2B. Consistent with 

this possibility, the fraction of exchanged H2A/H2B dimers is less than slid nucleosomes (36).  
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Different flanking DNA length dependencies for hexasome versus nucleosome 
remodeling 
 
Previous work has shown that the Arp8 module binds flanking DNA (37). Using our model, we 

propose that productive engagement of the DNA at SHL-2/-3 by the Arp5 module is necessary to 

allow appropriate engagement of flanking DNA by the Arp8 module. Such engagement of flanking 

DNA by the Arp8 module could then be coupled to activation of the Ino80 ATPase in a manner 

that depends on the length of flanking DNA bound by Arp8. This proposal is consistent with prior 

work showing that deletion of the Arp8 module changes the nucleosome contacts made by the 

Arp5 module (37). In a nucleosome, the DNA at SHL-2/-3 is partially occluded through interactions 

with the H2A/H2B dimer potentially inhibiting the productive engagement of the DNA by Arp5’s 

DNA binding domain. In turn, such inhibition would reduce positive cooperation between the Arp5 

and Arp8 module, resulting in a basal nucleosome stimulated ATPase rate that is not strongly 

dependent on the flanking DNA length. With a hexasome, given the greater accessibility of DNA 

at SHL-2/-3, the Arp5 and Arp8 modules would more effectively cooperate, resulting in higher 

ATPase activity that is also more strongly dependent on flanking DNA length.  

 

Interestingly, unlike ATPase activity, remodeling of nucleosomes by INO80 is strongly dependent 

on flanking DNA length. Within the framework described here, the flanking DNA length 

dependence of nucleosome sliding may arise from two steps: (i) the DNA translocation steps 

carried out by the Ino80 subunit in the intermediate state, and (ii) ATP-independent collapse of 

the intermediate to the starting conformation (Figure 2.6A). The DNA translocation steps would 

get faster with longer flanking DNA reflecting productive engagement by Arp8 and Arp5. In 

contrast, the collapse step would get faster with shorter flanking DNAs, reflecting the increased 

instability of the intermediate due to weaker cooperation between Arp5 and Arp8. We note that 

the flanking DNA length dependence of the collapse step proposed here draws from a model we 

had proposed previously (7). In a hexasome, the flanking DNA length dependence would then 
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primarily arise from the DNA translocation step, as the starting state for a hexasome resembles 

the intermediate for a nucleosome. 

 

Roles for the Arp5 module in nucleosome and hexasome sliding 
 
Our results uncovered two unexpected effects of deleting the Arp5 module. First, deleting the 

Arp5 module causes greater than an ~800-fold defect in hexasome sliding compared to a ~200-

fold defect in nucleosome sliding, indicating that this module makes a larger energetic contribution 

to hexasome sliding. We propose that in a hexasome, the interaction made by the Arp5 module 

with the DNA at SHL-2/-3 is substantially stronger than the corresponding interaction made in the 

nucleosomal intermediate due to the complete absence of the proximal dimer. Second, with 

601+80 nucleosomes, where sliding was detectable upon deleting the Arp5 module, the 

nucleosome was moved substantially less far compared to the ~40 bp movement observed with 

WT INO80. We propose that without the Arp5 module, the intermediate would have a reduced 

lifetime, resulting in movement of less DNA. 

 

INO80 regulates positions of nucleosomes and subnucleosome particles at genes 
 

Most previous work has focused on INO80’s role in establishing the +1 nucleosome at TSSs (8, 

9, 23, 25). However prior work has also implicated INO80 in regulating elongation by RNA 

Polymerase II as well as nucleosome spacing in gene bodies independent of RNA Pol II (38–41). 

Our new findings that INO80 regulates the locations of both hexasomes and nucleosomes within 

the gene body provides some mechanistic basis for these latter set of studies.  

 

Our findings also synergize with emerging evidence indicating an elevated prevalence of 

subnucleosomal particles at highly transcribed genes (2, 17). Many of these subnucleosomal 

particles have DNA footprints consistent with hexasomes. In these studies, it has been suggested 
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that hexasomes may arise during transcription as RNA polymerase navigates through a 

nucleosome. Indeed, careful biochemical studies have shown that RNA polymerases can 

dislodge an H2A/H2B dimer during transcription through a nucleosome (42). In this context our 

findings provide one mechanistic explanation for how hexasome positions are regulated in vivo. 

 

INO80’s role in regulating the position of the +1 nucleosome, where the average length of the 

NDR is ~140 bps(4) is compatible with INO80’s in vitro activity of rapidly (order of minutes) sliding 

nucleosomes with flanking DNA greater than ~60 bps. However, within gene bodies in yeast, the 

average linker DNA length is ~18 bps(4), and INO80 slides nucleosomes very poorly in vitro (order 

of hours) when the flanking DNA is less than 40 bp. Interestingly we find that INO80 slides 

hexasomes with 20 bp of flanking DNA on the order of minutes. We therefore propose that 

INO80’s effect on nucleosome positions within gene bodies is through its mobilization of 

hexasomes, some of which are then converted to nucleosomes with the aid of histone chaperones 

such as Nap1 and FACT (43, 44). Consistent with this possibility, genes showing the most 

changes in nucleosome positioning upon Ino80 deletion also show mispositioning of both 

nucleosomes and hexasomes.  

 

Restoration of hexasome positions by INO80 could regulate cryptic transcription. Indeed, INO80 

is a key repressor of anti-sense transcription of long non-coding RNAs (45). Because inter-

nucleosomal spacing is largely regular in yeast gene bodies, losing a dimer would promote 

directional sliding of hexasomes by INO80. Indeed our in vivo results suggest that INO80 moves 

subnucleosomal particles away from the promoter. However, we cannot exclude that 

misregulation of the +1 nucleosome impairs RNAPII elongation, also contributing to defects in 

hexasome positions. Interestingly genes showing large changes in nucleosome and hexasome 

positions in ∆ino80 cells are enriched for metabolic functions (Figure 2.1H). Metabolism regulating 
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genes can show rapid changes in expression (46). Restoring nucleosomes and hexasome 

positions at such genes during transcription could be a critical function of INO80.  

 

The S. cerevisiae Chd1 remodeler, was also shown to remodel hexasomes (19). However, unlike 

with INO80 where the loss of an H2A/H2B dimer stimulates sliding, with Chd1, the loss of an 

H2A/H2B dimer inhibits sliding in one direction, resulting in unidirectional sliding (19). These 

results demonstrate that while other remodelers such as Chd1 can recognize both hexasomes 

and nucleosomes, their specific mechanisms differ. In the future, determining how other 

remodelers such as those from the ISWI and SWI/SNF families act on subnucleosomal particles 

will provide more insights into how these particles are regulated in vivo. 

 

Broader Implications 
 
The model proposed here provides a means to imagine how histone variants or PTMs could 

regulate INO80 activity. For example, histone variants or PTMs that destabilize the H2A/H2B 

dimer-H3/H4 interface could specifically promote remodeling of nucleosomes. Altering 

interactions with the H2A/H2B acidic patch could also regulate INO80 activity.  Indeed, replacing 

H2A with H2AZ or mutating H2A to possess an acidic patch more similar to H2A.Z results in faster 

remodeling (13, 22). Additionally, the ability of INO80 to tune its preference for hexasomes versus 

nucleosomes based on linker DNA length provides INO80 the versatility to act in different genomic 

contexts that vary in nucleosome density. Such versality could explain INO80’s global role in DNA 

repair where rapid movement of nucleosomes as well as subnucleosomal particles may be 

needed for the repair machinery to access the damaged DNA.  Finally, our results showing that 

deletion of the Arp/Ies6 module changes the outcome and speed of nucleosome remodeling 

raises the possibility that in cells INO80 activity can be tuned to carry out defined tasks through 

loss, or modification of specific modules. Indeed, prior work has suggested the presence of INO80 
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subcomplexes in yeast (23). INO80 has also been shown to be post-translationally modified by 

other enzymes(47). Overall, the ability to precisely tune its activities through both its subunits and 

substrates could allow INO80 to adopt multiple roles and explain INO80’s involvement in diverse 

chromatin processes. Moving forward, it will be important to understand the different types of 

chromatin or “chromatin-like” structures INO80 encounters in cells and how INO80 uniquely acts 

at these sites to facilitate and regulate essential DNA based transactions.     

 

Limitations of study 

While our work provides an initial model for how INO80 acts on hexasomes, additional 

biochemical and structural work is needed to understand exactly how the different subunits of 

INO80 act together to slide hexasomes. In particular, the proposed role of the Arp5 module is a 

speculation based on its engagement of the acidic patch of the proximal dimer and the large 

defects from mutating this acidic patch. This role needs to be more directly tested with further 

mutagenesis and cryo-EM structural analysis of reaction intermediates.  
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All inquiries for further information and requests for resources and reagents should be directed to 

and will be fulfilled by the lead contact, Geeta J. Narlikar (narlikar@ucsf.edu).  
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Materials Availability 

All plasmids and cell-lines generated in this study are found in the key resources table including 

those uniquely made for this study. Additional information about the materials used can provided 

upon requests made to lead contact.  

 

Data Code and Availability Resources 

• The data reported in this paper is available on NCBI’s Gene Expression Omnibus 

database with the accession number GSE168700, as listed in the key resources table.  

• The code used in this study originated from Ramani et al (PMID30811994).  

• Any additional information required to reanalyze the data in this paper is available from 

the lead contact upon request.  

 

Experimental Model and Subject Details 

Yeast strains  

All yeast strains are MATa and in the s288c background. The ∆ino80 strain was a gift from the 

Ashby lab (23). The ∆arp5 strain was generated by PCR knock-in of the KanMX cassette at the 

Arp5 locus. The yeast strains used in this study are listed in the key resources table. For protein 

purification, all yeast strains were grown at 30 degrees. Yeast were first inoculated in YPD from 

frozen glycerol stock then transferred to 18-20L of YPD. Yeast was grown until saturation, 50 g/L 

of YPD was added and cells were harvested after 1-2 overnight incubations at 30 degrees. 

 

Method Details: 

MNase-seq 

Yeast chromatin was digested with MNase as previously described (48). A MNase titration was 

performed on the chromatin samples, and run on a 1% agarose gel (Figure S2.8). Similarly 
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digested chromatin among the different strains were chosen, and one replicate was size selected 

for mononucleosomes via gel extraction, while the other replicate was not size selected. Libraries 

were prepped using the Ovation Ultralow System V2 for DNA-Seq Kit (Nugen). Libraries were 

sequenced on a NextSeq.  

 

MNase-seq data analysis & acquisition 

Read Processing and Alignment: MNase-seq libraries were sequenced with paired end 80 bp 

reads on a NextSeq 500 instrument. Raw reads were clipped using SeqPrep and aligned to 

SacCer3 using bwa mem with default parameters. Aligned BAM files were sorted, deduplicated, 

and indexed using samtools and the PySAM API. The scripts and pipelines for mapping have 

been previously described (49).  

 

Normalized Enrichment Heatmaps: The nucleosome and subnucleosomal particle dyads were 

derived from chemical cleavage mapping data. A custom Python script calling the PySAM API 

was used to create arrays mapping midpoints of all reads +/- 1000 bp from an established +1 

dyad position in the yeast genome (49). An annotated list of 4,116 yeast +1 dyads mapped by 

chemical cleavage was used (26). Fragment midpoint enrichment was calculated as a simple z-

score for each +1 nucleosome.  

Line Plots: Normalized enrichment was averaged across all genes and plotted using ggplot2 in 

R. 

Expression Sorting: Normalized enrichment arrays were sorted based on gene TPM count 

determined from RNA-Seq reads in wild type yeast (50).The arrays for the top 20% and bottom 

20% of genes were averaged and visualized as described above.  

Heatmaps: Normalized enrichment arrays were visualized as heatmaps using matplotlib. 

Maximum and minimum color intensity values were set to the 90th and 10th percentiles of data, 

respectively. Data above and below these values were also displayed.  
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Correlation Heatmaps: Normalized mutant data of fragment size 130-300 bp (nucleosome sized 

fragments) were correlated with normalized wild type arrays of the same fragment size on a gene-

by-gene basis using Spearman’s r. Arrays were sorted based on correlation and genes with r < 

0.33 were visualized using the same parameters as other heatmaps. Arrays of fragment size 90-

109 were also sorted based on the correlation of the nucleosome sized fragments and visualized 

using the same parameters.  

iPAGE Analysis: Correlations were calculated for each gene as described above. iPAGE (27) was 

used to sort genes based on correlation (binned into 11 categories) and calculate significantly 

enriched GO groups using mutual information content. 

 

 

Purification of INO80 complexes 

FLAG-tagged Ino80 strains were grown at 30˚C in YPD to saturation and harvested for 

purification. INO80 was purified using FLAG immunoprecipitation, as described previously (7), 

with a minor modification. A secondary elution for 15 minutes at 4˚C was performed to increase 

yield.  

 

Assembly of nucleosomes, asymmetric nucleosomes, and hexasomes 

Recombinant Xenopus laevis histones were purified from bacteria as previously described. DNA 

constructs were generated using a plasmid containing 601 DNA. Large scale PCR was performed 

and the resulting DNA was separated on an 8% polyacrylamide gel, cut out, crushed and soaked 

into 1X TE. The gel particles were filtered through a 0.45 um filter, and the DNA was ethanol 

precipitated and resuspended in 1X TE. To label the DNA, primers with a Cy3 fluorophore 

modification were used (IDT). Nucleosomes and hexasomes were assembled using salt gradient 

dialysis. Nucleosomes were purified by ultracentrifugation with a 10-30% glycerol gradient. 

Hexasomes were purified using the Mini PrepCell (BioRad) with a 7% acrylamide gel as described 
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previously (15). Briefly, this method by Levendosky and Bowman takes advantage of the 

asymmetry of the 601 nucleosomes positioning sequence. The asymmetry results in weaker 

affinity of one side of the DNA sequence for H2A/H2B dimers compared to the other side. Placing 

the flanking DNA adjacent to the side of the 601 sequence that binds dimers more weakly then 

allows assembly of hexasomes missing the dimer that is proximal (i.e. adjacent) to the longer 

flanking DNA. The hexasomes are further purified over a prep-cell as described by Levendosky 

and Bowman, to separate out hexasomes from small amounts of nucleosomes. Purified 

hexasomes were mixed with 2.5-4X excess dimer to assemble the asymmetric nucleosomes.   

 

 

Native Gel remodeling assay  

Remodeling reactions were done under single turnover, saturating INO80 and saturating ATP 

conditions. The reaction conditions contained 10 nM nucleosomes, 30 or 60 nM INO80, 40 mM 

Tris pH7.5, 50 mM KCl, 1.1mM MgCl2, 0.02% NP-40, 1 mM ATP•MgCl2, and 3% glycerol, and 

reactions were carried out at 30˚C. INO80 was pre-bound to nucleosomes for 10 minutes at 30˚C 

before starting the reaction with the addition of ATP•Mg. The no ATP control was taken at the last 

time point of the reaction. Time points taken from the reaction were quenched with 0.6 mg/ml non-

601 plasmid DNA, 4nM ADP, and 18% glycerol. Samples were loaded on a 6% polyacrylamide 

gel and resolved for 4 hours at 125V. Gels were scanned on a Typhoon Imager (GE Life 

Sciences). The fraction unremodeled was quantified over time using ImageJ. Undetectable 

remodeling was defined as reactions that displayed no change in the fraction unremodeled 

compared to the no ATP control after 6 hours. A limit for remodeling was determined by fitting the 

data to a 6 hour end point where ~5% of substrate was remodeled. The data were fit to a single 

exponential decay as indicated by Equation 1, using GraphPad: 

One-phase decay: y = (y0 − p)e−k
obs

t + p  
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EMSA assay 

The reactions contained 2, 5 or 75 nM 601+80 nucleosomes (or hexasomes), varying 

concentrations of INO80(WT) and INO80(Arp5D) as noted on each figure, 40 mM Tris pH7.5, 50 

mM KCl, 1.1mM MgCl2, 0.02% NP-40, and 3% glycerol. Binding reactions were carried out for 30 

minutes at 30˚C. The bound and unbound fractions were separated by electrophoresis on a 4% 

acrylamide, 0.5X TBE native gel. 

 

ATPase assay 

ATPase assays performed under conditions that closely mimicked remodeling assays. All ATPase 

assays were performed under multiple turnover conditions (ATP in excess of INO80). 

Experimentally we determined that 320 µM ATP•MgCl2 was saturating for both 60 nM WT INO80 

and 90 nM INO80(D arp5). Reactions were performed with 15 nM nucleosomes (or hexasomes), 

60 nM WT INO80 (or 90 nM  INO80(D arp5)), 40 mM Tris pH 7.5, 50 mM KCl, 320 µM ATP•MgCl2, 

0.5 mM MgCl2, and trace amounts of g-32P-ATP, at 30˚C. Each reaction was started with the 

addition of ATP•MgCl2 after a 10-minute preincubation at 30˚C. The no ATP control was taken at 

the last time point of the reaction. Samples of the reactions were quenched at various timepoints 

with equal volumes of 50 mM Trips pH 7.5, 3% SDS, and 100 mM EDTA. Inorganic phosphate 

was separated from ATP•MgCl2 on PEI-cellulose TLC plates with 0.5 M LiCl, 1 M formic acid. 

These plates were exposed overnight on a phosphoscreen and scanned on a Typhoon Imager 

(GE Life Sciences). To determine the rate constant, we measured the fraction of inorganic 

phosphate using ImageJ, and fit the initial 10% hydrolyzed.   

 

Restriction enzyme accessibility (REA) assay 

REA assays were performed under single turnover conditions (INO80 in excess of nucleosome). 

Experimentally, we determined that 60 nM WT and 90 nM INO80(∆arp5) was saturating under 
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the following reaction conditions: INO80, 15 nM nucleosome, 40 mM Tris pH 7.5, 60 mM KCl, 1 

mM ATP•MgCl2, 5 mM MgCl2, 0.01% NP40, 0.5 mg/mL FLAG peptide, and 3 U/µL Pst1 at 30˚C. 

Each reaction was started with the addition of ATP•MgCl2 after a 10-minute preincubation at 30˚C. 

The no ATP control was taken at the last time point of the reaction. Samples of the reactions were 

quenched at various timepoints with equal volumes of 20 mM Tris pH 7.5, 2% SDS, and 70 mM 

EDTA, 20% glycerol, 0.2 mg/mL xylene cyanole, and 0.2 mg/mL bromophenol blue. All quenched 

timepoints were incubated with 4 mg/mL of Proteinase K for 20 minutes at 50˚C to digest all 

proteins. The DNA (cut and uncut fragments) were resolved for each timepoint with a native PAGE 

(10% acrylamide, 1X TBE) and scanned on a Typhoon Imager (GE Life Sciences). To determine 

the rate constant, we measured the fraction of DNA cut using ImageJ and fit the data to a single 

exponential decay using Prism 7 (GraphPad) (Equation 1).  

 

Quantification and Statistical Analysis: 

Error estimation for ensemble measurements 

All ensemble measurements of rate constants are reported as the mean of three or more 

experimental replicates and standard error of the mean (SEM). These values are reported in the 

figure legends. Graphing and statistical analyses were done using GraphPad Prism 8 or 9.  
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Figures 
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Figure 2.1. INO80 regulates positions of subnucleosomal particles in vivo.                 
A) Normalized MNase signal at the TSSs of all genes for WT, in orange, and ∆ino80, in dark blue, for all 
fragment lengths greater than 90 bps. The x-axis represents distance from +1 nucleosome dyad. Upper 
panel: Schematic of corresponding chromatin architecture in B) Cartoon of the INO80 complex. Only one 
subunit per module is labelled. C) Upon deletion of Ino80, nucleosomes and hexasomes are less well 
positioned at +1 location and display shifted positions in gene body. Upper panel: Fragments were binned 
by sizes representing either hexasomes (100 +/-10 bps) or nucleosomes (147 +/-10 bps), and the average 
signal at TSSs and in the gene body are plotted for WT and ∆ino80. Lower panel: pink and green lines in 
the hexasome plot from upper panel are magnified to show hexasome footprints at  +1 and +4 positions. 
Below the graphs are cartoons of the respective changes in positioning that occur from WT (red) to ∆ino80 
(blue). D) Heat map of nucleosome footprint signals across all genes for WT and ∆ino80 cells. E) Same as 
D, but for the hexasome footprint signals. F) Data for genes where nucleosome positions are most affected 
by deletion of Ino80. A heat map representing genes that had the lowest Spearman Rho correlation (i.e., 
most affected by deletion of Ino80) for nucleosome footprint signals ranging from the -100 bps to +1000bps 
of the +1 dyad between WT and ∆ino80. G) Data for the genes in (F) but focusing on hexasome positions. 
H) An iPAGE heat map of the correlations of nucleosome footprint signal between WT and ∆ino80 and 
their annotated GO terms. The genes have been binned into 11 groups, with lowest correlation group 
(most affected in terms of nucleosome footprints) on the left, and highest correlation group (least affected in 
terms of nucleosome footprints) on the right. I) Cartoon of RNA Pol II traversing through gene body. The 
promoter distal dimer that is lost during elongation is depicted in cyan.  
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Figure 2.2. Hexasomes are better substrates for INO80 in vitro.                
A) Upper panel: two different rotations of nucleosome structure (PDB ID: 1KX5) highlighting the dimer 
(cyan) at entry site (or proximal to flanking DNA) and its acidic patch(pink). Regions of DNA where 
Arp5/Ies6 binds (green), Ino80 ATPase binds (red), that are in flanking DNA (yellow), and are in Super 
Helical Locations (SHL) are indicated. Lower panel: cartoon of nucleosome, indicating the exit site (or 
distal) and entry site (or proximal) H2A-H2B dimers, and regions where the Arp5/Ies6 and Ino80 ATPase 
binds. Direction of elongating Pol II based on the loss of the distal dimer is shown with a black dotted line. 
B) Depiction of 601 nucleosome (N) and hexasome (H) constructs with flanking DNA used in this study. 
The H2A-H2B dimer missing in hexasomes is in cyan. C) Example native gels showing remodeling by 
INO80 of 601+80 nucleosomes (top) and 601+80 hexasomes (bottom). Substrates (end-positioned 
nucleosomes or end-positioned hexasomes) are labelled by cartoons next to the respective bands in gels. 
D) Quantification of rate constants from multiple repeats of data such as in (C). Rate constant for 
remodeling of 601 +100 N is also shown. E) Example gels of INO80 remodeling with 601 +20 H (left), 601 
+40 H (middle), and 601 +40 N (right). Substrates (end-positioned nucleosomes or end-positioned 
hexasomes) are labelled by cartoons next to the respective bands in gels. F) Left panel: quantification of 
rate constants for remodeling of 601 +40 N (grey), 601 +20 H (red), 601 +40 H (peach), and 601 +80 H 
(tan) by INO80 as assayed using the native gel assay. Note that the data for 601 +80 H is the same data 
shown in panel D and is shown again here for ease of comparison. Right panel: fraction of unremodeled 
substrate, assayed via the native gel assay and measured at the longest time point (where all reactions 
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have mostly gone to completion). Hexasomes are in dark grey, nucleosomes are in light grey. G) 
Observed rate constants of INO80 ATPase activity on 601 +80 N in grey and 601 +80 H in tan. ATPase 
assays were performed under the same conditions as native gel-based remodeling. H) Rate constants of 
INO80 ATPase activity on 601 +80 H (tan) (data from G) and 601 +20 H (red). Note that the data for 601 
+80 H is the same data as shown in panel G and is shown again here for ease of comparison. Error bars 
represent s.e.m from n>3.  
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Figure 2.3. The acidic patch that binds to Ies2 is dispensable for INO80 sliding.         
A) CryoEM based structure of the core INO80 components bound to the nucleosome (PDB ID: 6FML). B) 
CryoEM model from (A) showing only the Arp5 (green)/Ies6 (yellow) module and Ies2 (orange) bound to 
the nucleosome for clarity. Arp5/Ies6 and Ies2 bind to acidic patches (pink) on opposite sides of the 
nucleosome (PDB ID: 6FML). C) Schematic showing assembly of nucleosomes, with acidic patch 
mutations (APM) depicted in blue. From (A) Arp5 module (green), binds dimer at entry site, while Ies2 
(orange) binds dimer at the exit site. D) Example native gels showing remodeling time courses for 
nucleosomes shown (C). E) Quantification of rate constants from multiple repeats of data such as that 
shown in panel D. Error bars represent s.e.m from n>3.  
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Figure 2.4. The Arp5 module is a key regulatory component for remodeling.          
A) Example time courses for remodeling of 601 +80 N (top panel) and 601 +80 H (bottom panel) by 
INO80(∆arp5) as assayed by native gel. B) Quantification of INO80(∆arp5) remodeling rate constants 
(blue) on 601 +80 N and 601 +80 H from repeats of data such as in (A). For ease of comparison, the same 
WT INO80 data shown in Figure 2.2D and is shown again here (coral). C) Left panel: schematic showing 



 51 

the distance parameter in the line-scan data depicted in in the middle and right panels. Middle panel: line 
scan showing distribution of band intensity (gray value) on a native gel for the last time point for remodeling 
of 601 +80 N by WT INO80 (coral, 360 min), and INO80(∆arp5) (blue, 360 min). Right panel: line scan 
showing the distribution of band intensity (gray value) on a native gel for the last time point for remodeling 
of 601 +80 H by WT INO80 (coral, 360 min), and INO80(∆arp5) (blue, 360 min). D) Top panel: cryoEM 
structure of the nucleosome (PDB ID: 6FML) showing the entry site dimer (cyan) and the Arp5 module’s 
DNA binding site (green) at SHL-2/-3 (from PDB ID: 6FML). Lower panel: cartoon of the Arp5 module 
binding the nucleosome (H2A-H2B dimers in cyan; H3-H4 tetramer in orange; DNA in black) at the 
designated binding site via a DNA binding domain, based on PDB ID: 6FML. E) Top panel: model of the 
structure of a hexasome missing the entry site dimer. Model shows how the wrapping of the DNA may 
change upon proximal dimer loss to make Arp5 module’s binding site at SHL-2/-3 (in green) more 
accessible. Lower panel: cartoon model of the Arp5 module binding the hexasome in a different 
conformation due to the absence of the dimer. Error bars represent s.e.m from n>3.  
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Figure 2.5. The Arp5 module interacts with the acidic patch to regulate INO80 sliding. 
A) Model of the nucleosome (PDB: 1KX5) from different angles with location of the engineered PstI 
restriction site in green. Proximal H2A-H2B dimer is in cyan. B) Rate constants of cutting by PstI for WT 
and double APM 601+40 N, with saturating ATP and saturating WT INO80 (coral) or INO80(∆arp5) (blue). 
C) Example native gels showing remodeling of WT (top panel) and double APM (bottom panel) 601 +80 N 
with WT INO80 (coral) and INO80(∆arp5) (blue). D) Quantification of rate constants from multiple repeats 
of data such as that shown in panel C. E) Rate constants for INO80 ATPase activity with WT and double 
APM, 601 +80 N. All ATPase assays were performed under the same conditions as native gel remodeling. 
F) Observed rate constants for ATPase activity of WT INO80 (coral) and INO80(∆arp5) (blue) on 601 +40 
N, 601 +60 N and 601 +80 N. Error bars represent s.e.m from n>3.  
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Figure 2.6. Model of the INO80 remodeling mechanism.             
A) Cartoon of model for INO80 action on a nucleosome and a hexasome. Nucleosome binding stimulates 
a basal level of ATP hydrolysis and the Ino80 motor pumps DNA into the nucleosome. This ATPase 
activity is independent of flanking DNA length and the acidic patch. The torsional strain caused by the 
pumping of the DNA is partially relieved through transient dislodging of the H2A/H2B dimer. Such 
dislodging is speculated to occur by the Arp5 module through contacts with the acidic patch and DNA at 
SHL-2/-3. This transition results in the formation of an intermediate, which can either collapse back in an 
ATP-independent manner, or transition forward in an ATP-dependent manner to translocate DNA across 
the nucleosome. Translocation is dictated by flanking DNA length and requires flanking DNA-length 
dependent ATP hydrolysis. In comparison, for a hexasome, because the dimer is absent and does not 
inhibit INO80 remodeling, translocation occurs more readily. B) Schematic of INO80 participating in 
chromatin remodeling at sites of transcription. At the +1 location, INO80 helps position the nucleosome. 
During elongation as Pol II actively removes the H2A/H2B dimer distal to the promoter, INO80 can act on 
these subnucleosomal particles to restore proper positioning and help prevent aberrant transcription 
initiation.  
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Figure S2.1. INO80 ATPase observed rate constants and representative curves. 
A) Observed ATPase rate constants measured for WT INO80 showing the fold difference in 
activity between 601 +80 N and 601 +100 N is modest, with error bars overlapping. B) 
Observed ATPase rate constant measured for INO80 with 601+ 80 N, 601+40 N, and 601+40 
H. The ATPase assay shows a modest difference (~1.5 fold) in activity between 601 + 80N and 
601 +40 N. C) Representative ATPase rate curves for WT INO80 and all nucleosome and 
hexasome substrates tested in this manuscript. D) Representative ATPase  curves for (∆arp5) 
and all nucleosome and hexasome substrates tested in this manuscript. 
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Figure S2.2. Native gel remodeling controls for asymmetric nucleosomes and 
hexasomes, related to figure 2.4.   
A) Native gel remodeling examples of canonically assembled 601 +80 nucleosomes (left) and 
601 +80 hexasomes mixed with WT dimer (right). Time points were taken over the course of 6 
hours. B) Native gel remodeling examples of nucleosomes with 4-fold excess dimer added. WT 
dimer has been added to the left panel, and APM dimer (in blue) has been added in the right 
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panel. C) Native gel remodeling assay of WT hex with WT dimer, indicating the different species 
of +80 end-positioned hexasomes, +80 remodeled hexasomes, +80 end-positioned 
nucleosomes and +80 cenetered nucleosomes. The 20 min time point is boxed in blue, and this 
lane was used to make a line plot in D. The control showing remodeled +80 hexasomes and 
end-positioned nucleosomes are shown in Figure S2.7. D) A line plot from C at the 20 min time 
point. The generation of the line plot is described in the main text in Figure 2.4C. This line plot 
shows that +80 remodeled hexasomes can be distinguished from +80 end-positioned 
nucleosomes. E) A representative native gel remodeling assay of +80 WT hexasomes and +80 
APM (distal) hexasomes. F) Gel remodeling time points (n=3) and their S.E.M. shown for +80 
WT hexasomes and +80 APM hexasomes. The remodeling curves are fit to a single exponential 
as described in the Materials and Methods. G) A bar graph of the rate constants from F. 
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Figure S2.3. Representative gel remodeling time points and fits for all gel 
 remodeling assays.                  
A) The time course of the gel remodeling assay from Figure 2.2C. The time course is an inset of earlier 
time points and the points are fit to a single exponential. The rate constant and r2 values are indicated on 
the graph. B) Representative time courses for Figure 2.2D. INO80 gel remodeling of +80 N in grey, +80 H 
in brown, and +100 N in black. The time on the x-axis is shortened in this schematic to show the times 
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where the most remodeling occurs in the reaction. 
C) Representative time courses for Figure 2.2F. On the left panel is the full INO80 gel remodeling time 
course of +40 N in grey, +20 H in maroon, +40 H in peach, and +80 H in tan. On the right panel is an inset 
of the left panel, showing the first 5 minutes of the reaction. D) Representative time courses for Figure 2.3E. 
On the left panel is the full INO80 gel remodeling time course of WT hex + WT dim in black, APM hex + 
APM dim in cyan, WT hex + APM dim in magenta, and APM hex + APM dim in dark blue. On the right 
panel is an inset of the left panel, showing the first 5 minutes of the reaction. E) Representative time 
courses for Figure 2.4B. On the left panel is the full INO80 gel remodeling time course of WT INO80 with 
+80N in orange, INO80(∆arp5) with +80 N in blue, and WT INO80 with +80 H in pink. On the right panel is 
an inset of the left panel, showing the first 5 minutes of the reaction. F) Representative time courses for 
Figure 2.5D. On the left panel is the full INO80 gel remodeling time course of WT INO80 with WT +80 N in 
orange, WT INO80 with APM +80 N in blue, INO80(∆arp5) with WT +80N in pink, and INO80 (∆arp5) with 
APM +80 N in black. On the right panel is an inset of the left panel, showing the first 5 minutes of the 
reaction.  
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Figure S2.4. Comparison of gel remodeling rate curves and FRET rate curves. 
A) Time points of INO80 gel remodeling on +80 N (n=3) with the S.E.M. with the blue line 
indicating the single exponential fit, which has a r2=0.96. The averaged rate constant is 
indicated on the graph. B) FRET INO80 remodeling on +80 N traces are depicted in black dots 
(n=3).The blue line indicates the average of the time course using a single exponential fit, which 
gives a r2=0.86. The rate constant is indicated on the graph. 
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Figure S2.5. Electrophoretic Mobility Shift Assays (EMSA) with WT INO80 and 
INO80(∆arp5) 
A) Native gel showing mobility shift of 75nM nucleosomes in the presence of WT INO80 at 
75nM, 150nM, 500nM, and 750nM. B) Native gel showing mobility shift of 2nM of 601 +80 WT 
and double APM nucleosomes (N) and WT hexasomes (H) in the presence of increasing 
concentrations of  WT INO80 (red) and 2nM of 601 +80 WT nucleosomes (N) and WT 
hexasomes (H) in the presence of increasing concentrations of INO80(∆arp5) (blue). C) Native 
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gel showing mobility shift of 5nM of 601 +80 WT and double APM nucleosomes (N) and WT 
hexasomes (H) in the presence of increasing concentrations of  WT INO80 (red) and 5nM of 
601 +80 WT nucleosomes (N) and WT hexasomes (H) in the presence of increasing 
concentrations of INO80(∆arp5) (blue). All samples were prebound at 30oC for 30 minutes and 
products were separated on 4% acrylamide, 0.5X TBE native gel.   
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Figure S2.6. Restriction Enzyme Accessibility (REA) Assay for INO80  
A) Representative curve for Figure 2.5B. Shows the fraction of DNA cut over a course of time 
(x-axis) by PstI at PstI site for 601 +40 WT and double APM nucleosomes, in the presence of 
saturating ATP and saturating WT INO80 (red) and INO80(∆arp5) (blue). B) Example native gel 
showing the fraction of DNA cut by PstI at PstI site for 601 +40 DNA in absence of INO80 and 
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601+40 WT and double APM nucleosomes with saturating amounts of INO80 and ATP over a 
course of time (quantified in S6A). C) Example native gel showing fraction of DNA cut by PstI at 
Pst1 site for 601+80 DNA (boxed in green) and  601 +80 WT nucleosomes in the presence of 
saturating ATP and 20nM, 60nM, 90nM INO80(∆arp5) to test saturation of INO80(∆arp5). Uncut 
and cut DNA products were separated on a 6% acrylamide and 1X TBE native gel.   
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Figure S2.7. Native gel remodeling showing the migration of hexasome and 
nuclesome substrates and products. 
A) Gel remodeling of +80 nucleosomes with WT INO80 and INO80(∆arp5). The centered 40-N-
40 control and the end- positioned 0-N-80 is present in the same gel as controls. The purple star 
denotes the centered product, the orange start denotes another remodeled product that is 
dependent on the 601 sequence, and the blue star represents an intermediate band. B) A 
representative gel depicting an endpoint of the remodeled +80 hexasome (H) run next to an 
end- positioned +80 nucleosome (N). The higher running end-positioned nucleosome, the lower 
remodeled +80 hexasome, and the even lower end-positioned +80 hexasome (H) are indicated. 
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Figure S2.8. MNase digestion and fragment mapping.  
A) MNase digestion patterns from WT and ∆ino80 yeast strains, with increasing amounts of 
MNase. The conditions chosen for library prep are shown in blue. The samples were selected 
based on the MNase patterns that were most similar between WT and ∆ino80 and had ~75% 
digestion to mononucleosomes, where you culd still see di- tri- nucleosomes present. B) Two 
replicates of the fragment length distributions from the MNase-seq experiments. The replicate 
reflects the distribution of fragments when there is no size selection, ensuring more recovery of 
~90 bp fragments. While most of the reads map to fragments of ~150bp, there is a significant 
population of reads mapped to ~90bps, which likely reflects hexasomes.  
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Figure S2.9. SDS-PAGE gel of WT INO80 and INO80(∆arp5) protein purifications.       
A) An SDS-PAGE gel showing the FLAG pull down of WT INO80 on the right and INO80 (∆arp5) on the 
left. The ladder was run on the same gel as the purified proteins. The proteins were run on a 4-20% SDS-
PAGE gel, stained with SYPRO-Red and scanned with on the GE Typhoon Imager. The molecular 
weights are denoted on the left, and the INO80 subunits are shown on the right.  
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Table 2.1 Rate constants of ATPase assays. 
 
 
 
 

  
  

Construct WT INO80  
kobs (min-1) 

S.E.M. INO80(∆arp5) 
kobs (min-1) 

S.E.M. 

+40  WT N 133.2 14.6 14.1 
 

2.1 

+60  WT N 274.2 25.8 26.9 13.8 

+80 WT  N 231.9 29.0 38.5 12.0 

+100 WT  N 402.8 
 

53.7   

+40 APM N 111.7 
 

13.6 
 

0.59 
 

2.1 
 

+80 APM N 163.8 
 

7.7 
 

24.4 
 

9.5 
 

+20 WT H 192.6 40.6   

+40 WT H 404.9 89.1   

+80 WT H 1463.0 79.4 
 

45.9 
 

3.2 
 

+80 APM H 1504.0 
 

96.8 
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Table 2.2 Rate constants with the S.E.M. for all gel remodeling based assays.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Construct WT INO80 kobs 
(min-1) 

S.E.M. INO80(∆arp5) 
kobs (min-1) 

S.E.M. 

+40 WT N 0.007 0.0005   
+80 WT N 0.977 0.0695 0.006 0.0009 
+100 WT N 1.035 0.1908   
+80 APM N 0.005 0.0007 0.010 0.0011 
+20 WT H 0.450 0.0751   
+40 WT H 0.273 0.0338   
+80 WT H 1.908 0.0349 *no 

remodeling 
detected 

*no 
remodeling 
detected 

+80 WT hex + WT dim 1.639 0.0803   
+80 APM hex + APM dim 0.015 0.0006   
+80 WT hex + APM dim 0.007 0.0018   
+80 APM hex + WT dim 0.998 0.1023   
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Chapter 3:  Structure analysis of S. cerevisiae INO80 
bound to hexasome, reveals mechanistic insights on 
how this unique conserved chromatin remodeling 
machine is more similar to its closely related 
chromatin remodeling counterparts.  
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Abstract  
 

Unlike other chromatin remodelers, the INO80 complex preferentially mobilizes hexasomes, 

which can form during transcription. Why INO80 prefers hexasomes over nucleosomes remains 

unclear. Here, we report the cryogenic electron microscopy structures of S. cerevisiae INO80 with 

a hexasome. Unexpectedly, INO80 is rotated by ~180° placing its ATPase subunit, Ino80, at 

superhelical location (SHL)-2 instead of SHL-6/-7 as seen on a nucleosome. Our results indicate 

that INO80 action on hexasomes resembles action by other remodelers on nucleosomes, such 

that the Ino80 ATPase is maximally active at SHL-2. In contrast, INO80 action on nucleosomes, 

appears heavily regulated by auto-inhibition and steric clashes that prevent Ino80 from readily 

accessing SHL-2. These novel mechanistic adaptations for preferential hexasome sliding imply 

that sub-nucleosomal particles play significant regulatory roles.  

 

Introduction 
 
In eukaryotes central nuclear processes such as gene expression, DNA replication and DNA 

repair are coordinated with dynamic changes in chromatin states (1-3). ATP-dependent chromatin 

remodeling enzymes play essential roles in catalyzing such changes. These enzymes, which 

often operate as multi-subunit complexes, are broadly categorized into four major families: 

SWI/SNF, ISWI, CHD, and INO80 (4, 5). Each of these classes contains a core remodeling 

ATPase subunit and several auxiliary subunits that regulate the core ATPase. It has typically been 

presumed that the preferred substrate of these enzymes is a nucleosome, the smallest unit of 

chromatin, containing ~ 147 bp of DNA wrapped around an octamer of histone proteins (6). 

Consistent with this assumption, these four classes possess activities that slide the histone 

octamer, exchange histone variants and transfer entire octamers (5, 7).  
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The INO80 complex, has been shown to play roles in regulating transcription, DNA replication 

and DNA repair (8-11). How INO80’s biochemical activities relate to its diverse biological roles is 

not well understood. Interestingly, unlike remodelers from other families, whose core ATPase 

subunits bind at the internal nucleosome location of superhelical location (SHL)2, Ino80, the core 

ATPase subunit of the INO80 complex, binds near the edge of the nucleosome at SHL-6/-7 

(figure. S3.1A)(12-14). It has been speculated that this key difference in nucleosome engagement 

reflects a fundamentally different remodeling mechanism (15, 16). Indeed, we showed that the 

preferred substrate of the S. cerevisiae INO80 complex is not a nucleosome but a sub-

nucleosomal particle that is missing a histone H2A-H2B dimer (17). Such subnucleosomal 

particles, called hexasomes, are generated during transcription and may also be formed during 

DNA replication and repair (18-21). Further, INO80’s activity on nucleosomes is more dependent 

on flanking DNA length than its activity on hexasomes (17, 22). These results suggested that 

INO80 has the versatility to act on hexasomes or nucleosomes based on the density of 

nucleosomes and sub-nucleosomal particles at a given locus. Yet, fundamental mechanistic 

questions remain. It is not clear how INO80 can act on both nucleosomes and hexasomes, which 

differ substantially in their structures. Additionally, why INO80 has different flanking DNA length 

dependencies on hexasomes versus nucleosomes is also unclear.  

 

Here, we report single particle cryogenic-electron microscopy (cryo-EM) structures of 

endogenously purified S. cerevisiae INO80 bound to a hexasome and a nucleosome. Surprisingly, 

our structures show that INO80 binds hexasomes analogous to how other remodelers bind 

nucleosomes, with the core ATPase, Ino80, binding at SHL-2. In our INO80-hexasome structures 

the Arp5 module engages the H3-H4 interface and the Arp8 module interacts with DNA 

unwrapped from the histone core. In our INO80-nucleosome structures the Arp5 module engages 

the H2A-H2B acidic patch and the Arp8 module engages flanking DNA. These structural 
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snapshots uncover the mechanistic strategies INO80 uses to slide hexasomes and imply a highly 

regulated mechanism for sliding nucleosomes. 

 

Results 
 
Overall structure of the INO80-hexasome complex 
 
To visualize how INO80 binds to a hexasome or a nucleosome by single particle cryo-EM, we 

prepared hexasomes and nucleosomes on DNA templates containing the 147 bp 601 nucleosome 

positioning sequence with 80 bp of additional DNA as described previously (601+80 H and 

601+80 N, Figure 3.1A, and figure S3.1 A and B) (17, 23, 24). These hexasomes are asymmetric 

and lack the entry-site proximal H2A-H2B. We define the entry and exit DNA sites as the sites 

closest and farthest from the flanking DNA, respectively. Further, given the additional DNA that is 

unwrapped in a hexasome, we define flanking DNA as the additional DNA beyond the 147 bp of 

the 601 sequence, and free DNA as the DNA that is not bound to histones. Thus, 601+80 N has 

80 bp of free DNA while 601+80 H has ~ 115 bp of free DNA because of the additional ~35 bp of 

DNA that is unwrapped from removal of an H2A-H2B dimer. INO80-hexasome and INO80-

nucloeosome complexes were formed by mixing hexasomes or nucleosomes with endogenously 

purified S. cerevisiae INO80 without adding nucleotide and subjected to single particle cryo-EM 

(Figures S3.1, C to H, and S3.2-S3.5).  

 

We determined the cryo-EM structure of the INO80-hexasome complex at a global resolution of 

2.6Å and a local resolution for the hexasome at 2.9Å, allowing accurate model building for most 

of the complex (Figures 3.1B, 3.1C, S3.2, S3.4A-F, and S3.5). The overall shape of INO80 is 

similar to previously published structures of the INO80-nucleosome complex obtained with human 

(12) and Chaetomium thermophilum (14) INO80. Similar to these previous studies we grouped all 

visible subunits of the INO80 complex into four modules: Rvb module (Rvb1/Rvb2), Arp8 module 
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(Arp8/Arp4/Actin), Ino80 module (Ino80/Ies2) and Arp5 module (Arp5/Ies6). The Nhp10 module 

is present in the complex but is not visible in our structure, suggesting its flexibility. 

 

The well-resolved Rvb module contains the heterohexamer formed by the Rvb1 and Rvb2 that 

serves as a scaffold to assemble other subunits (Figure 3.1B, S3.5A). Although no nucleotide was 

added during sample preparation, clear density for ADP is seen in all nucleotide binding pockets 

of Rvb1/Rvb2 (Figure S3.5C). The resolution of the Arp8 module is low, but sufficient for placing 

the previous crystal structure (PDB: 5NBN (25)) into the density map (Figure S3.2B, and S3.6, A 

and B). The Ino80 ATPase is composed of three major regions: the N-terminal domain (NTD), the 

HSA region (Ino80HSA) and the ATPase domain (Ino80ATPase). Among them, the HSA links Ino80 

with the Arp8 module and is only partially resolved. The two RecA lobes in the ATPase domain 

(N-lobe and C-lobe) are interrupted by a large insertion, which can clearly be seen threaded 

through the Rvb1/Rvb2 hexamer similar to previous INO80-nucleosome structures (12, 14). While 

the C-lobe is clearly resolved, the N-lobe resolution is only sufficient for docking in the atomic 

model. As a result, the nucleotide binding state of Ino80ATPase is unclear. The core of the Arp5 

subunit is well resolved with its DNA binding domain Arp5DBD interacting with hexasomal DNA at 

SHL+2 (Figure S3.6, C and D) and with density for an ATP molecule in the nucleotide binding 

pocket (Figure S3.5D). Furthermore, similar to the previously published INO80-nucleosome 

structure (12, 14), the C-terminal HIT-like domain of Ies6 forms a stable contact with Rvb1/2, while 

the rest of Ies6 wraps around Arp5 (Figure S3.6E).  

 

While the overall INO80 architecture appears similar to prior studies as well as our own INO80-

nucleosome structures (discussed below), a major difference is that the INO80 complex is rotated 

~180° on a hexasome compared to a nucleosome (Figure 3.1, D and E). The hexasome bound 

by INO80 is well defined (Figures S3.4F and S3.5B), retaining the canonical structural features of 

a hexasome seen in previous structures (26-28). We identified two primary interaction points 
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between INO80 and the hexasome: Ino80ATPase binds the hexasome near SHL-2, and the 

Arp5/Ies6 module binds near SHL+2 (Figure 3.1E and 3.2). This Ino80ATPase binding location is 

different from the location of Ino80ATPase on nucleosomes, shown to be at SHL-6 or SHL-7 in prior 

cryo-EM structures and biochemical studies (12-14). However, the position of Ino80ATPase on the 

hexasome is consistent with structures of other major chromatin remodelers such as S. cerevisiae 

ISW1 (29-31), Chd1 (32-34), RSC (35-37) and in particular the SWR1 complex (38), which is from 

the same sub-family as the INO80 complex. In all of these structures the ATPase domains interact 

with nucleosomal DNA at either SHL+2 or SHL-2 (Figure 3.1E). Below, we first explore in more 

detail the engagement of Ino80 with a hexasome, then describe our INO80-nucleosome 

structures and finally compare changes observed for the Arp8 and Arp5 modules.  

 

Binding of Ino80 ATPase domain at SHL-2 correlates with unwrapping of 
hexasomal DNA 
 
In addition to the INO80-hexasome reconstruction described above, which contains the largest 

portion of particles in our dataset, we obtained two more reconstructions by focused classification 

centered on the hexasome (Figures 3.2A and S3.2). The overall resolutions of these two 

reconstructions are 3.0Å (class 1) and 2.8Å (class 2), with the local resolution of the hexasome 

at 6.7Å and 3.2Å, respectively, sufficient to position the atomic model of a hexasome (Figures 

S3.4, A to D). Comparison of these two reconstructions with the one described above, which we 

name as class 3, shows that the conformation of the INO80 complex in all classes is largely similar 

but the two major contact sites on the hexasome are different (Figures 3.2 and S3.7A). In class 

1, Ino80ATPase interacts with hexasomal DNA at SHL-3 and the Arp5/Ies6 module binds near 

SHL+1. In class 2, Ino80ATPase and the Arp5/Ies6 module interact with the hexasome at SHL-2.5 

and SHL+1.5, respectively. Thus, we see that Ino80ATPase can bind to hexasomal DNA at SHL-3 

(class 1), -2.5 (class 2), and -2 (class 3) positions (Figures 3.2A and S3.7A).  
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One available atomic model of a hexasome was determined with a short peptide bound (pdb 

code: 6ZHY, (27)), which we approximate as representing an unbound hexasome. Loss of an 

H2A-H2B dimer in a hexasome causes an additional ~35 bp of DNA to unwrap from the histone 

core (Figures 3.1A and S3.1B). Interestingly, comparison of the hexasome structures found in our 

reconstructions with this unbound hexasome reveal different levels of further DNA unwrapping. 

In class 1, the hexasome structure is almost identical with the unbound hexasome, without 

detectable additional DNA unwrapping. The level of DNA unwrapping increases as the Ino80ATPase 

binding position changes from SHL-3 (class 1) to SHL-2 (class 3) (Figures 3.2B and S3.7B). For 

comparison, the Chd1 remodeler which binds to a nucleosome at SHL-2/+2 also leads to DNA 

unwrapping (32-34, 39), suggesting that binding at a location most conducive to DNA 

translocation is correlated with DNA unwrapping.  

 

S. cerevisiae INO80-nucleosome structures uncover two conformations 
 
The prior INO80-nucleosome structures were determined with human and C. thermophilum 

INO80, while we use S. cerevisiae INO80. To control for any species related differences, we also 

determined structures of S. cerevisiae INO80 bound to a nucleosome without added nucleotide. 

3D classification reveals two major conformations, with overall resolutions of 3.5Å for class 1 and 

3.4Å for class 2, and the local resolutions for the nucleosomal region of 3.5Å and 3.3Å, 

respectively (Figures 3.3, S3.3, and S3.4, G to J, and S3.8A). The INO80 structure is almost 

identical between these two states, with a rmsd of 0.4Å. The overall architecture of S. cerevisiae 

INO80 on a nucleosome is also similar to that in previous INO80-nucleosome structures (12, 14). 

 

Interestingly, when aligning the two structures based on their respective nucleosome dyads, 

Ino80ATPase in class 1 is located at SHL-7, similar to its location in the human INO80-nucleosome 

structure (12), while in class 2, it binds at SHL-6, similar to the C. thermophilum INO80-
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nucleosome structure (14) (Figure 3.3B). Correspondingly, the Arp5/Ies6 module interacts with 

the nucleosome near SHL-4 and SHL-3, respectively. This finding is also consistent with previous 

findings showing that nucleosomal DNA between SHL-7 and SHL-6 is protected by INO80 (13). 

Interestingly, the C-terminal tail of Ies6 is better resolved in class 2, and makes a close interaction 

with H2B, correlating with a shift of H2B towards Ies6 by ~1Å, as measured from the position of 

Y118 in H2B (Fig 3.3C). The differences between these two conformations are also seen when 

comparing the published structures of human and C. thermophilum INO80-nucleosome 

complexes (12, 14). However, unlike in both human and C. thermophilum INO80-nucleosome 

structures, we see much less DNA unwrapping for each INO80-nucleosome class. We speculate 

that this may be a consequence of these prior structures missing additional flanking DNA binding 

subunits such as the Nhp10 module in S. cerevisiae INO80. 

 

The role of the Arp8 module in flanking DNA length dependence 
 
Prior studies have suggested that the Arp8 module binds flanking DNA (40). To understand the 

role of this module in hexasome and nucleosome sliding we compared its location in our 

structures. In both the INO80-hexasome and INO80-nucleosome structures, we can resolve the 

Arp8 module after focused classification but with lower resolution (figures S3.2B, S3.3B, S3.6, A 

and B, and S3.8B). Nonetheless, the quality of the density maps allows us to place the previous 

atomic model of the Arp8 module (PDB: 5NBN (25)) into the cryo-EM density maps and to build 

an atomic model together with the rest of INO80. In all cases, we find that the Arp8 module 

requires ~40 bp of DNA for appropriate engagement. In class 1 of the INO80-hexasome structure, 

Arp8 engages with the ~35 bp of DNA unwrapped from removal of the H2A-H2B dimer and an 

additional 5 bp of flanking DNA. In class 3 of the INO80-hexasome structure, the Arp8 module 

engages entirely with 40 bp of unwrapped DNA that now includes additional DNA unwrapped 



 84 

relative to the unbound hexasome (Figure 3.4A). In contrast in class 2 of the INO80-nucleosome 

structure, the Arp8 module engages entirely with flanking DNA (Figure 3.4A).  

 

The Arp 8 module’s interaction with ~40 bp of DNA is interesting because S. cerevisiae INO80 

slides 601+40 nucleosomes ~100-fold more slowly than 601+80 nucleosomes (17, 22). Our 

structural data suggests that 40 bp may be the minimum amount of DNA needed for the Arp8 

module to bind and that proper Arp8 module engagement is essential for maximal remodeling 

activity. We therefore asked if deleting the Arp8 module inhibits nucleosome sliding. Surprisingly, 

while deleting the Arp8 module modestly decreased sliding of 601+80 nucleosomes (~2.5-fold), 

it increased nucleosome sliding of 601+40 nucleosomes by ~ 50-fold (Figures 3.4B and S3.9A). 

These results suggest that rather than playing a stimulatory role, the Arp8 module plays an auto-

inhibitory role when the flanking DNA is 40 bp or less. We next asked if Arp8 plays a similar role 

in the context of hexasomes. We found that deletion of the Arp8 module increased sliding of 

601+40 hexasomes by a smaller (~ 4.5-fold) amount compared to nucleosomes (Figre 3.4C and  

S3.9B). This result indicates that the Arp8 module plays a smaller autoinhibitory role in the context 

of hexasomes. We further explore the implications of these findings in the Discussion.  

 

Altered interactions by the Arp5 module 
 
In prior INO80-nucleosome structures and the structures obtained here, the Arp5 module makes 

interactions with the acidic patch of the entry-site proximal H2A-H2B dimer using its grappler 

domain (Figure S3.8, C and F) and with nucleosomal DNA between SHL-2 and -3 using its DNA 

binding domain (DBD) (Figure S3.8D) (12, 14). Ies6 wraps around Arp5 and interacts with the 

H2A-H2B dimer and DNA at SHL-2. In contrast, on a hexasome, the Arp5DBD binds DNA between 

SHL+1 and +3 (Figure S3.6, C and D) and the Arp5grappler appears to interact with the exposed 

H3-H4 tetramer and flanking DNA at the entry site (figure S3.6F). Ies6 maintains similar 
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interactions with Arp5, but no longer interacts with the H2A-H2B dimer as it is missing in a 

hexasome. Its interaction with DNA changes to the SHL+1/+2 location. These comparisons 

showcase how the Arp5/Ies6 regions used in the context of a nucleosome are repurposed for 

different interactions in a hexasome. 

 

To better understand why Ino80 may not bind a nucleosome at SHL-2, we modeled the missing 

H2A-H2B dimer into our INO80-hexasome structure. We see distinct clashes of the Arp5 module 

with the entry side proximal H2A-H2B dimer and with part of the DNA that wraps around the H2A-

H2B dimer near SHL-2 (figure S3.10). These clashes could be avoided if the H2A-H2B dimer is 

sufficiently dislodged. To test for this possibility, we did two types of experiments. In the first 

experiment we used a site-specific disulfide cross-link between the two H2A molecules (N38C), 

which inhibits complete loss of H2A-H2B (41), to test if this cross-link slows down nucleosome 

remodeling. In the second experiment we used an H2A mutant (R81A) that destabilizes the 

interface between H2A-H2B and H3-H4 (42), to test if this mutation speeds up nucleosome 

remodeling (figure S3.11, A and B). The cross-link did not show a significant decrease in 

nucleosome sliding and the destabilizing mutation did not show a significant increase in 

nucleosome sliding (figure S3.11, C to G). These results indicate that, if the dimer dislodgement 

occurs, it involves only a subtle conformational rearrangement. In the absence of major dimer 

dislodgement, another way to avoid these clashes could be by substantial rearrangement of the 

Arp5 module. We further explore the implications of these possibilities in the Discussion. 

 

Discussion 
 
Compared to other ATP-dependent chromatin remodeling enzymes, the mechanism of INO80 is 

less clear due its different binding mode on a nucleosome and due to its newly discovered 

preference for remodeling hexasomes. Here through a collection of high-resolution structures of 
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INO80 bound to hexasomes and nucleosomes we uncover unexpected conformational changes 

that reconcile previous differences between INO80 and other remodelers while also raising new 

mechanistic questions. Overall, INO80 binds to a hexasome and nucleosome in almost opposite 

orientations. There is more DNA unwrapping when the Ino80 ATPase domain binds at SHL-2 

(hexasome) than at SHL-7 (nucleosome). These findings suggest that INO80 slides hexasomes 

from a position analogous to where other remodelers slide nucleosomes. In comparison, we 

propose that INO80 slides nucleosomes from a location that may resemble the hexasome sliding 

mode but is harder to access. Below we discuss these models and their implications for the 

biological roles of INO80.  

 

Implications of the INO80-hexasome structure for nucleosome sliding by INO80 
 
The most prevalent ground-state conformation of the INO80-hexasome complex (class 3) has the 

Ino80ATPase at SHL-2 and approximately ~ 15 bp of unwrapped DNA from the entry site in addition 

to the ~ 35 bp of DNA that is unwrapped from removal of a H2A-H2B dimer. The placement of the 

Ino80ATPase at SHL-2 is consistent with how the ATPase subunits of all other remodelers bind the 

nucleosome. Together with our prior finding that hexasomes are remodeled faster than 

nucleosomes, these results strongly suggest that the class 3 structure represents the sliding 

competent conformation of INO80 on hexasomes (Figure 3.5A). In contrast, the dominant ground 

state conformations of INO80 bound to a nucleosome have the Ino80ATPase bound at either SHL-

6 or SHL-7 consistent with previous findings. These differences raise the question of whether the 

INO80-nucleosome structures represent sliding competent conformations or whether a 

rearrangement of Ino80 to SHL-2 is essential prior to nucleosome sliding.  

 

Previous cross-linking studies have shown that detachment of nucleosomal DNA from H2A-H2B 

close to the entry site occurs during INO80 remodeling (13). Our data shows that progressively 
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more DNA is unwrapped as the Ino80ATPase moves closer to SHL-2. We see this in our three 

hexasome structures. Together these results raise the possibility that DNA unwrapping is coupled 

to Ino80 accessing its most sliding-competent state. Prior foot-printing studies have shown that 

while binding of INO80 to nucleosomes mainly protects nucleosomal DNA at SHL-3 and from 

SHL-5 to SHL-6, there is modest but detectable protection at SHL-2 (13). Interestingly, nicks and 

gaps between SHL-7 and SHL -2 have been shown to inhibit nucleosome sliding (13, 43). These 

results are consistent with the possibility that the Ino80ATPase translocates on DNA towards SHL-

2 to access its most sliding-competent state. Additionally single-molecule FRET studies have 

identified an ATP-dependent pause phase prior to nucleosome sliding (22), suggesting the 

presence of an ATP-dependent conformational change preceding sliding. The pause could 

represent the translocation of Ino80ATPase from SHL-6/-7 towards SHL-2. 

 

However, simply placing the INO80 complex as is on nucleosomes with Ino80ATPase at SHL-2 

results in clashes of the Arp5 module with DNA at the entry side proximal H2A-H2B dimer and 

with the DNA that wraps around the H2A-H2B dimer near SHL-2 (figure S3.10). Two mutually 

compatible ways this clash can be avoided are if (i) the flanking DNA is further unwrapped 

analogous to the INO80-hexasome structures and (ii) the interactions between the Arp5 module 

and the proximal H2A-H2B dimer are rearranged. The rearrangement of the Arp5/Ies6 

interactions with the H2A-H2B dimer could in principle involve some dislodgement as previously 

proposed (17). However, our biochemical data suggest that any dimer dislodgement that occurs 

is subtle. The small change in H2B conformation seen between the class 1 and class 2 INO80-

nucleosome structures is compatible with such a subtle rearrangement. In the extreme version of 

this model, the Ino80ATPase translocates all the way to SHL-2 to adopt a sliding competent state 

(Figure 3.5B). However, it is also possible that the Ino80 subunit cannot move all the way to SHL-

2 and initiates nucleosome sliding from a position between SHL-2 and SHL-6. In this model, the 
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conformational rearrangement of INO80 would add a rate-limiting step that slows remodeling of 

nucleosomes compared to hexasomes.  

 

Implications for hexasome sliding by INO80 
 
Our structures provide the first direct view into how INO80 engages a hexasome. Given the 

location of Ino80ATPase at SHL-2 in these structures, we propose that the microscopic DNA 

translocation steps carried out by Ino80 would resemble those carried out by the ISWI, CHD and 

SWI/SNF complexes. However, the regulation of these steps would be different due to the unique 

interactions made by INO80 with hexasomes. For example, we observe an additional 15 bp of 

DNA is unwrapped (up to SHL-2.5) in class 3 compared to an unbound hexasome. These 

loosened histone DNA interactions could allow more ready translocation from SHL-2 compared 

to the subtle changes at SHL-2 observed when other remodelers bind nucleosomes (16). 

Additionally, we observe that the Arp5/Ies6 module makes substantially different contacts in the 

hexasome compared to a nucleosome. Thus, unlike in a nucleosome, where the Arp5 grappler 

contacts the H2A-H2B acidic patch, in a hexasome, the grappler contacts the exposed H3-H4 

surface. We propose that these and other new contacts made by the Arp5/Ies6 module provide 

an anchor that allows the Ino80 motor to pump DNA through the hexasome. Further, our previous 

results showed that the Arp5/Ies6 module plays a more critical role in sliding hexasomes 

compared to nucleosomes (17). The different Arp5/Ies6 contacts seen on a hexasome also help 

explain these differential effects of the Arp5/Ies6 module on hexasome versus nucleosome 

sliding.  

 

Role of the Arp8 module in flanking DNA length dependence and hexasome 
preference 
 
INO80 activity on nucleosomes and hexasomes is sensitive to the flanking DNA length. However, 

the dependence on flanking DNA is steeper for nucleosomes than hexasomes (17, 22). Thus 
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while 601+80 nucleosomes are remodeled ~100-fold faster than 601+40 nucleosomes, 601+80 

hexasomes are remodeled only ~ 5-fold faster than 601+40 hexasomes (17). The basis for these 

different flanking DNA dependencies is not well-understood. The Arp8 module is proposed to bind 

flanking DNA raising the possibility that it contributes to the flanking DNA length dependence (40). 

In this context, the greater amount of free DNA in hexasomes can in principle explain why they 

are remodeled faster than nucleosomes and why their sliding is less dependent on flanking DNA 

length (Figure 3.4A). However, the structures and biochemical data presented here suggest a 

more complex picture as discussed below.  

 

The location of the Arp8 module is different on hexasomes than nucleosomes. On nucleosomes 

the Arp8 module binds ~ 40 bp entirely on the flanking DNA (Figure 3.4A). In the most prevalent 

INO80-hexasome state (class 3), the Arp8 module is bound entirely to the unwrapped DNA 

(Figure 3.4A). These structures raise the possibility that ~40 bp of free DNA is needed for the 

Arp8 module to bind and activate the Ino80 ATPase. This would be similar to the role of the 

HAND-SANT-SLIDE (HSS) domain of ISWI family remodelers, which binds flanking DNA. Indeed, 

deletion of the HSS slows down ISWI remodeling (44). However, deletion of the Arp8 module 

specifically accelerates sliding of 601+40 nucleosomes and 601+40 hexasomes, eliminating most 

of the flanking DNA length dependence for both substrates (Figure 3.4, B and C). These results 

indicate that the Arp8 module imposes flanking DNA length dependence by specifically inhibiting 

sliding of substrates with short flanking DNAs.  

 

The Arp8 module interacts with the HSA region of Ino80 which is proposed to bind flanking DNA 

on nucleosomes. We therefore speculate that, without sufficient flanking DNA, the Arp8 module 

plays an inhibitory role by preventing the HSA region from effectively contacting the DNA. 

Increasing flanking DNA length may provide additional binding surfaces for the Arp8 module to 

bind, releasing auto-inhibition. In the context of a hexasome, given the ~35 bp of free DNA, less 
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flanking DNA would be needed compared to nucleosomes to relieve such inhibition, resulting in 

lower sensitivity to flanking DNA length.  Consistent with the possibility that Arp8 regulates the 

HSA, deletion of the N-terminal extension of Arp8 increases interactions of HSA with nucleosomal 

flanking DNA (40). Interestingly deletion of the Arp8 N-terminus also changes how the Arp5 

module engages the H2A-H2B dimer, implying coupling between the Arp8 and Arp5 modules. 

In the context of nucleosomes, effective engagement of the HSA may stimulate movement of the 

Ino80 ATPase towards SHL-2 and also stimulate nucleosome sliding once INO80 accesses a 

sliding competent state. In the context of hexasomes, HSA engagement may mainly stimulate 

hexasome sliding. The role of the Arp8 module is reminiscent of the auto-inhibitory role shown for 

the Nhp10 module (22). The similarity raises the possibility that the Arp8 and Nhp10 modules 

collaborate to impose flanking DNA length dependence (40, 45, 46).  

 

Biological Implications 
 
The activity of INO80 is exquisitely tuned for discriminating in favor of hexasomes over 

nucleosomes. Such a highly regulated mechanism raises the question of why INO80 needs to be 

inhibited in sliding nucleosomes within gene bodies and instead promoted to slide hexasomes. 

We speculate that the answer relates to the impact of RNA polymerase on nucleosomes. When 

RNA polymerase moves through a nucleosome it can completely and asymmetrically dislodge an 

H2A-H2B dimer while also moving the resultant hexasome towards the promoter (17, 19, 20, 47, 

48). Rapid restoration of hexasome positions may be essential to prevent cryptic transcription. 

Other remodelers such as ChdI and ISWI are known to provide nucleosome sliding functions 

within gene bodies. INO80’s hexasome specific role may reflect a division of labor amongst 

remodelers in a crowded chromatin context (49). Similar crowded chromatin contexts containing 

hexasomes are also likely to occur as nucleosomes are being reassembled behind the replication 
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fork and during DNA repair events when nucleosomes are disrupted and clustered away from 

DNA damage sites.  

 

Materials and Methods 
 
Expression and purification of INO80 

FLAG-tagged Ino80 S. cerevisiae strains were grown in YPD at 30 °C to saturation. INO80 

complexes was then purified by FLAG immunoprecipitation based on previously published 

methods (17, 22, 50) with minor modifications. A second 30-minute elution step was added to 

increase yield. INO80 (Δarp8) was purified from an S. cerevisiae strain in which the arp8 gene 

was deleted.  

 

Preparation of nucleosomes and hexasomes 

Recombinant Xenopus laevis histones were expressed in E. coli and purified as previously 

described (51, 52). DNA was amplified from a plasmid containing a Widom 601 sequence and 

labeled with a Cy3 fluorophore modified primer (IDT). Large scale PCR was performed and 

products were separated on an 8% polyacrylamide gel and cut out. The gel slice containing the 

DNA was crushed, soaked in 1X TE overnight, and filtered through a 0.45 mm filter. The DNA 

was ethanol precipitated and dissolved in 1X TE.  

 

Nucleosomes and hexasomes were assembled using salt gradient dialysis (23, 51). Nucleosomes 

were purified by ultracentrifugation with a 10-30% glycerol gradient. Hexasomes were purified 

using a Mini PrepCell (BioRad) with a 7% acrylamide gel based on the previous published method. 

Briefly, asymmetry of the 601 DNA sequence yields weaker affinity of one side of the DNA 

sequence for the H2A/H2B dimer versus the other side. Placing the flanking DNA adjacent to the 

weaker side allows the assembly of hexasomes with the H2A/H2B dimer missing proximal to the 
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longer flanking DNA. The hexasomes are further purified away from nucleosomes through a prep-

cell as described in Levendosky and Bowman.  

 

Native gel-based remodeling assay 

All remodeling reactions were done under single-turnover conditions (enzyme in excess of 

nucleosomes) with saturating INO80 and ATP. The reactions were carried out at 30 °C. Briefly, 

60 nM INO80 WT or 90 nM INO80(Δarp8) was incubated with 15 nM nucleosomes or hexasomes 

(60 nM INO80 (Δarp8) and 10 nM nucleosomes were used for remodeling assays on +40N) in 

reaction buffer (40 mM Tris-HCl, pH7.5, 50 mM KCl, 1.1mM free MgCl2, 0.02% NP-40, and 7% 

glycerol) for 10 minutes at 30 °C before adding 1mM ATP· MgCl2 to start the reaction. The no 

ATP control was taken at the last time point of the reaction. The reaction samples taken at specific 

time points were quenched with excess plasmid DNA and ADP. Samples were resolved on a 

native PAGE gel (6% acrylamide, 0.5X TBE) ran for 3 hours at 125V. Gels were scanned on a 

Typhoon Imager (GE Life Sciences) and quantified by densitometry using ImageJ. The fraction 

of nucleosome products was determined by the ratio of slower-migrating nucleosomes (everything 

above unremodeled nucleosomes) to the total nucleosome intensity. Using Prism 7 (GraphPad) 

data was fit to a single-phase exponential decay model (Equation 1),  

" = ("! − &)("#!"#$ + & 

where y0 is the initial fraction product, kobs is the observed rate constant, and p is the fraction 

product at the plateau.  

 

Amine functionalized GO grids preparation 

Preparations and functionalization of Graphene Oxide (GO) grids were performed following the 

previously described protocol (53, 54). After depositing GO onto 300 Mesh, R1.2/1.3 Au Quantifoil 

grids, GO covered grids were submerged in 10 mM ethylenediamine (Sigma-Aldrich E26266) 

solution diluted in dimethyl sulfoxide (DMSO) and incubated for 5 h at room temperature. The 
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grids were washed thoroughly twice with DMSO without ethylenediamine, twice with autoclaved 

water, twice with ethanol, and dried under ambient conditions. Amino modified grids were stored 

dry at −20 °C until use.  

 

Electron microscopy sample preparation and data collection 

Freshly prepared INO80 was mixed with either hexasome or nucleosome in 1:1 molar ratio, and 

then incubated at 30 °C for 30 min, after which the buffer was exchanged to EM buffer (25mM 

HEPES, pH 7.5, 100mM KCl, 2mM MgCl2, 2mM DTT, 1% glycerol). 

 

Negative staining of the complex was performed with 0.75% uranium formate, following an 

established protocol (55). Grids were examined using an FEI T12 microscope operated at 120 

kV, and images were recorded using a 4k x 4k charge-coupled device (CCD) camera (UltraScan 

4000, Gatan).  

 

To prepare cryo-grids, samples (3μl at 0.2 μM) were loaded onto the amine modified GO grids, 

and then blotted for 4 s before being plunge-frozen in liquid ethane cooled by liquid nitrogen using 

a FEI Vitrobot IV with the sample chamber set at 8°C and 100% humidity. The blotting force was 

0, using ø 55/20 mm blotting filter paper from TED PELLA. Grids were examined and screened 

using an FEI Tecnai Arctica operated at 200 kV and equipped with a Gatan K3 camera. All cryo-

EM datasets were collected on a Titan Krios at the UCSF Cryo-EM Center for Structural Biology 

operated at an acceleration voltage of 300 kV and equipped with a BioQuantum energy filter (slit 

width set to 20 eV) and a K3 direct electron detector (Gatan). 

 

All cryo-EM data were collected using SerialEM (56). All images were acquired with a nominal 

magnification of 105 K, resulting in a pixel size of 0.4175 Å. Defocus range was set from -1.0 μm 

to -2.0 μm. For the INO80-hexasome sample, 18,991 images were collected, each was dose-
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fractionated to 117 movie frames with a total exposure time of 5.9 s, resulting in a total dose of 

~67 electrons per Å2. For the INO80-nucleosome sample, 8,653 images were collected, each was 

dose-fractionated into 80 movie frames with a total exposure time of 2.024 s, resulting in a total 

dose of ~43 electrons per Å2.  

 

Image processing 

For the dataset of the INO80-hexasome sample, a total of 18,991 movie stacks were motion 

corrected and dose weighted using MotionCor2 (57). The CTF parameters were estimated and 

all subsequent 2D and 3D classification were performed using cryoSPARC (58). 500 micrographs 

were randomly selected to generate a template. In brief, 624,536 particles were picked by 

cryoSPARC blob picker and were subject to ab-initio reconstruction and multi-round 

heterogenous refinement. From one good class showing clear features of INO80 bound to the 

hexasome, we generated 16 different projection images for template picking, yielding 7,831,514 

particles from all micrographs. After multiple rounds of heterogenous refinement, a final 1,220,910 

particles were selected to calculate a reconstruction of the INO80-hexasome complex with a 

global resolution of 2.8 Å. This reconstruction showed clear structural features of INO80, but the 

hexasome was not well resolved.   

 

This particle stack was then exported to RELION (59). A mask containing the Arp5-Ies6 module 

and hexasome was generated. 3D classification of background subtracted particles producing a 

new map of 560,912 particles with clear Arp5-Ies6 and hexasome features. Then, a 3D 

reconstruction of the entire INO80-hexasome complex was calculated from this same subset of 

particles and further refined, in which the densities of both INO80 and hexasome are improved 

compared with the previous round. We then performed another round of background subtraction 

with a mask on the hexasome, followed by classification with local alignment focused entirely on 
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the hexasome. Three major classes were identified, among which the main difference is the 

hexasome orientation, mainly reflecting different binding positions of INO80 on the hexasome. 

  

For each class, we then further refined the whole complex and hexasome to higher resolutions 

by using either cryoSPARC or cisTEM (60). The final 3D maps were sharpened by 

DeepEMhancer (61), except for the hexasome of class 1. Lastly, reconstructions of INO80 and 

the hexasome were assembled together into a composite map for model building and figure 

generating. For both class 1 and class 3, we also generated a mask around the flanking DNA for 

further focused 3D classification, producing a clear density that allows docking of the crystal 

structure of Arp8-N-actin-Arp4 into the density map (figure S3.2B). 

 

For the dataset of the INO80-nucleosome sample, a total of 8,653 movie stacks were motion 

corrected and dose weighted using MotionCor2. The CTF parameters were estimated and all 

subsequent 2D and 3D classification were performed using cryoSPARC. 3,625,796 particles were 

picked by cryoSPARC template picker. The remaining parts of image processing were performed 

following the procedure described above.  

 

Model building 

For the model building, the initial model was generated by fitting the available coordinates into 

our cryo-EM density maps by using Chimera (62). These coordinates include the INO80 core 

(with its sequence changed to that of S. cerevisiae by alphafold (63) and ccp4em), the crystal 

structure of Arp8-N-actin-Arp4 and the model of a hexasome (PDB: 6FML, 5NBN, 6ZHY (14, 25, 

27)). The inconsistent parts were then manually built and refined in coot (64). The structures were 

refined using Phenix (65) with secondary structure constraints. Model building of INO80-

nucleosome complexes was performed following the same procedure, except that the atomic 

model of a nucleosome (PDB: 1KX5) (66) was used.  
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Figures 

Figure 3.1. Structure of the INO80-hexasome complex reveals large rotation. 
 (A) Cartoon illustration of a 601+X Nucleosome (left) and 601+X Hexasome (right). H2A/H2B 
dimer proximal to the flanking DNA (entry side dimer) is cyan, H3-H4 is light gray, 601 DNA is 
slate gray, flanking DNA is orange, additional free DNA is cyan, super helical locations are 
labeled by yellow dots, DNA from the bottom gyre is represented by a dotted line. (B) Cryo-EM 
density map of the INO80-hexasome complex. Two views are vertically rotated 180° from each 
other. (C) Atomic model of the INO80-hexasome complex, viewed in the same orientation as the 
map in (B).  (D) Cryo-EM density map of Chaetomium thermophilum INO80-nucleosome 
complex (EMDB: 4277 (14)) displayed with its nucleosome dyad and H3-H4 tetramer aligned 
with that of the hexasome in the right panel of (B). Note that INO80 on a hexasome rotates 
~180° from where it sits on a nucleosome when keeping the nucleosome/hexasome dyad and 
H3-H4 aligned. Colors in (B) – (D): Rvb1: cornflower blue; Rvb2: sky blue; Arp5: medium sea 
green; Ies6: yellow; Ino80: red; Ies2: sandy brown; H2A/H2B: cyan; H3-H4: white; DNA: slate 
gray. (E) Structural comparisons of INO80-nucleosome complex (left), SWR-nucleosome 
complex (middle) and INO80-hexasome complex (right), with nucleosome/hexasome dyad and 
H3-H4 aligned with each other. Arp5 or Arp6: medium sea green; Ies6 or Swc6: yellow; Ino80 or 
Swr1: red; Ies2 or Swc2: sandy brown; H2A/H2B near flanking DNA: cyan; H3-H4: white; 
H2A/H2B near exit DNA: white; DNA: slate gray. 
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Figure 3.2. Conformational snapshots of INO80-hexasome complexes.  
(A) Cryo-EM density maps of the INO80-hexasome complex in three different conformations. 
Maps are aligned by the hexasome orientation. Ino80ATPase and Arp5 binding sites are labeled. 
Colors are the same as panel B of Figure 3.1 (B) Comparison of DNA from each INO80-
hexasome class (dodger blue) with DNA from the unbound hexasome (PDB: 6ZHY, light gray), 
showing degree of DNA unwrapping (upper row) and binding locations of Ino80ATPase and Arp5 
(bottom row).  
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Figure 3.3. Structure of the INO80-nucleosome complex.  
(A) Cryo-EM density map (left) and atomic model (right) of S. cerevisiae INO80-nucleosome 
complex in class 2. Colors are the same as panel B of Figure 3.1. (B) Two conformational 
snapshots of INO80-nucleosome complex, aligned by the nucleosome. Binding location of 
Ino80ATPase and Arp5 are labeled. (C) Enlarged view of the boxed areas in (B) shows overlay 
of nucleosome atomic models in the two conformations. In class 2, H2B near flanking DNA is 
shifted slightly and the C terminal tail of Ies6 becomes visible. Entry-site H2A/H2B in class 1: 
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medium purple; Entry-site H2A/H2B in class 2: cyan; Ies6 in class 1: goldenrod; Ies6 in class 2: 
yellow; Arp5 in class 1, forest green, Arp5 in class 2, medium sea green. 
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Figure 3.4 The Arp8 module engages different regions of DNA in nucleosomes  
versus hexasomes. 
 (A) Overlay of atomic models of the hexasome (class 1 and class 3) and the nucleosome (class 
2) with the Arp8 module. The H3-H4 tetramer of three structures are aligned. Colors: 601 DNA: 
slate gray, flanking DNA: orange, H2A/H2B that is missing in hexasome: cyan; Arp8: dark 
purple; N-actin: lavender; Arp4: medium purple. Ino80 HSA domain: red; (B) Observed rate 
constants for sliding of +40 and +80 nucleosomes by INO80 WT and INO80 (Δ arp8) 
determined by native gel-based remodeling assays; (C) Rate constants for sliding of +40 and 
+80 hexasomes by INO80 WT and INO80 (Δ arp8) determined by native gel-based remodeling 
assays. All assays were performed under single-turnover conditions with saturating and excess 
enzyme and ATP. Data in (B) and (C) represent the mean +/- SEM for three replicates. 
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Figure 3.5. Model of INO80-induced hexasome and nucleosome sliding.  
(A) Hexasome sliding: Ino80 can bind a hexasome with Ino80ATPase at SHL-3 or -3/-2 and the Arp5 
module at SHL+1 or +1/+2. However, the dominant location of Ino80ATPase is at SHL-2 where we 
propose INO80 becomes sliding-competent. We speculate that the structures in class 1 and class 
2 represent intermediates that represent some translocation of Ino80 on hexasomal DNA. (B) 
Nucleosome sliding: Ino80 binds a nucleosome with Ino80ATPase at SHL-7 or -6 and the Arp5 
module at SHL-3 or -2. We speculate that Ino80 translocates along DNA toward SHL-2 where 
INO80 becomes sliding-competent. This translocation may cause minor destabilization of the 
entry-site H2A/H2B, unwrapping of DNA from the same destabilized H2A/H2B, and repositioning 
of the Arp5 module.  
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Figure S3.1. INO80-nucleosome and INO80-hexasome.  
(A) and (B): Models of 601+X Nucleosome (A) and 601+X Hexasome (B). 601 DNA: slate; 
flanking DNA: orange. The additional free DNA in hexasome is colored with cyan;  
(C) SDS PAGE gel of purified S. cerevisiae INO80 complex;  
(D) Negative staining of the INO80-hexasome sample;  
(E) Representative cryo-EM micrograph of the INO80-hexasome complex; 
(F) Negative staining of the INO80-nucleosome complex;  
(G) Representative cryo-EM micrograph of the INO80-nucleosome complex;   
(H) Representative 2D average image of the INO80-nucleosome complex. 
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Figure S3.2. Image processing of the INO80-hexasome dataset.  
(A) A flow-chart outlining the processing of the INO80-hexasome cryo-EM dataset;  
(B) Focused classification near flanking DNA produced density of Arp8 module. 
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Figure S3.3. Image processing of the INO80-nucleosome.  
(A) A flow-chart describing processing of the INO80-nucleosome complex cryo-EM dataset;  
(B) Focused classification near flanking DNA produced density of Arp8 module. 
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Figure S3.4. Resolution estimation of the cryo-EM structures.  
All panels contain direction FSC with global resolution estimated from FSC=0.143 criterion 
marked (left), cryo-EM map colored with local resolution (right) and resolution scale bar.  
(A) and (B) Class 1 of INO80-hexasome complex (A) and the corresponding hexasome (B);  
(C) and (D) Class 2 of INO80-hexasome complex (C) and the corresponding hexasome (D);  
(E) and (F) Class 3 of INO80-hexasome complex (E) and the corresponding hexaxome (F);  
(G) and (H) Class 1 of INO80-nucleosome complex (G) and the corresponding nucleosome (H);  
(I) and (J) Class 2 of INO80-nucleosome complex (I) and the nucleosome (J). 
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Figure S3.5. Representative densities of INO80-hexasome complex.  
(A) Representative densities of INO80 from class 3 of the INO80-hexasome complex;  
(B) Representative densities of the hexasome region from class 3 of the INO80-hexasome 
complex; (C) Nucleotide densities seen in all six nucleotide binding pockets of Rvb1/Rvb2 
hetero-hexamer are modeled as ADP;  
(D) Nucleotide density seen in the Arp5 nucleotide binding pocket is modeled as ATP. 
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Figure S3.6. Arp5 and Arp8 modules in the INO80-hexasome structure.  
(A) Cryo-EM map of the class 3 INO80-hexasome complex with density of the Arp8 module 
shown as transparent;  
(B) Atomic model from the class 3 INO80-hexasome complex shown in the same view as (A), 
with the crystal structure of the Arp8 module (PDB:5NBN) docked into the density map;  
(C) Domain arrangement (upper) and atomic model (bottom) of the Arp5 module. Colors: N-
brace of Arp5: medium purple; DNA binding domain of Arp5: dodger blue; Core domain of Arp5: 
medium sea green; Grappler of Arp5: tan; Ies6: yellow; H3: deep pink; H4: pink; 
(D) An enlarged view showing interactions between Arp5DBD and DNA;  
(E) An enlarged view showing interactions between Ies6, Arp5 and Rvb1/Rvb2;  
(F) Two enlarged views rotated 180° from each other showing interactions between Arp5grappler 

and the hexasome. 
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Figure S3.7. Comparison of three INO80-hexasome conformational snapshots.  
(A) Comparison of atomic models of the three classes of the INO80-hexasome complexes, 
where the hexasome dyads are aligned using the H3-H4 tetramers;  
(B) Comparison of the hexasome in the INO80-hexasome complex with the crystal structure of a 
free nucleosome aligned by the histone core. Hexasomal DNA: dodger blue; Nucleosomal DNA: 
lavender.  
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Figure S3.8. Structure of the INO80-nucleosome.  
(A) Cryo-EM map and atomic of the class 1 S. cerevisiae INO80-nucleosome complex;  
(B) Atomic model of the class 1 INO80-nucleosome complex with the crystal structure of the 
Arp8 module docked into the density map;  
(C) Domain arrangement (upper) and atomic model (bottom) of the Arp5 module. Colors: N-
brace of the Arp5: medium purple; DNA binding domain of Arp5: dodger blue; Core domain of 
Arp5: medium sea green; Grappler of Arp5: tan; Ies6: yellow; H2A: dodger blue; H2B: cyan;  
(D) An enlarged view showing interactions between Arp5DBD and DNA;  
(E) An enlarged view showing interactions between Ies6, Arp5 and Rvb1/Rvb2;  
(F) Two enlarged views rotated 180° from each other showing interactions between Arp5grappler 

and the nucleosome. 
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Figure S3.9. Remodeling activity of WT INO80 and INO80 (Δarp8) on nucleosomes and 
hexasomes. 
 (A) Example gels and time courses of native gel-based remodeling assays of WT INO80 or 
INO80 (Δarp8) on nucleosomes with +40 or +80 base pairs of flanking DNA; (B) Example gels 
and time courses of native gel remodeling assays of WT INO80 or INO80 (Δarp8) on 
hexasomes with +40 or +80 base pairs of flanking DNA. Data was quantified by determining the 
fraction of product species over total species at each timepoint.   
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Figure S3.10. Modeling INO80 on a nucleosome with Ino80ATPase at SHL-2 results in 
clashes. 
A hypothetic model of INO80 on a nucleosome made by directly positioning Ino80ATPase at SHL-
2 reveals clashes between the Arp5 module and the entry-side H2A-H2B (bottom panel) and 
between the Arp5 module and DNA that wraps around entry-side H2A-H2B (top panel). 
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Figure S3.11. Crosslinking H2A or destabilizing dimer-tetramer interface does not 
significantly affect INO80 remodeling activity. 
(A) Location of H2A N38 residues that are mutated to cysteine for cross-linking experiments 
(PDB: 1KX5); (B) Location of H2A R81 residues that are mutated to alanines. These mutations 
were shown to have destabilizing effects on the nucleosome (PDB: 1KX5); (C-D) Example gels 
of native gel-based remodeling assays of (C) WT INO80 on wildtype nucleosomes with 80 base 
pairs of flanking DNA (+80N) or +80N containing oxidized or reduced H2A N38C residues; (D) 
WT INO80 on wildtype nucleosomes with 40 base pairs of flanking DNA (+40N) or +40N 
containing H2AR81A (+40N R81A); (E) Example time courses of native gel-based remodeling 
assays shown in (C); (F) Example time courses of native gel-based remodeling assays shown in 
(D); Average observed rate constants determined from fitting a single-phase exponential decay 
model to two replicates. All assays were performed under single-turnover conditions with 
saturating enzyme and ATP.  
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Chapter 4:  Unpublished Data 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 123 

Studying how INO80 ATPase Activity is Stimulated.   
a. INO80 ATPase activity on nucleosomes is minimally affected by changes 

in flanking DNA length.  

Previously, it has been shown that the flanking DNA modulates the remodeling activity of INO80 

but not the ATPase activity. However, for the remodeling experiments conducted in Chapters 2 

and 3, different conditions were used compared to published data. The remodeling experiments 

for WT INO80, DArp8 or DNph10 were conducted with either 60 nM or 90 nM enzyme, 

respectively. For all three complexes either 10 nM nucleosomes or 15 nM hexasomes were used 

with saturating amounts of ATP (1 mM). To measure ATPase activity under these conditions, a 

32P-radioactive ATPase assay was used to measure the liberation of inorganic phosphate (32Pi) 

over time. Due to technical limitations of the assay, saturating amounts of ATP used in the 

remodeling experiments could not be used. Therefore, I performed ATPase assays at varying 

ATP concentrations to determine the rate constant kobs (ATP) for the different INO80 complexes 

(WT, DNhp10, DArp5, DArp8, DIes2) within the detection limits of the assay (Figure 4.1A). For WT 

INO80, DNhp10, DArp5, and DArp8, 200 µM ATP was determined to be saturating for 

nucleosomes with 40, 60, and 80 bp of flanking DNA (Figure 4.1A). However, for DIes2 the 

ATPase activity was close to background, making it difficult to quantify the kobs. The Km for ATP 

was determined to be ~40 µM for WT INO80, DNhp10, DArp8, and DArp5 for nucleosomes with 

40, 60, and 80 bp of flanking DNA (Figure 4.1A). Furthermore, with saturating ATP, less than an 

~2-fold difference in kobs was observed between +40 and +80 nucleosomes (Figure 4.1B). 

Additionally, removing Arp8 and Nhp10 modestly affected the kobs, suggesting that these modules 

do not contribute to ATP hydrolysis by INO80 during nucleosome remodeling (Figure 4.1B). 

However, by removing Arp5, INO80’s ATPase activity was reduced by 10-fold (Figure 4.1B, C). 

Similar to DIes2, it was challenging to detect ATP hydrolysis by DArp5, because it was slightly 

above the background activity for INO80 alone(Figure 4.1 A-C). For future studies it would be 

ideal to use alternative methods to measure ATP hydrolysis of DArp5 and DIes2 INO80.  
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b. INO80 is stimulated by core nucleosomes.  

The results from the previous section suggest that flanking DNA does not contribute to ATP 

hydrolysis by INO80. However, whether there is a minimum amount of flanking DNA required for 

stimulation of INO80’s ATPase activity is unknown. Therefore, I tested whether INO80 would be 

stimulated by nucleosomes that did not have any flanking DNA (i.e., core nucleosomes). I 

performed the ATPase assay with 160nM Ino80, 15nM core nucleosomes and 320 µM ATP.  

Interestingly, INO80’s ATPase activity was stimulated by core nucleosomes and the kobs was~2-

fold less compared to nucleosomes with 80 bp of flanking DNA (Figure 4.1E). Previous studies 

have reported that INO80’s affinity for nucleosomes decreases upon shortening the flanking DNA. 

Hence it is unclear whether saturating amounts of INO80 were utilized for the ATPase experiment 

using core nucleosomes . Future studies will need to be conducted to determine saturating 

concentrations of INO80 for core nucleosomes to properly assess differences in ATPase activity.  

 

c. Supplementing additional H2A-H2B dimer does not stimulate ATPase 

activity of INO80. 

The INO80 family is composed of SWR and INO80 complexes. The sole known function of SWR 

is to exchange the canonical H2A-H2B dimer for the non-canonical H2A.Z-H2B dimer. There is a 

controversy within the field of whether INO80 solely slides nucleosomes or whether it can also 

actively exchange the non-canonical H2A.Z-H2B dimer for the canonical H2A-H2B dimer. 

Previous studies have shown that if INO80 does facilitate exchange, it is inefficient as less than 

20% percent of the nucleosomes are exchanged. One hypothesis is that INO80’s exchange 

activity is an “off-pathway” activity. If INO80 actively exchanges dimers, I would suspect INO80’s 

ATPase would be further stimulated by the presence of a nucleosome and dimer, like observed 

with SWR. I performed the ATPase assay with 60nM Ino80, 15nM nucleosomes, 30mM dimer 

and 320 µM ATP. I found that supplementing the H2A-H2B dimer did not increase the ATPase 
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activity of INO80 on nucleosomes containing H2A-H2B dimers and 80 bp of flanking DNA. 

Previous studies have suggested that INO80 is primarily involved in exchanging the H2A.Z/H2B 

dimer containing nucleosomes for H2A/H2B dimers (Figure 4.1D). Therefore, further experiments 

will need to be conducted to test whether excess H2A/H2B dimers in the presence of H2A.Z/H2B 

containing nucleosomes stimulate the ATPase activity of INO80.  

Nucleosome intermediates generated by INO80 
d. Assessing nucleosome intermediates using the Restriction Enzyme 

Accessibility Assay (PST18) : 

Previously, our lab showed that during remodeling by INO80 at least one nucleosomal 

intermediate is formed which was captured by a restriction enzyme accessibility (REA) assay. 

The REA assay reports on changes in the accessibility of nucleosomal DNA. In chapter 2, we 

discussed how the generation of PST18 accessibility (PstI site incorporated 18 bps away from 

the exit site) was affected during remodeling by DArp5 INO80. We also tested what role Arp8 and 

Ies2 play in generating the PST18 accessible intermediate. Generally, removing Ies2 and Arp5 

reduced the accessibility of the PST18 site to cutting by PstI on nucleosomes with 40 bp of 

flanking DNA (Figure 4.2A,B). Removing Ies2 disables the ability of INO80 to generate the PST18 

accessible nucleosome intermediate with either 40 or 80 bp of flanking DNA. Removing Arp8 

does not significantly affect the generation of the PST18 accessible nucleosome intermediate for 

nucleosomes with 40bp or 80bp of flanking DNA (Figure 4.2 A-C).  

 

i. INO80 requires an ATP independent pre-binding step of 10 minutes with 

nucleosomes. This was observed with nucleosomes with 80bp of flanking 

DNA. Because INO80 doesn’t efficiently remodel nucleosomes with 40bp 

or less flanking DNA, we asked if we could capture the dependence of the 

pre-binding step via REA. I measured the INO80 and ATP-dependent 

accessibility of the PST18 site with and without prebinding. I observed no 
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significant difference in cutting at the PST18 site using nucleosomes with 

80bps of flanking DNA (Figure 4.2D). This suggested that the REA assay 

does not capture the changes that occur during the pre-binding step.  

ii. Caveats with REA:  The kobs for PstI cutting of naked DNA is comparable 

to the maximal gel-based sliding remodeling rate constant of WT INO80 on 

nucleosomes with 80 bps of flanking DNA in the current REA buffer, as 

described in Chapter 2. Under the current REA buffer, the kobs for cutting 

naked DNA was 1.6 min-1, which is ~4.5 fold slower compared to the cutting 

rate constant in the PstI buffer (New England Biolabs Buffer 3.1 :10mM 

NaClm 5mM Tris-HCL, 1mM MgCl2, and 10µg/mL BSA ) (Figure 4.2E). 

Thus the REA assay cannot directly measure any steps that show rates 

constants greater than ~1.6 min-1  (Figure 4.2E). However, the remodeling 

rate of INO80 on nucleosomes with 80 bp of flanking DNA, measured via 

native gel-based sliding assay, is ~1 min-1. This rate constant is slower or 

comparable to the rates constant for cutting naked DNA, indicating that 

rates constant derived from the Pst1 accessibility assay for PST18 on 

nucleosomes does not reflect the actual rates constant for formation of the 

intermediate. This comparison may explain why the difference between the 

kobs for INO80 obtained using REA 40 bps and 80 bps of flanking DNA as 

previously published in our lab is not as great compared the difference in 

remodeling rate constants measured by the FRET and gel-based sliding 

assays. The reaction conditions for REA need to be optimized to enable 

accurate capturing of the rate constant for intermediate formation.  

e. Assessing nucleosome intermediates using the Restriction Enzyme 

Accessibility Assay (PST129) 
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i. INO80 does not require ATP to unpeel the DNA away from the nucleosome 

core.  

1. In Chapter 3, the cryo-EM structure of INO80 bound to 

nucleosomes revealed that there is DNA unwrapping at SHL-6, 

where the Ino80 ATPase is positioned. This structure was solved 

with no ATP analogs present, suggesting that DNA unwrapping by 

INO80 is independent of ATP hydrolysis. To biochemically test this 

notion, I assembled nucleosomes with a Pst1 cut site located at 

PST129 (18bps) into the nucleosome at the DNA entry site of the 

nucleosome (Figure 4.3A). Unlike with PST18, INO80 can generate 

PST129 accessible nucleosomes in the absence of ATP(Figure 

4.3B). This result corroborates the DNA unpeeling observed in the 

cryo-EM structure and indicates that INO80 needs to unwrap the 

DNA prior to activating the ATPase, on path to remodelling the 

nucleosome.  

 

ii. The H2A-H2B dimer acidic patch contributes to PST129 accessibility in 

absence of ATP.  

1. Next, I wanted to test the role the acidic patch contributed to 

accessibility of PST129 on nucleosomes. There was no detectable 

change in PST129 accessibility in nucleosomes when both H2A-

H2B dimer acid patches were mutated (APM) in the presence of 

ATP. Interestingly, in the absence of ATP, there was a decrease in 

PST129 accessibility for APM nucleosomes. This suggests the 

H2A-H2B dimer acidic patch contributes to DNA unwrapping prior 

to sliding. The Arp5 module contacts this H2A-H2B acidic patch, so 
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I assessed if the change in PST129 accessibility in the APM 

nucleosomes was dependent on the Arp5 contacts. Removing Arp5 

does not change PST129 accessibility (Figure 4.3B). This suggests 

that the generation of the ATP independent PST129 accessible 

nucleosome may require the H2A-H2B acidic patch in an Arp5 

independent manner. This is unlike the PST18 accessible 

nucleosomal intermediate, as mentioned in Chapter 2.   

iii. Caveats with cutting the PST129 DNA.  

1. To have a better understanding of the PST129 REA data, I wanted 

to assess the cutting rate of Pst1 on naked DNA under our REA 

conditions to determine if the cutting rate is comparable to the 

sliding rate constant or comparable to the rate constant for cutting 

at the PST18 site. Unfortunately I discovered Pst1 does not fully cut 

the PST129 DNA (Figure 4.3C). Additionally, there is significant 

difference in cutting when Pst1 is incubated with the DNA for over 

30 seconds compared to 10 minutes (Figure 4.3C). This data 

suggests that the PST129 DNA is challenging for Pst1 to cleave. 

This indicates that the cutting rates observed for PST129 are slower 

than the rate at which DNA is exposed on nucleosomes.  

f. Assessing nucleosome intermediates using the Restriction Enzyme 

Accessibility Assay (PST137) 

i. In 2018, two cryo-EM structures of human and fungal INO80 bound to a 

nucleosome, revealed that INO80 unwrapped ~15 bp of DNA way from the 

octamer core. To interrogate the role of DNA unwrapping, in the context of 

the INO80 reaction, I cloned a PstI cut site 137bp into the 601 sequence. 

This PST cut site is ~10bp from the DNA entry site, which should increase 
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in accessibility once WT INO80 engages the nucleosome (Figure 4.4A). I 

generated PST137 nucleosomes with 40bps of flanking DNA and tested 

PstI accessibility at the PST137 site. I compared accessibility of this site in 

nucleosomes either with or without INO80. Approximately 50% of the DNA 

is cut in both conditions, and INO80 does not appear to change DNA 

accessibility (Figure 4.4) These results suggest that PST137 does not 

report on DNA unwrapping facilitated by INO80. Therefore, future studies 

will need to be performed to determine a PST1 site that better reports on 

INO80 driven DNA wrapping.   
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Figures 

 
Figure 4.1: Stimulation of the INO80 ATPase Activity. 
A) Determining what concentration of ATP is saturating for INO80. Measured the observed rate 
constant and plotted, in the y-axis, rate constant (µM*min-1) versus ATP (µM) in the x-axis. 
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Measured the rate constant for (WT INO80, DNhp10, DArp5, DArp8, and DIes2 with 
nucleosomes with either 40 (purple curve), 60 (orange curve), or 80bp (green curve). The ATP 
concentrations tested were 8µM, 40µM, 200µM, 320µM, and 500 µM. B) Observed rate 
constants for INO80 (WT, DNhp10, DArp5, DArp8, and DIes2) ATPase activity on nucleosomes 
with 40 (purple bar), 60 (orange bar), or 80 (green bar) bps of flanking DNA. Assay were 
performed with saturating amounts of Ino80 (60 or 90nM), 15nM nucleosomes, and 320µM 
ATP. C) Observed rate constants from (Figure4.1B) compiled.  D) Observed rate constants of 
WT INO80 ATPase activity with nucleosome versus nucleosomes supplemented with H2A-H2B 
dimer. This assay was performed with 60nM Ino80, 15nM nucleosomes with 80 bps of flanking, 
30nM of H2A-H3B dimer when supplemented, and 320µM ATP. E) Observed rate constants of 
INO80 ATPase activity on nucleosomes with 80bps of flanking DNA vs core nucleosomes. This 
assay performed with 60nM of WT Ino80 (with nucleosomes with 80bps flanking DNA) or 
160nM WT Ino80 (with core nucleosomes), 15nM nucleosomes, and 320µM ATP. It is not clear 
if 160nM of INO80 was saturating with 15nM of core nucleosomes.   
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Figure 4.2. Pst18 accessible nucleosome intermediate 
A) Example native gel showing the fraction of DNA cut by PstI at PstI site for 601 +40 DNA and 
601+80 DNA. The Restriction Enzyme Accessibility (REA) assays were done with saturating 
amounts of ATP, 15nM nucleosomes, and 30 or 60nM Ino80. Uncut and cut DNA products were 
separated on a 10% acrylamide and 1X TBE native gel.  B) REA rate constants were measured 
for 30nM WT INO80, 60nM INO80(DNhp10), 60nM INO80(DArp5), 60nM INO80(DArp8), and 
60nM INO80(DIes2) with 15nM of nucleosomes with 80bps of flanking DNA. C) REA rate 
constant measured for 30nM WT INO80 and 60nM INO80(DArp8) with 15nM nucleosomes with 
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40bps of flanking DNA and saturating amounts of ATP. D) REA rate constants measured with or 
without prebinding WT INO80 with nucleosomes. Reaction was started with the addition of 
saturating amounts of ATP. E) Rate constant of Pst1 cutting of naked Pst18 DNA in REA buffer 
compared to the commercial NEB buffer. The green bar is the rate constant for WT INO80 
remodeling nucleosomes with 80bps of flanking DNA, via native gel sliding assay.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 134 

 
 

Figure 4.3. Pst129 accessible nucleosome intermediate  
(A)Shows the placement of the Pst1 cut site, 129 bp away from the DNA exit site (~SHL-5).  
The observed REA rate constants measured for 60nM WT INO80 or 90nM INO80(∆arp5) with 
15nM of WT nucleosomes with 40bp of flanking DNA, in black and grey bars respectively. (B) 
Observed REA rate constant for 60nM WT INO80 with 15nM acidic patch mutant (APM) 
nucleosomes with 40bps of flanking DNA (bar in red). Graph on the left are the observed rates 
without ATP and on the right, assays were performed in the presence of saturating ATP. (C) On 
the left is a schematic of the experimental design used to test the cutting of 15nM Pst129 DNA 
by Pst1.  On the right, is a native gel of the DNA. Not shown here, but the DNA was not cut prior 
to starting the reaction. Uncut and cut DNA products were separated on a 10% acrylamide and 
1X TBE native gel.   
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Figure 4.4. Pst137 accessible nucleosome intermediate.  

A) Shows the placement of the Pst1 cut, 137 bp away from the DNA exit site (SHL-6).  
B) Native gel results of REA conducted with 15nM of PST137 nucleosomes with 40bp of 

flanking DNA. The native gel boxed in green shows a time course of Pst1 cutting the 
PST137 nucleosome with no INO80 added. The native gel boxed in blue shows a time 
course of Pst1 cutting when 60nM of WT INO80 was added at the start of the reaction. 
Uncut and cut DNA products were separated on a 10% acrylamide and 1X TBE native 
gel.   
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