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Abstract 

The packaging of DNA into chromatin in eukaryotic cells allows large genomes to be contained 

in the cellular nuclei. Furthermore, it adds a new level of stability and organization of the 

genome. However, it also creates problems with cellular processes that require access to the 

DNA, such as transcription, replication and repair of DNA damage, due to the presence of 

nucleosomes and higher-order chromatin structures. 

 

In order to overcome this problem, cells have developed a set of molecular machines able to 

alter the physical structure of chromatin, known as chromatin remodelers. Chromatin 

remodelers employ the energy obtained from ATP hydrolysis to perform several activities, 

such as nucleosome sliding, nucleosome eviction, regular spacing of nucleosomes and 

histone exchange. They can be composed of one single protein or consist of multi-subunit 

complexes where several units assemble around a central ATPase of the Snf2-like type of 

SF2 helicases. 

 

Since their initial identification, several remodelers belonging to the four main families 

(SWI/SNF, CHD1, ISWI and INO80) have been biochemically characterized. Furthermore, 

over the last five years, structures of several chromatin remodelers of all of the four families 

bound to a nucleosome substrate have been solved. However, these structures correspond 

to remodelers with only one or a few subunits, such as Chd1, or comprise only the catalytic 

ATPase core, such as the nucleosome-bound Snf2 structure.  

 

In this work, we present high-resolution cryo-EM structures of the human INO80-nucleosome 

complex, a chromatin remodeler able to perform nucleosome sliding. These structures provide 

the first insights about how multi-subunit chromatin remodelers bind nucleosomes. 

Additionally, by integrating the obtained structural information with previous biochemical data, 

we have proposed a basic mechanism for the sliding of nucleosomes by INO80.  
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1. Introduction 

 

1.1. Chromatin packaging 

 

Eukaryotic genomes comprise large amounts of DNA (in the case of the human genome, 

over three billion base pairs) that would be many times longer than the cells that contain 

them if totally unfolded. In order to fit in the nucleus, DNA wraps around proteins to fold 

into a more compact structure, called chromatin. The most extreme case of DNA 

compaction is found in metaphasic chromosomes, where the length ratio of the genetic 

material compared to the corresponding naked DNA ranges between 10,000 and 20,000 

(Nozaki et al., 2017). 

 

The basic unit of chromatin is the nucleosome. Each nucleosome is composed of 145 to 

147 base pairs (bp) of double-stranded DNA wrapped in 1.65 left-handed superhelical 

turns around a histone core composed of eight histones (Figure 1.1a) (Luger et al., 1997). 

The histone octamer includes two copies of histones H2A, H2B, H3 and H4. All four core 

histones are small proteins (11-15 kDa) that share a common fold known as the histone 

fold, which is composed of three alpha helices (α1, α2 and α3) connected by two short 

loops (L1 and L2) (Figure 1.1b) (Arents et al., 1991; Arents and Moudrianakis, 1995). 

H2B and H3 possess extra helices, present in the N-terminal region (αN, found in H3) or 

the C-terminal region (αC, observed in H2B). Additionally, all core histones also contain 

flexible tails in their N-termini, and, in the case of H2A, also in its C-terminus (Figure 

1.1c) (Arents et al., 1991; Arents and Moudrianakis 1995). Variants of these canonical 

histones exist, and are thought to alter chromatin structure in response to specific signals 

and facilitate the recruitment of proteins required for different processes (Henikoff and 

Smith, 2015). 

 

Histones are arranged into a set of four heterodimers (two H2A-H2B and two H3-H4) 

through head-to-tail “handshake” interactions between their histone folds (Figure 1.1d). 

The H3 α2 and α3 helices of each H3-H4 heterodimer form a four-helix bundle which 

promotes the association into a (H3-H4)2 heterotetramer. Similar interactions between 

α2 and α3 from H2B and H4 allow the recruitment of two H2A-H2B heterodimers (Figure 

1.1d) to assemble the histone octamer. When the DNA wraps around the octamer, a 

pseudo-2-fold symmetry axis, called the dyad axis, passes through a single base pair. 

The 10-bp DNA helical turn around this central base pair is denoted as Super Helical 

Location 0 (SHL 0), due to the additional torsion introduced to the DNA double helix as 
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a consequence of wrapping around the histone octamer. SHL are numbered in a counter-

clockwise manner when looking down the dyad axis, and range from SHL -7 to SHL +7 

(Figure 1.2). The histone folds establish regular contacts with the DNA gyres primarily 

with the minor groove DNA backbone, leading to a precise positioning and bending of 

the DNA around the octamer. The entry and exit sites of the DNA are organized through 

interactions with the αN helices of H3, which is stacked on top of the H4 histone folds 

(Figure 1.1e). 

 

 

Figure 1.1 Structure of the nucleosome. a. A nucleosome is composed of a histone 
octamer around which 145 to 147 base pairs of DNA are wrapped. Each histone octamer 
is composed of two copies of histones H2A, H2B, H3 and H4. b. Overview of the histone 
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fold. All core histones contain a conserved histone fold which comprises three α-helices 
(α1, α2 and α3) connected by two short, unstructured loops (L1 and L2). c. Schematics 
of the structural elements present in the four core histones. All of them contain the 
conserved histone fold. Additional α-helices are present in H2B (at its C-terminus, αC) 
and in H3 (at its N-terminus, αN). Core histones also contain flexible tails at their N-
terminus, and, in the case of H2A, also at its C-terminus (discontinuous line). d. 
Interactions established between histones in the histone octamer. H2A-H2B and H3-H4 
histone dimers are formed by means of “handshake” interactions between histone folds. 
Each H3-H4 dimer is associated to a H2A-H2B dimer through a helical bundle which 
includes α2 and α3 of H2B and H4. A similar interaction is established between the α2 
and α3 helices of the two H3 copies, promoting the formation of (H3-H4)2 
heterotetramers. e. The H3 αN helix (present at its N-terminus) contributes to the 
organization of the entry/exit path of nucleosomal DNA.  
 

 

Figure 1.2. Super Helical Locations of the DNA gyres. The DNA wrapped around the 
histone octamer forms a left-handed superhelix. The histone octamer establishes a 
pseudo-2-fold symmetry axis, called the dyad axis. The 10 bp comprising an entire DNA 
helical turn around the base pair through which the dyad axis passes are referred to as 
Super Helical Location (SHL) 0. Each additional DNA helical turn of the DNA gyres is 
numbered negatively when moving clockwise from the dyad axis, and positively when 
moving counter-clockwise. The DNA wrap of each nucleosome is divided in a total of 15 
SHL. 
 
Short free DNA linkers of variable length connect adjacent nucleosomes, forming a 10-

nm thick fiber with repeating structural motifs roughly every 200 bp (Kornberg, 1974), 

although the exact length can vary depending on the length of the DNA linkers. While 

such an arrangement of DNA allows on its own a seven-fold shortening of the length of 

the genetic material, higher levels of compaction are achieved within the cellular nucleus 

(Figure 1.3). 
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Figure 1.3. Levels of DNA compaction. The first level of DNA compaction is achieved 
through the association of DNA with histones to form nucleosomes. A series of adjacent 
nucleosomes can form solenoid-like fibers (although the existence of such regular 
structures in vivo is controversial). Further levels of compaction are reached by means 
of the formation of irregularly folded structures, involving the association with other 
proteins such as cohesin complexes, which form ring-like structures able to capture 
chromatin fibers to form loops known as chromatin domains. The maximum level of 
compaction is observed in the chromosomes formed during the metaphase of the cell 
cycle. Figure adapted from the National Human Genome Research image gallery 
(https://www.genome.gov/genetics-glossary/Chromatin). 
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Finch and Klug observed that purified 10-nm chromatin fiber was able to condense in 

vitro into a higher order structure of 30 nm diameter (Finch and Klug, 1976). Low 

concentrations of cations, as well as the presence of H1, were required to promote the 

formation of the 30-nm fiber. Based on early electron microscopy studies, two different 

models for the 30-nm fiber were proposed: the one-start helix, or solenoid model (Finch 

and Klug, 1976), and the two-start helix, or zigzag model (Worcel, Strogatz, and Riley, 

1981; Williams et al., 1986). In the solenoid model, nucleosomes are connected by bent 

linker DNA, resulting in an interdigitated helical structure where each nucleosome 

interacts with the fifth and sixth neighboring nucleosomes. In the two-start helix model, 

nucleosomes are connected by straight linkers and zigzag back and forth, resulting in an 

arrangement where each nucleosome is stacked to its second neighbor (Figure 1.4).  

  



 22 

 

 

Figure 1.4. Proposed models for the structure of the 30-nm chromatin fiber. The 
solenoid model (a, c) is a “one-start” helix where consecutive turns of the helix 
interdigitate in such a manner that each nucleosome interacts with its 5th and 6th 
neighbors. The DNA gyres corresponding to nucleosomes of alternative helical turns in 
c are colored in blue and magenta. On the other hand, the zig-zag (b, d) model is a “two-
start” helix where nucleosomes are arranged in a zigzag manner such that each 
nucleosome interacts with its 2nd neighbor. Alternative pairs of nucleosomes in d are 
colored in blue and orange. Figure adapted from Luger, Dechassa, and Tremethick, 
2012. 
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Timothy Richmond and colleagues obtained a low-resolution crystal structure of a 

tetranucleosome (Schalch et al., 2005). Although the resolution was too low to build 

atomic models de novo for each of the components, they were able to define clearly the 

position of the nucleosomes and the connecting DNA linkers (Figure 1.5). The structure 

consisted of two stacks of two nucleosomes connected by zigzagging straight DNA 

linkers, in accordance with the two-start helix model. 

 

 

Figure 1.5. Crystal structure of a tetranucleosome. The crystal structure of a 
tetranucleosome is displayed (PDB code 1ZBB). The DNA of equivalent nucleosomes is 
displayed in orange (N1 and N4) or blue (N2 and N3). The two stacks of nucleosomes 
are connected by zigzagging DNA linkers, matching the two-start helix model for the 30-
nm fiber. 
 
More recently, an 11 Å resolution cryo-EM structure of a dodecanucleosome revealed 

the presence of three tetranucleosomal units resembling the crystal structure, which are 

arranged in a left-handed double helical structure similar to the two-start helix model. 

The binding of H1 was found to play a key role in the formation of the higher-order 

structure by constraining the path of the entry-exit DNA of each nucleosome, promoting 

the required left-handed twist (Song et al., 2014).  
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Figure 1.6. Cryo-EM structure of a dodecanucleosome. The cryo-EM structure of a 
dodecanucleosome at 11 Å resolution (EMDB code 2601) is displayed. The structure is 
composed of three tetranucleosome units which fit the previous crystal structure of a 
tetranucleosome (PDB code 1ZBB). The dodecanucleosome is arranged as a left-
handed double helix, with nucleosomes connected by zigzagging straight DNA linkers. 
This is in accordance with the two-start helix model for the 30-nm fiber. Figure adapted 
from Song et al., 2014. 
 
However, studies of the structure of chromatin in its cellular context have failed to provide 

any evidence of the presence of the 30-nm fiber in the nucleus of cells, making the 

relevance of such structure in vivo controversial. This idea is further supported by the 

high abundance of cations found in the cell, which could prevent the formation of the 30-

nm fiber (Maeshima, Ide, and Babokhov, 2019). Instead, the evidence provided by 

several structural and imaging studies suggests that chromatin in the cell consists of 

irregularly folded 10-nm fibers. Larger scale structures, known as chromatin domains, 

are thought to be formed by interdigitating nucleosomes and through the association with 

cohesin complex proteins, which form a ring structure able to capture chromatin fibers to 

form organized loops (Nozaki et al., 2017).  

 

1.2. Chromatin remodelers 

 

While this arrangement of the genetic material adds a level of organization and stability, 

it also creates an impediment for processes such as transcription, replication, and DNA 

damage detection and repair. These processes often require direct access to the DNA, 

which is prevented by the presence of nucleosomes and higher order folding of 

chromatin. Some of the molecular machines involved in these processes possess to 

some extent the ability to displace nucleosomes as they perform their function, such as 

RNA and DNA polymerases (Kulaeva et al., 2013; Chang et al., 2016). The disassembly 

and reassembly of nucleosomes can also be assisted by histone chaperones, a diverse 

group of histone-binding proteins able to alter chromatin dynamics in an ATP-

independent manner (Elsässer and D’Arcy, 2013). Moreover, cells have developed two 
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additional types of mechanisms to enable the dynamic and tightly-regulated access to 

DNA required for such DNA transactions: post-translational modification of histones, and 

alteration of histone-DNA contacts in an ATP-dependent fashion. 

 

Post-translational modifications of histones occur mostly, although not exclusively, in the 

N-terminal tails of histones. A broad set of chromatin-modifying enzymes catalyze the 

addition and removal of different chemical groups (including acetyl, methyl, phosphate, 

biotin, poly-ADP ribosyl and citrulline groups) and small proteins such as ubiquitin and 

SUMO (Bannister and Kouzarides, 2011). Such modifications can directly alter the 

chromatin structure on their own. For example, acetylation of lysines by histone acetyl 

transferases (HATs) in the histone tails neutralizes the positive charges of their ε-amino 

groups, loosening the interaction between DNA and the histone octamer and facilitating 

transcription (Bannister and Kouzarides, 2011). Additionally, the complex pattern of 

histone modifications can also induce the recruitment of other enzymes involved in the 

restructuring of chromatin, or factors participating in transcription, replication or DNA 

damage repair.  

 

Chromatin remodelers, on the other hand, are able to employ the energy obtained from 

ATP hydrolysis to perform a series of activities that lead to changes in the histone-DNA 

contacts and the subsequent restructuration of chromatin structure. This allows them to 

regulate the packaging and accessibility of DNA. Their activities include nucleosome 

sliding along the DNA, nucleosome eviction, regular spacing of nucleosomes, and 

alteration of the composition of histone octamer cores through the exchange or eviction 

of histone dimers (Clapier and Cairns, 2009). Chromatin remodelers are composed of 

one single protein or comprise several units assembled around a central ATPase 

belonging to the Snf2-like type of Superfamily 2 (SF2) DNA helicases (Clapier and Cairns, 

2009) that acts as a translocation motor to drive chromatin remodeling. Helicases are 

DNA- or RNA- dependent ATPases able to unwind nucleic acid duplexes as they move 

directionally along one of its strands. The movement along the nucleic acid is achieved 

through a series of conformational changes resulting from ATP binding, hydrolysis and 

release, which alter in a coordinated manner the contacts established with the nucleic 

acid by the different protein domains. In bona fide helicases, these movements result in 

an unwinding of DNA or RNA duplexes due to the presence of a pin or wedge domain 

that strips the strands apart as the helicase moves along one of them, called the tracking 

strand. Six superfamilies of helicases have been defined based on the conservation of 

certain sequence motifs, with SF2 having seven signature motifs (Gorbalenya and 

Koonin, 1993; Singleton, Dillingham, and Wigley, 2007) (Figure 1.7). Unlike traditional 
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helicases, the ATPases found in chromatin remodelers are unable to unwind the DNA 

duplex because of the lack of a pin or wedge domain (Bhattacharyya and Keck, 2014), 

and thus act only as translocases. The SF2 helicase-like domain found in remodelers 

comprises two tandem RecA-like folds termed RecA1 or DExx (due to the presence of a 

DExx motif), and RecA2 or HELICc (Helicase superfamily C-terminal domain), which are 

able to translocate with a 3’-5’ polarity along a DNA duplex. The tandem RecA-like folds 

form a groove which constitutes part of the DNA-binding site and where most of the 

classical conserved motifs of SF2 helicases are arranged. These include motifs 

equivalent to the Walker A and Walker B motifs present in many ATPases, which are 

essential for binding (Walker A) and hydrolysis (Walker B) of ATP, and a highly 

conserved arginine finger which is required for coupling the ATPase activity to 

translocation of DNA (Clapier and Cairns, 2009).  

 

 

Figure 1.7. Signature motifs of Superfamily 2 helicases. SF2 helicases are 
characterized by the presence of seven signature motifs. a. Structure of the hepatitis C 
virus NS3 helicase (grey) bound to DNA (light orange) (PDB code 1A1V). The seven 
signature motifs are highlighted in color. Most of the signature motifs concentrate around 

180°
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Motif Consensus sequence NS3 sequence 

I ++xxxoGxGK[T/S] HLHAPTGSGKS 

Ia x+++xPoo VLVLNPSV 

II (DExx, 

Walker B) 
+++DExx IICDECH 

III +x+[S/T][A/G][T/S]xxx VLATATPPG 

IV ++Fxxoxo LIFCHSKK 

V +x[T/S]xxxxxG+o+xo+ VATDALMTGFTGDFD 

VI (Walker A) QxxGRxxR QRRGRTGR 

b
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the DNA-binding cleft. b. Consensus sequence and sequence in the hepatitis C virus 
NS3 helicase of each signature motif. Signature motifs II and VI are related to the Walker 
B and Walker A motifs respectively, found in a variety of ATP-binding proteins. 
Alternative residues for a position in the consensus sequence are indicated between 
brackets; “+” denotes a hydrophobic residue; “o” denotes a hydrophilic residue, and “x” 
denotes any residue. 
 

The central ATPase subunits can be further classified into four main types, which 

determine four families of chromatin remodelers: SWI/SNF (switching defective/sucrose-

non-fermenting), ISWI (imitation switch), CHD (chromodomain-helicase-DNA binding) 

and INO80 (inositol requiring 80). Structurally, the families differ in the accessory 

domains present in the central translocase subunit (Figure 1.8), as well as the additional 

subunits that form part of the remodeler complex. 

 

 

Figure 1.8. Domains found in the central ATPase subunit of the four families of 
chromatin remodelers. The members of the four families contain a motor domain with 
two lobes (DExx and HELICc). A short insertion is found in the HELICc lobe in ATPases 
from all families except those of the INO80 family, where a long insertion is present. 
Members of the SWI/SNF family contain additional HSA and bromodomains. Members 
of the ISWI family contain a set of HAND, SANT and SLIDE domains, sometimes referred 
to as a HSS domain. Members of the CHD family have a set of tandem chromodomains. 
Members of the INO80 family also have an HSA domain. 
 

In SWI/SNF remodelers, which comprise 8 to 14 subunits, the ATPase domain is flanked 

by an HSA (helicase-SANT associated) domain and a C-terminal bromodomain 

(Mohrmann & Verrijzer, 2005). The HSA domain recruits actin and actin-related proteins 

(ARPs), which regulate the activity of the complex (Szerlong et al., 2008), while the 

bromodomain can bind acetylated histones (Hassan et al., 2002). Most eukaryotes have 

two distinct families of SWI/SNF chromatin remodelers, which are able to perform several 

different activities, such as sliding and ejecting nucleosomes, to regulate diverse cellular 

processes like transcription and progression through cell cycle (Mohrmann and Verrijzer, 

2005). However, they are not involved in the assembly of chromatin, possibly due to their 

inability to generate regularly spaced arrays of nucleosomes (Clapier and Cairns, 2009). 
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ISWI remodelers contain a reduced number of subunits, ranging between two and four, 

and possess a central helicase with a set of HAND (referred as such for its resemblance 

to an open hand), SANT (named after its presence in SWI3, ADA2, N-CorR and TFIIIB) 

and SLIDE (SANT-like ISWI domain) domains in the C-terminus (Grüne et al., 2003). 

These three adjacent domains form a module able to bind to nucleosomes and DNA 

(Yamada et al., 2011). ISWI complexes can activate or repress transcription, like many 

other proteins with a SANT domain. Additionally, they participate in DNA replication by 

helping replication factors to access the DNA and by creating regularly spaced 

nucleosome arrays post-replication, unlike SWI/SNF remodelers (Guschin et al., 2000; 

Poot et al., 2000; Längst and Becker, 2001a). Two models have been proposed to 

explain this ability. Firstly, Narlikar and colleagues observed that the human ACF (ATP-

dependent chromatin assembly factor) functions as a dimer, where two copies of the 

remodeler engage a nucleosome and take turns to slide it (Racki et al., 2009). The 

ATPase engaged on the side with the longer linker translocates DNA more efficiently, 

until an equilibrium is reached when the length of the DNA linkers on either side are even. 

On the other hand, Yamada and colleagues obtained a cryo-EM reconstruction of yeast 

ISW1a lacking the ATPase domain bound to nucleosomes, which suggested that ISW1a 

is able to bind two adjacent nucleosomes simultaneously through its HAND-SANT-

SLIDE module, which would act as a molecular ruler (Yamada et al., 2011). In this model 

of spacing, the translocase activity would bring the two nucleosomes closer, until the 

HAND-SANT-SLIDE module prevented further movement. Finally, the ability of members 

of the ISWI family of remodelers to interact with members of cohesin and condensin 

families suggests they are probably involved in the maintenance of higher-order 

chromatin structures (Deuring et al., 2000; MacCallum et al., 2002). 

 

The CHD family includes both single-subunit remodelers found in lower eukaryotes and 

multi-subunit complexes composed of up to seven subunits in higher eukaryotes 

(Murawska and Brehm, 2011). Their main characteristic is the presence of two 

chromodomains in the N-terminus of the ATPase subunit arranged in tandem (Marfella 

and Imbalzano, 2007). Chromodomains are conserved motifs that mediate interactions 

with chromatin due to their ability to bind directly DNA and methylated H3, a histone 

modification associated with the repression of gene expression (Stewart, Li, and Wong, 

2005). CHD remodelers participate in the regulation of gene expression. Some slide or 

eject nucleosomes, leading to an activation of transcription, while others have been 

found to contain additional methyl-CpG binding proteins and histone deacetylases, 

conferring them a role in transcription repression (Denslow and Wade, 2007). 
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1.3. The INO80 family of chromatin remodelers 

 

Remodelers of the INO80 family are large multi-subunit complexes, comprising more 

than 10 subunits. The INO80 family of remodelers include INO80 and SWR1 in yeast, 

INO80 and TIP60 in Drosophila melanogaster, and INO80, SRCAP and TIP60 in humans 

(Table 1.1). Complexes of this family are involved in processes associated with 

transcription, progression through the cell cycle and replication (Poli, Gasser, and 

Papamichos-Chronakis, 2017; Hur et al., 2010; Cao et al., 2015). Additionally, they are 

recruited by phosphorylated H2A.X, a histone variant enriched in sites of DNA double-

strand breaks, suggesting a specialized role in the repair of this type of DNA lesions 

(Clapier and Cairns, 2009; van Attikum et al., 2004; Morrison et al., 2004). 

 

Similar to SWI/SNF remodelers, their central subunit contains an HSA domain in its N-

terminus, which recruits actin and ARPs. The most characteristic feature of these 

remodelers is the presence of a long insert in the C-terminal ATPase lobe (Flaus et al., 

2006). While this insertion is a common feature to all INO80 family translocase subunits, 

the insertions of the different proteins share little sequence identity, and no characteristic 

motifs have been identified. However, the insertion is in all cases able to bind RuvB-like 

proteins (Rvb1/Rvb2 in yeast, Reptin/Pontin in Drosophila or RuvBL1/RuvBL2 in 

humans), which belong to the AAA+ family of ATPases and share homology with the 

bacterial RuvB protein, a hexameric helicase involved in the resolution of Holliday 

junctions. The genes encoding RuvB-like proteins are essential (Qiu et al., 1998; 

Kanemaki et al., 1999; Chan et al., 2005), and their products are part of a large number 

of protein complexes involved in numerous cellular activities. These include chromatin 

remodelers of the INO80 family, the BAF chromatin remodeler from the SWI/SNF family, 

the TIP60 HAT complex and the R2TP complex, involved in the assembly of small 

nucleolar ribonucleoproteins. Additionally, they interact with transcription factors such as 

TBP, c-Myc, β-catenin and E2F factors, which are key regulators of cellular growth, 

proliferation and apoptosis (Huen et al., 2010). The helicase activity of RuvB-like proteins 

remains controversial, with some early studies reporting a low activity under non-

physiological conditions (Huen et al., 2010). It is instead thought that, in the context of 

chromatin remodelers, they act as a scaffold around which the rest of the subunits are 

assembled (Jha and Dutta, 2009). 
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Table 1.1. Subunit composition of remodelers of the INO80 family in different 
organisms. Table adapted from Watanabe and Peterson, 2010. 
 

Complex INO80 SWR1 SRCAP dTip60 TRRAP/TIP60 NuA4 

Function/ 

homology 
Yeast Fly Human Yeast Human Fly Human Yeast 

ATPase Ino80 INO80 INO80 Swr1 SRCAP Domino p400  

RuvB-like 
Rvb1, 

Rvb2 

Reptin, 

Pontin 

RUVBL1, 

RUVBL2 

Rvb1, 

Rvb2 

RUVBL1, 

RUVBL2 

Reptin, 

Pontin 

RUVBL1, 

RUVBL2 

 

Actin and ARPs  

Actin 

Arp4 

Arp5, 

Arp8 

Actin 

 

Actin 

ARP4 

ARP5, 

ARP8 

Actin 

Arp4  

Arp6 

 

ARP4  

ARP6 

Actin 

Arp4  

 

Actin 

ARP4  

 

Actin 

Arp4  

 

Gli-kruppel zinc-

finger  

Iec1 

(S. 

pombe) 

Pho YY1 

     

UCH family 

deubiquitylating 

enzyme 

 Uch37 UCH37 

     

Nuclear factor 

related to кB-

binding protein 

 NFRкB NFRкB 

     

YEATS protein Taf14   Yaf9 GAS41 GAS41 GAS41 Yaf9 

H2A.Z interaction    Swc2 YL-1 YL-1 YL-1  

DNA methyl-

transferas 1- 

associatd protein 

   Swc4 

Swc6 

DMAP1 

ZnF-HIT1 

DMAP1 DMAP1 Swc4 

Bromodomain    Bdf1 BRD8 Brd8 TRCp120/BRD8  

HAT 
     Tip60 

Tra1 

TIP60 

TRRAP 

Esa1 

Tra1 

Chromodomain 

     MRG15 

Eaf6, 

MRGB

P 

E(Pc) 

ING3 

MRG15 

EAF6 

MRGBP, 

EPC1, 

ING3, 

MRGX, 

EPC-like 

Eaf3 

Other subunits 

Ies2, 

Ies6, 

Ies1, 

Ies3  

Ies4,  

Ies5, 

Nhp10 

 IES2, 

IES6, 

Amida, 

MCRS1, 

INO80D, 

INO80E, 

Swc3, 

Swc5,  

Swc7 

   Eaf1,  

Eaf5 
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The members of the INO80 family of remodelers have been found to have different 

activities that influence the structure of chromatin. The yeast SWR1 and human SRCAP 

complexes are able to exchange canonical H2A-H2B dimers for dimers containing the 

Htz1 (H2A.Z in mammals) variant, a non-cannonical variant of H2A implicated in the 

reorganization of chromatin in regions of DNA damage (Nishibuchi et al., 2014), 

modulation of transcription (Giaimo et al., 2019), chromosome segregation (Rangasamy, 

Greaves, and Tremethick, 2004) and regulation of heterochromatic regions around the 

centromers (Rangasamy et al., 2003; Greaves et al., 2007). The human and Drosophila 

TIP60 complexes, whose p400 central ATPase is an orthologue of yeast Swr1, includes 

a HAT complex equivalent to yeast NuA4, the major acetylase of H2A and H4, 

suggesting a coordinated role for ATPase-dependent chromatin remodeling activities 

and chemical modification of histones. For example, Drosophila TIP60 is able to 

exchange dimers containing phosphorylated H2Av (the Drosophila equivalent of H2A.Z) 

for canonical dimers at sites of DNA damage. Such exchange activity is promoted by the 

acetylation of H2Av, which is performed by the HAT activity of the TIP60 complex (Kusch 

et al., 2004). Additionally, acetylation of H4 and phosphorylation of H2A are thought to 

facilitate the recruitment of other remodelers of the INO80 family (Downs et al., 2004). 

 

The human and yeast INO80 complexes, on the other hand, have been shown to slide 

nucleosomes (Shen et al., 2000; Shen et al., 2003; Cai et al., 2006; Willhoft et al., 2016) 

and space them regularly with approximately 30 bp separation (Udugama, Sabri, and 

Bartholomew, 2011). Chromatin immunoprecipitation in an Ino80 deletion background 

showed an aberrant distribution of Htz1. The deletion of Ino80 made the Htz1 enrichment 

to become more uniform across the genome, with the levels of Htz1 enrichment for 95% 

of the nucleosomes being contained within a 6-fold dynamic range (compared to a a 16-

fold range in wild-type cells) Additionally, the depletion of Htz1 occurring during 

transcriptional activation in certain genes was not observed in the Δino80 strain, 

suggesting a potential role of INO80 in the eviction of Htz1-containing dimers. However, 

in vitro assays have shown contradictory results. While initial reports showed the ability 

of INO80 to exchange Htz1-H2B dimers with H2A-H2B canonical dimers (Papamichos-

Chronakis et al., 2011; Watanabe et al., 2013; Brahma et al., 2017), other groups have 

failed to reproduce this result (Wang et al., 2016; Watanabe and Peterson, 2016). 

 

1.3.1. The INO80 chromatin remodeler 

 

The central ATPase of the INO80 complex was originally identified in 2000 by the group 

of Carl Wu as an uncharacterized open reading frame (ORF) in the Saccharomyces 
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cerevisiae genome which was highly related to the Drosophila ISWI ATPase and which 

had been previously identified by Ebber and colleagues in a genetic screen of mutants 

with inositol auxotrophy (Shen et al., 2000). Since then, orthologues have been identified 

in human (Jin et al., 2005), Drosophila melanogaster (Klymenko et al., 2006) and 

Arabidopsis thaliana (Fritsch et al., 2004).  

 

Early studies on the function of the INO80 chromatin remodeler were performed with 

protein purified from endogenous source by engineering 3xFlag tags into one or more of 

the subunits (Shen et al., 2000; Jin et al., 2005). In such assays, it was revealed that 

DNA and nucleosomes stimulate the ATP hydrolysis activity, and that INO80 is able to 

slide nucleosomes in an ATP-dependent manner, shifting them towards a more central 

position when placed at one of the ends of a DNA fragment.  

 

The complex contains a core of nine subunits conserved in eukaryotes which include, in 

addition to the central Ino80 subunit, actin and several actin-related proteins (ARPs; Arp4, 

Arp5 and Arp8), Rvb1/Rvb2 (or their equivalents in the corresponding organism) and 

Ies2 and Ies6  (Ino Eighty Subunits 2 and 6), which are specific to the INO80 complex 

and share no homology with other proteins. Additionally, species-specific subunits are 

present in the complex of each organism. In yeast INO80, at least six other protein 

components are present (Taf14, Nhp10, Ies1, Ies3, Ies4, Ies5), while in humans seven 

additional proteins have been identified (YY1, UCH37, NFRκB, MCRS1, Amida, INO80D 

and INO80E) (Morrison and Shen, 2009; Watanabe and Peterson, 2010).  

 

Chen et al. showed that a subcomplex containing only the core of conserved subunits, 

termed the INO80 core complex, has a similar sliding activity as the full complex (Chen 

et al., 2011). They proposed that the different subunits assemble in three modules. Most 

of the species-specific subunits bind to the N-terminal portion of the central ATPase. 

These subunits form a module that is not essential for ATP hydrolysis and nucleosome 

sliding. The specific role of many of the species-specific subunits in the context of the 

INO80 complex still remains obscure, although it is thought that they are involved in 

binding to specific regions of chromatin and integrating regulatory signals that modulate 

the activity of the complex (Conaway and Conaway, 2009; Chen et al., 2011). Secondly, 

the HSA domain recruits actin, Arp4 and Arp8 (and YY1 in the case of the human 

complex), forming a module involved in binding to DNA and nucleosomes (Chen et al., 

2013; Tosi et al., 2013). Arp4 has been shown to bind to unmodified and phosphorylated 

H2A peptides (Downs et al., 2004), while Arp8 is able to bind to H3 and H4, both free 

and in the context of an H3-H4 tetramer (Saravanan et al., 2012). Finally, the ATPase 
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domain and the long insertion associate with Ies2 and a Rvb1-Rvb2 heterohexamer, 

which in turn binds to Arp5 and Ies6 (Tosi et al., 2013).  

 

More recently, the Wigley laboratory developed a protocol to purify a recombinant human 

INO80 core complex, which allowed them to carry out a more detailed characterization 

of the system (Willhoft et al., 2016). They determined that the wild-type human INO80 

core complex repositions nucleosomes towards a more central position, and is able to 

sense up to 50 bp of flanking DNA either way of the nucleosome. They also observed 

that the sliding and ATPase activities of INO80 reached a maximum at an INO80-to-

nucleosome ratio of 2:1. Most notably, the sliding rate increased in a sigmoidal manner 

when the ratio of INO80 to nucleosome was increased. The resulting Hill coefficient was 

very close to 2, which indicates that two INO80 complexes cooperate to bind and slide a 

single nucleosome (Willhoft et al., 2017). 

 

Additionally, the mechanistic role of several subunits and domains were dissected by 

characterizing the sliding activity, the basal ATPase rate and the nucleosome-stimulated 

ATPase rate of a series of deletion complexes (Willhoft et al., 2016). 

 

IES2 was found to have a critical role in the regulation of the ATPase activity. A ΔIES2 

complex could not be stimulated by nucleosomes, and instead displayed only basal 

ATPase rate even in the presence of nucleosomes, resulting in a loss of sliding activity. 

The authors suggested that IES2 relieves some form of auto-inhibition of the ATPase 

activity in response to nucleosome binding. 

 

ARP5 and IES6 were shown to interact closely, forming a module involved in the coupling 

of ATPase activity to sliding of nucleosomes. This was evidenced by the fact that while 

the ΔARP5ΔIES6 complex exhibited a stimulated ATPase activity close to that of the 

wild-type complex, its nucleosome sliding activity was severely impaired, with a 

nucleosome sliding to ATPase activity ratio below 10% of that of the wild-type complex.  

 

The C-terminal domain of the Ino80 subunit (CTD) was found to provide one of the 

interfaces for the communication between two INO80 complexes. The authors observed 

that the binding cooperativity, but not the sliding cooperativity, was lost in a ΔCTD 

complex, which also resulted in a reduced ability to sense flanking DNA and a 10-fold 

decrease in the ATPase-sliding coupling efficiency. This suggests that the CTD provides 

a communication interface which results in cooperative binding, although the contacts 

and mechanism enabling sliding cooperativity remain unknown (Willhoft et al., 2017). 
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The first detailed insights into the architecture of the INO80 complex were provided by 

Aramayo et al. (Aramayo et al., 2018). Using cryo-EM, we managed to obtain a 

reconstruction of INO80 complexes with a resolution range between 4.1 Å and 9.6 Å. 

The highest resolution was achieved for the portion corresponding to a RUVBL1-2 ring, 

the Ino80 insertion domain (Ino80-I) and ARP5. Contrary to a previous study suggesting 

the presence of a RUVBL1-2 dodecamer in the complex due to a potential 

misinterpretation of a low-resolution EM map (Tosi et al., 2013), our structure confirmed 

the presence of a single heterohexamer assembled around the Ino80-I (Figure 1.9). The 

insertion domain adopts a “spoked wheel” conformation, which is completely engulfed 

by the RUVBL1-2 heterohexamer. Interactions between the RUVBL1-2 ring and the 

insertion domain are established mostly through the inner contour formed by the β-stalks 

of RUVBL1-2. We observed additional density directly connected to Ino80-I, which we 

assigned to be the C-terminal RecA-like fold of the helicase motor (Ino80-HC). A tail 

density was observed in the periphery of one of the RUVBL1 monomers, which we 

assigned to be the ARP5-IES6 module based on crosslinking-mass spectrometry data 

(Tosi et al., 2013). We were able to confidently fit most of the ARP5 actin fold into the 

tail. Additional unoccupied density between the actin fold and the RUVBL1-2 ring was 

assigned to be part of IES6, although the limited resolution in the region and the lack of 

an atomic model to fit prevented us from determining the exact portion of Ies6 to which 

it corresponded. Furthermore, IES2 was identified to run along the outer contour of 

RUVBL1-2 ring on the opposite side as ARP5-IES6, in accordance with crosslinking data 

(Tosi et al., 2013). 

 

With no density left to fit actin, ARP4, ARP8 and the Ino80 HSA domain, we hypothesized 

that the signal corresponding to this potentially more flexible module (termed SC1), more 

peripheral to the ring, had been averaged out. Nevertheless, by means of several rounds 

of classification and careful selection of particles, we identified a small population 

comprising 3% of the particles where these components were in a more compact 

conformation, which allowed us to obtain a 9.6 Å reconstruction where an additional 

segment of density, comprising approximately one third of the total volume, was tethered 

to the larger portion by a thin connecting density. The new segment of density could 

easily accommodate a previous crystal structure of actin-Arp4-HSA from yeast SWR1, 

as well as a yeast Arp8 monomer. Such an arrangement places actin in the center of this 

module, flanked by ARP8 and ARP4, and was confirmed in a recent crystal structure of 

the HSA-Arp4-actin-Arp8 module of yeast INO80 (Knoll et al., 2018). We also observed 

an additional portion of density in the proximity of Ino80-HC, placed just under the 

RUVBL1-2 ring, which we assigned to be the N-terminal RecA-like fold (Ino80-HN). 
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Figure 1.9. Architecture of the INO80 complex. The cryo-EM structure of the INO80 
complex is displayed (EMDB code 3772). The structure revealed the presence of a single 
RUVBL1-2 heterohexameric ring, which engulfed the Ino80 insertion. ARP5 was bound 
to the outer part of the RUVBL1-2 ring. The SC1 module (comprising ARP4, actin, ARP8 
and the HSA domain of Ino80) was found to be highly flexible, although a small 
population of particles was identified where the SC1 module was located under the 
RUVBL1-2 ring. Figure adapted from Aramayo et al., 2018. 
  

ARP5

RUVBL1-RUVBL2

Ino80-I

Ino80-H

ARP8
ARP4

Actin

HSA



 36 

1.4. Aims and objectives 

 

A large number of chromatin remodelers have been identified in the last two decades. 

Their essential role in a wide variety of cellular processes requiring access to the DNA 

has been well established. Since their identification, remodelers of each of the four 

families have been biochemically characterized, including the INO80 complex. INO80 is 

able to slide nucleosomes and, in the context of an array of multiple nucleosomes, to 

space them regularly. Additionally, some reports indicate that it is also able to perform 

the exchange of histone dimers, although this activity remains controversial. 

 

Nevertheless, the information provided by these experiments does not produce a high-

enough resolution to determine the mechanism employed by INO80 to couple ATP 

hydrolysis and DNA translocation to the repositioning of nucleosomes. Furthermore, 

while the structure of the INO80 complex without a nucleosome bound has been solved 

by cryo-EM, no high-resolution data is available regarding how INO80 and other large 

multi-subunit chromatin remodeling complexes interact with nucleosomes.  

 

This PhD project will address the lack of structural knowledge regarding how the INO80 

complex binds nucleosomes and the mechanism through which it performs its 

remodeling activities. In order to do so, we will present the structures of INO80 bound to 

nucleosome substrates. The structures will be compared to those of other remodelers 

and discussed in light of biochemical data to infer roles for the different subunits of the 

complex during the remodeling process.  
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2. Transmission electron microscopy 

 

Over the last decade, the number of structures solved by electron microscopy (EM) 

has greatly increased (Baker, 2018). Thanks to hardware and software developments, 

atomic and near-atomic models can be generated (Cheng, 2015) without the size 

limitations imposed by nuclear magnetic resonance and without the need to obtain 

crystals as a prerequisite for crystallography studies, which has proven to often be a 

challenging process requiring large amounts of protein and time-consuming and 

laborious rounds of screening of crystallization conditions. 

 

The most frequently applied EM technique to solve the three-dimensional structure of 

biological macromolecules is single particle analysis (SPA), where transmission 

electron microscopy (TEM) images of the particle of interest are recorded (Cheng, 

2015). This results in a set of 2D projections of the 3D object whose structure is to be 

determined. Due to the low electron dose that must be used to acquire the images 

without damaging the structure of biomolecules, a large number of images of the object, 

typically in the order of several tens of thousands, must be sorted and averaged to 

improve the signal to noise ratio (SNR). 

 

Each projection can be characterized by a set of two translations (X and Y) and three 

angles (alpha, beta and gamma), called Euler angles, which must be determined for 

each particle. The 2D images can then be used to generate a 3D reconstruction of the 

original object to which they correspond (Figure 2.1).  
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Figure 2.1. Principle of 3D reconstruction by means of Fourier inversion. The 
particle images acquired in electron microscopy represent 2D projections of the imaged 
3D object. The 2D Fourier transforms of these projections correspond to sections of the 
3D Fourier transform of the imaged object. After filling the 3D Fourier transform of the 
imaged object with the 2D Fourier transforms of a set of particle images with different 
orientations, the 3D structure of the object can be reconstructed by performing an 
inverse 3D Fourier transform. Figure adapted from Mine et al., 2013. 
  



 39 

Depending on factors such as the structural homogeneity of the sample and its 

inherent flexibility, the quality of the collected data (directly affecting the signal-to-noise 

ratio of the images) and the image processing (including the accuracy of the 

assignment of translations and Euler angles), reconstructions at different resolutions 

can be achieved. At lower resolutions, only rough positioning of large domains can be 

achieved. As the resolution improves, secondary structure elements become visible, 

and even individual side chains can be seen in the best reconstructions (Figure 2.2). 

 

 

Figure 2.2. Features visible in EM density maps at different resolutions. a. At 7-8 
Å resolution, α-helices start to become visible as tubular densities. Full domains can be 
fit. b. At approximately 5 Å resolution, β-strands can be separated. Secondary structure 
elements can be placed, and it is possible to build the main backbone chain. c. At 
resolutions better than 4 Å, side chains become visible and atomic models can be built. 
Figure adapted from Casañal, Shakeel, and Passmore, 2019. 
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2.1. The electron microscope 

 

The overall general design of a transmission electron microscope, first developed by 

Ruska and Knoll in 1931 (Knoll and Ruska, 1932), is analogous to that of a 

conventional photon-based optical microscope, and includes the following main parts 

(Figure 2.3) (Michler, 2008): 

• An illumination system, which comprises a radiation source emitting electrons 

and a condenser lens. The electrons are accelerated close to the speed of light 

by a strong voltage difference created near the source of electrons, and the 

condenser lens system focuses the beam before it goes through the sample. 

• A system of lenses which produce the magnified image of the sample. After the 

electron beam has gone through the sample, the objective lens focuses the 

beam and forms an intermediate image, which is enlarged by a set of projector 

lenses. 

• A system allowing the detection and recording of the images formed by the 

interaction of electrons with the sample. 
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Figure 2.3. Overview of an electron microscope. The overall design of an electron 
microscope is analogous to that of optical microscopes, comprising an illumination 
system (the electron source), a system of lenses and apertures that produce the 
magnified image of the specimen and a detector allowing the acquisition of images. 
Figure adapted from Orlova and Saibil, 2011. 
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2.1.1. Electron source 

 

In an electron microscope, the radiation source produces the electron beam. The 

source of electrons must be kept at a high vacuum to prevent interferences with the 

electron beam, to prevent contamination of the source and to avoid electric arcs. Two 

main types of electron sources have been developed: thermionic emission guns, and 

field emission guns (FEGs) (Williams and Carter, 2009) (Figure 2.4). 

 

 

Figure 2.4. Different types of electron sources. Thermionic emission guns can have 
a filament made of tungsten (a) or LaB6 (b). Field emission guns have a very sharp 
tungsten tip (c). Figure adapted from Michler, 2008. 
 

In thermionic emission guns, a filament (the cathode) typically made of either a v-

shaped tungsten wire (Figure 2.4a) or a lanthanum hexaboride (LaB6) crystal (Figure 

2.4b) is heated to a high temperature (approximately 2700 K for tungsten filaments and 

1800 K for LaB6 filaments), which causes electrons to be emitted from the surface of 

the filament. The difference between tungsten and LaB6 filaments resides in the higher 

brightness and better beam coherence obtained with the latter, in addition to an 

increased lifespan due to the lower required operating temperature. The electrons are 

then accelerated by means of an anode at a positive potential with respect to the 

filament between 0.5 and 30 kV. A metallic disk with an aperture of a few hundred 

microns and brought to a negative potential of a few hundred volts with respect to the 

filament, called the Wehnelt cylinder, is placed between the filament and the anode to 

restrict the area of the filament from which electrons are emitted and focus the 

electrons into a crossover localized point, after which a divergent electron beam is 

formed (Figure 2.5) (Michler, 2008). 

 

In FEGs, an intense electric field (resulting in a voltage difference ranging between 2 

and 7 kV) is applied at the sharp tip of a tungsten crystal (Figure 2.4c), which extracts 

the electrons by means of the tunnelling effect. The emission of electrons can be 

a b c

200 µm50 µm100 µm
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facilitated by heating the filament (Schottky emission), or be performed at room 

temperature in cold FEGs. The advantages of FEGs over thermionic guns include 

improved beam coherence, a longer lifetime and a much higher brightness of the 

resulting electron beam (at least three orders of magnitude larger). However, FEGs are 

more sensitive to contamination than thermionic guns and require a much higher 

vacuum (Spence, 2013).  

 

In both cases, the emitted electrons are further accelerated by means of a series of 

voltage differences up to an energy typically ranging between 50 and 300 kV, 

depending on the microscope (Michler, 2008). 

 

 

Figure 2.5. Schematic representation of a Wehnelt cylinder. The Wehnelt cylinder 
is at a negative potential with respect to the filament. It restricts the area from the 
filament that contribute to the electron beam. Additionally, it focuses the electrons at a 
crossover point, after which a divergent electron beam is formed. 
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2.1.2. Lens system 

 

The electromagnetic lenses of electron microscopes are composed of a pole-piece 

which encloses coils of copper wire (Figure 2.6). The pole-piece comprises one or two 

cylindrical cores of soft iron with a hole in its centre to allow the electrons to travel 

through it. An electric current is applied to the coils, which generates a magnetic field 

able to alter the trajectory of electrons by means of the Lorentz force. The electric 

current running through the coils can be manipulated to alter the magnetic field as 

required (Orlova and Saibil, 2011). In order to prevent heating of the lenses due to the 

resistance of the copper coils, a cooling system with a cold-water circuit is used.  

 

 

Figure 2.6. Schematic representation of a magnetic lens. Cylindrical cores made of 
soft iron enclose copper wires to which an electric current is applied. The electric 
current running through the copper wires generates a magnetic field, which alters the 
trajectory of the electrons passing through the lens. Figure adapted from Microscopy 
Australia under a CC BY-SA 4.0 license 
(https://myscope.training/legacy/tem/background/concepts/lenses/poleandcoil.php). 
 

The first lens encountered by the electron beam is the condenser lens system. The 

condenser lens gathers the electrons of the entering diverging beam and creates a 

parallel beam focused on the area of the sample to be imaged.  

 

After interacting with the sample, the electrons are focused by the objective lens, which 

also contributes towards the magnification of the image. The focusing of the incident 

beam is achieved at the back focal plane of the objective lens, where a diffraction 
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image is formed. The electrons which interacted with the sample are then combined to 

form a magnified image at the image plane of the objective lens. An objective aperture 

can be placed at the back focal plane to remove the electrons scattered at high angles 

by the sample, which increases the contrast of the image and acts effectively as a low-

pass filter, enhancing low-resolution features. 

 

The rest of the lenses, referred to as the projector lenses, magnify even further the 

image and project it onto a phosphorescent screen which allows direct visualization, or 

a system to acquire and store the images. Through alteration of the electric current 

running through it, the first lens of the set of the projector systems (also called the 

intermediate lens) can have its focal plane set to match the back focal plane or the 

image plane of the objective lens. In the first case, a diffraction image is projected onto 

the visualization system, while the latter operation mode allows the acquisition of real 

magnified images of the sample. 

 

Imperfections in the system of lenses introduce a series of defects in the image 

formation process, called aberrations, which can limit the achievable resolution. The 

four main types of aberrations relevant for transmission electron microscopy are 

spherical aberration, chromatic aberration, astigmatism and coma (Hetherington, 2004). 

 

Spherical aberration is caused by the inhomogeneity of the magnetic field present 

within electromagnetic lenses, which makes electrons travelling further from its centre 

to be focused more strongly than electrons travelling through the inner zones. Such 

aberration causes electrons to converge at different focal planes depending on their 

trajectory, instead of focusing at a single point. Spherical-aberration correcting systems 

have been developed, where multipole lenses with a non-radially-symmetrical 

magnetic field compensate for the spherical aberration introduced by the standard 

lenses (Hosokawa et al., 2013). 

 

Chromatic aberration arises from the difference in speed of the accelerated electrons 

emitted from the electron source, as well as inelastically scattered electrons. The 

resulting beam is composed of electrons with different energies, which are not focused 

equally by the electromagnetic lenses: electrons with lower energies are bent more 

strongly by the lenses. The effects of chromatic aberration have been largely mitigated 

thanks to development of FEG electron sources able to produce more coherent 

electron beams, with narrower energy spreads. Further reduction of chromatic 

aberration can be achieved with the use of electron monochromators, which only let 
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pass electrons travelling at a speed contained in a very precise range (Tiemeijer et al., 

2012). 

 

Astigmatism is due to a difference of convergence along two axis of a lens. It originates 

from local variations of the magnetic field due to imperfections during the 

manufacturing process of the lens or heterogeneity in the magnetization across the 

pole-pieces. The result is usually observed as an artificial smearing in the image, which 

becomes most apparent at high magnifications. Astigmatism can be easily corrected 

through the use of stigmators, which create a compensating field to balance the 

astigmatism introduced by the main lenses (Ishizuka, 1994). 

 

Coma aberration appears when the lens system is unable to focus properly point 

sources away from the main optical axis. Coma is manifested as off-axial point sources 

appearing to have in the image a tail (coma) similar to that of a comet. The extent to 

which coma is present can be determined by measuring the defocus of images taken 

with the electron beam tilted at a series of angles. In traditional electron microscopes, 

coma is corrected by exploiting the property that a tilt angle for the electron beam can 

be found such that coma becomes negligible. The axis defined with respect to the 

objective lens by the electron beam at such angle is called the coma-free axis (Zemlin 

et al., 1978). 

 

Even in an ideal aberration-free system, due to the wave-like nature of electrons the 

maximum achievable resolution would in principle still be limited by the diffraction of 

the electrons as they interact with the different optical elements of the microscope, 

such as lenses and apertures. In a perfect optical system, the image of a point object 

would thus be a disc surrounded by concentric rings of decreasing intensity (Airy disc) 

due to the pattern of interference between the diffracted waves (Williams and Barry 

Carter, 2009). The diameter of the inner Airy disc (DA) is determined by the wavelength 

of the electrons (λ) and the angle formed by the conical electron beam going into the 

objective lens after interacting with the specimen (α): 

DA =
1.22 ∙ λ

sin (
α
2)

 

The maximum theoretical resolution limit is in turn determined by the minimum distance 

between two point objects which produce two differentiable sets of Airy discs, which is 

equal to half of DA.  
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2.1.3. Detector system 

 

Different types of systems have been developed to allow the visualization of the 

images projected by the lens system. The performance of the detectors used to 

acquire the images can be described through two parameters: the detective quantum 

efficiency (DQE), and the modulation transfer function (MTF) (McMullan et al., 2009).  

The DQE is defined as the ratio between the squared output signal-to-noise ratio 

((S/N)out) and the squared input signal to noise ratio ((S/N)in), and thus provides a 

measurement of the extent to which the original signal is degraded by the detector in 

the image: 

DQE =
(S/N)out

2

(S/N)in
2  

In a perfect case, the DQE would reach a value of 1, implying that all incident electrons 

are detected with perfect efficiency and the detector adds no noise to the signal. DQE 

for a given detector is usually described as a function of the spatial frequency, to 

provide detail about how well the detector preserves features of different resolutions. In 

a pixelated detector, the maximum spatial frequency that can be detected in the image 

(the Nyquist frequency) is determined by the pixel size, which, according to the 

Shannon-Nyquist sampling theorem, sets the maximum resolvable resolution at twice 

the pixel size. The MTF, which is also a function of the spatial frequency, describes 

how strongly the features at different resolutions are recorded in the image. It depends 

on several factors, such as the pixel size and the spread of the signal corresponding to 

a given electron over several neighboring pixels. 

 

One of the most basic systems to visualize a TEM image consists of a fluorescent 

screen, where a metal plate is covered with a layer of a phosphor material (typically a 

matrix of zinc sulfide with traces of copper, aluminium or europium). Upon excitation by 

the impact of the electrons, the phosphor emits visible light, with an intensity 

proportional to the amount of electrons hitting each area of the screen, thus allowing 

the conversion of the electron image to a visible form. 

 

Nevertheless, in order to perform a detailed analysis of the images, a system allowing 

the permanent recording and later the access of the images must be used. The first of 

such systems to be developed was photographic film. While film provided a relatively 

good spatial resolution and contrast, the associated processes of developing the image 

and digitalization were laborious and time-consuming, preventing a high-throughput 

recording of images. Thus, charge-coupled device (CCD) and complementary metal-
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oxide-semiconductor (CMOS) sensors started to be more commonly used in electron 

microscopy. Due to their sensitivity to electron radiation, CCD and CMOS detectors 

could not initially be used to directly generate a signal from the incident electrons. 

Instead, they were coated with a scintillator phosphor layer which converts the 

incoming electrons into photons. A signal transfer system then conveys the secondary 

photonic signal to the CCD or CMOS itself either through optical fiber or a set of optical 

lenses. The use of detectors based on CCD or CMOS sensors offers several 

advantages over film, such as improved sensitivity and dynamic range, as well as the 

ability to directly record digital images, which enables a much higher throughput and 

automated data collection, as well as real-time control of the imaging parameters. 

Nevertheless, due to the lower DQE at spatial frequencies close to Nyquist of such 

indirect electron detectors compared to film (Figure 2.7), most of the highest-resolution 

structures solved by electron microscopy until the early 2010s were obtained with data 

recorded on film (Fan and Ellisman, 2000). 

 

 

Figure 2.7. Comparison of the DQE of film and other detectors. The DQE of film (a) 
was superior than that of the CCD TVIPS 224 detector (b) and a CMOS MAPS (c), an 
early experimental direct electron detector, at most spatial frequencies. DQE were 
calculated at 300 kV. Figure adapted from McMullan et al., 2009. 
 

A major breakthrough was provided by the recent development of direct electron 

detectors (DEDs) (Clough et al., 2014). One of the main limiting factors of scintillator-

coupled CCD and CMOS sensors is the spread of the signal created by the scintillator 

layer. DEDs usually employ detectors based on CMOS technology to generate an 

image directly from the primary electron signal without the requirement of an 

intermediate phosphor scintillator, which confers them a DQE at high frequencies even 

higher than that of film (Figure 2.8). 
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Figure 2.8. Comparison of the DQE of film and several direct electron detectors. 
Modern direct electron detectors largely outperform the DQE of film at all spatial 
frequencies, facilitating the generation of high-resolution reconstructions. Figure 
adapted from McMullan et al., 2014. 
 

The radiation damage on the detector can be minimized through technologies such as 

enclosed layout transistors (Guerrini et al., 2011), as well as much faster readout rates 

(McMullan, Faruqi, and Henderson, 2016). The faster readout also enables DEDs to 

collect a large set of frames over a single exposure, which can then be individually 

aligned to correct for motion of the sample and dose-weighted to account for radiation 

damage of the specimen during the acquisition of the image. Most modern DEDs can 

be operated in two distinct modes: integrating and electron-counting modes. In 

integrating mode, the signal arising from charge accumulation due to the impact of a 

large number of incident electrons is integrated over the set of excited pixels. In 

electron-counting mode, on the other hand, a much lower electron dose is used to 

illuminate the sample, such that individual electron impact events can be identified and 

mapped with sub-pixel accuracy (super resolution mode). The low doses minimize the 

likelihood of two electrons striking the same pixel and being erroneously identified as a 

single event (coincidence loss). Coincidence loss is also minimized thanks to a quick 

read-out speed of the detectors (in the order of several hundreds Hz) and fast electron-

detection algorithms. Thanks to the elimination of noise due to the varying amount of 
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energy deposited by each incident electron (Landau noise) (Li et al., 2013), electron 

counting enhances even further the DQE of DEDs.  

 

2.2. Image formation 

 

When electrons encounter the sample, three different outcomes are possible. Firstly, 

they can travel through it without any sort of interaction or alteration in trajectory or 

energy. Alternatively, if the electron interacts with an atom in the sample, it can transfer 

part of its energy to one of the electrons of the atom. These types of collisions are 

known as inelastic scattering (Inkson, 2016). The excited electron can then either 

return to a lower energy state through the emission of high-energy photons (such as X-

rays), or instead be ejected as a secondary electron, generating highly reactive free 

radical species. Both high-energy photons and free radicals formed during inelastic 

scattering damage the sample. Additionally, the secondary electrons, as well as 

incident primary electrons with reduced energy, contribute to the addition of noise to 

the image. Their effect can be mitigated by using an energy filter, which prevents 

electrons having lost part of their energy from reaching the detector. Finally, the 

incident primary electrons can also be deflected by the charged particles of the sample, 

such as the atomic nucleus, without any loss of energy, in a process known as elastic 

scattering (Inkson, 2016). The angle by which the trajectory of the electron is altered 

depends on the scale of the scatterer (and thus on the spatial frequency), and can be 

larger than 90º. 

 

Electrons elastically scattered contribute to the contrast in the image in two manners. 

Electrons scattered at very high angles are unable to reach the detector due to the 

physical limitations of the microscope and the presence of apertures. This causes a 

reduction of the amplitude of the wave corresponding to the electron beam, which is 

more pronounced for the denser areas of the sample due to the increased likelihood of 

interaction with the electrons. The contrast created through this process, to which 

inelastic scattering can also contribute (particularly in thicker or denser samples), is 

known as amplitude contrast, and can be enhanced by using smaller objective 

apertures to remove a larger proportion of the scattered electrons. Nevertheless, the 

electrons scattered at the highest angles also carry the highest resolution information. 

Thus, a compromise must be sought between reduced SNR and the preservation of as 

much high-resolution information as possible. On the other hand, elastically scattered 

electrons also suffer a phase shift as a consequence of their interaction with the 

sample. As a result of the phase difference between elastically scattered electrons and 
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unscattered electrons, when they are combined at the image plane a pattern of 

constructive and destructive interferences is formed, which creates phase contrast 

(Williams and Barry Carter, 2009). Biological specimens can often be approximated as 

weak phase objects, that is, specimens that do not change the amplitude of the 

incident electron wave, but alter its phase slightly. Conventionally, phase contrast is 

enhanced through the introduction of an additional difference in the path length of 

scattered and unscattered electrons as an effect of the spherical aberration of the 

objective lens, as well as by placing the imaged object slightly above the focal plane 

(Scherzer, 1949). Alternatively, phase contrast can be greatly enhanced while keeping 

the sample at near-focus through the use of devices known as phase plates 

(Nagayama and Danev, 2008; Danev et al., 2014). 

 

The quantitative relationship between the wave function of the electron beam after its 

interaction with the sample and the contrast of the final image is described by the 

contrast transfer theory (Hawkes, 1992; Wade, 1992; Frank, 2006; Spence, 2013; 

Hanszen, 2018). The mathematical expression defining how a transmission electron 

microscope transfers information to the image is called the contrast transfer function 

(CTF). The CTF (denoted as CTF(k)) is a function of the spatial frequency k (Zhu et al., 

1997):  

𝐶𝑇𝐹(𝑘) = 2[𝑠𝑖𝑛(𝛾(𝑘)) − 𝑊 𝑐𝑜𝑠(𝛾(𝑘))]  (Equation 1) 

 

Where W is a constant related to the ratio of amplitude contrast to phase contrast, and 

γ(k) can be approximated by the following expression in the absence of astigmatism: 

 

𝛾(𝑘) = 2𝜋(−0.5 𝛥𝑧𝜆𝑘2 + 0.25 𝐶𝑆𝜆3𝑘4)            (Equation 2) 

 

Where λ is the wavelength of the electrons, CS is the spherical aberration coefficient 

and Δz is the distance of the specimen to the focal plane, also called defocus. By 

convention, the defocus value is considered negative when the focal plane of the 

objective lens is under the sample (underfocus), and positive when the focal plane is 

over the sample (overfocus). From the previous two equations, it can be inferred that 

the contrast provided by features of different spatial frequencies follows an oscillating 

pattern, including positive, negative and zero values (Figure 2.9a). The spatial 

frequency values at which the CTF is equal to zero depend on the defocus value 

(Figure 2.9b). Without additional image treatment, the resolution achievable by 

transmission electron microscopy would be limited to the first zero crossing of the CTF, 



 52 

due to the information of higher resolution being lost upon the averaging of several 

images (necessary for increasing the SNR) as an effect of the phase flips. 

 

Figure 2.9. Oscillations of the CTF. a. The CTF values oscillate between -1 and 1 at 
different spatial frequencies, including points at which it evaluates to 0. At such points, 
no contrast is transferred, and the information corresponding to those spatial 
frequencies is lost. b. The position of the zero-crossings of the CTF can be modified by 
adjusting the defocus value. Amplitude contrast is assumed to be null. CTF values 
were calculated with ctfsimu (Jiang and Chiu, 2001).  
 

Additionally, due to imperfections in the imaging system such as the lack of a perfectly 

parallel, coherent and monochromatic electron beam, the CTF is attenuated at higher 

spatial frequencies (Figure 2.10a). This effect can be modelled through an envelope 

function, an exponential decay which multiplies the expression for CTF(k) described in 

Equation 1. The envelope function comprises several terms accounting for the beam 

energy spread, the beam incoherence and the sample drift (Frank, 2017). Of special 

interest is the term corresponding to the lack of coherence of the beam (Ecoherence) due 

to its dependency of the defocus value, approximated as: 
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𝐸𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑐𝑒 = 𝑒−𝜋2𝑞2(𝑘3𝐶𝑆𝜆3−𝛥𝑧𝑘𝜆)
2

       (Equation 3) 

Where q is the effective size of the electron source. Due to the effect of the defocus 

value on both the CTF and the envelope function, it is possible to tune the defocus of 

the sample to obtain an improved transfer of features of low resolution, which results in 

an overall improvement of the contrast. Nevertheless, larger underfocus values also 

hamper the transfer of high-resolution features through the envelope function and the 

introduction of more sign changes of the CTF at higher resolutions, and place the first 

zero crossing of the CTF at a lower resolution (Figure 2.10b). 

 

 

Figure 2.10. Attenuation of the CTF at high spatial frequencies. a. The amplitude of 
the CTF decays exponentially as the spatial frequency increases. b. Larger defocus 
values provide a better transfer of contrast of low-resolution features. However, they 
also lead to a faster decay of the CTF at the higher spatial frequencies. CTF values 
were calculated with ctfsimu (Jiang and Chiu, 2001). 
 

0.1 0.2 0.3

-1.0

-0.5

0.0

0.5

1.0

0.1 0.2 0.3

-1.0

-0.5

0.0

0.5

1.0
-1.0 mm

-2.0 mm

-4.0 mm

-0.5 μm

-1.0 μm

-2.0 μm

a

b

Spatial
frequency (Å-1)

C
T

F
C

T
F

Spatial
frequency (Å-1)



 54 

In order to overcome the limitation imposed by the changes of sign of the CTF, 

corrections must be applied to the images acquired. The ultimate goal of CTF 

correction is to obtain an undistorted image of the object, where the contrast of 

features of different spatial frequencies is not affected by the intensity and sign 

changes introduced by the CTF and envelope function. The simplest solution consists 

of performing a phase correction only, where contrast for all spatial frequencies is 

made positive. This correction scheme is called phase flipping, and can be achieved by 

multiplying by -1 the experimental images in Fourier space at the spatial frequency 

ranges where the CTF is negative. The information at the frequency values where the 

CTF is null cannot be restored from a single image. Instead, images where the zero-

crossings of the CTF occur at different spatial frequency values must be acquired and 

combined. Due to its effect on the CTF, this can be achieved by collecting images at a 

series of defocus values. Nevertheless, such a correction scheme has the drawback 

that it does not correct for the fall in the amplitude for the higher resolution spatial 

frequencies due to the effect of the envelope function. 

 

In order to recover as much high-resolution information as possible, a more 

sophisticated approach must be used, such as the use of the Wiener filter. A simplified 

expression for the formation of an image in reciprocal space, I(k), is given by: 

 

𝐼(𝑘) = 𝐶𝑇𝐹(𝑘) ∙ 𝛷(𝑘) + 𝑁(𝑘)       (Equation 4) 

 

Where CTF(k) is the CTF including the envelope function, Φ(k) is the Fourier transform 

of the projection of the imaged object and N(k) represents the noise originating from 

different sources, which is usually dependent on the spatial frequency. A Wiener filter 

is a function F(k) such that it, when multiplied by the Fourier transform of the 

experimental image in reciprocal space, results in an optimal approximation of the 

Fourier transform of the projection of the imaged object unaffected by the CTF and the 

addition of noise (Φ̃(k)), thus fulfilling the following condition: 

 

�̃�(𝑘) = 𝐹(𝑘) ∙ 𝐼(𝑘)          (Equation 5) 

 

For the case of a single 2D image of a particle, it can be demonstrated (Hawkes, 1973; 

Penczek et al., 2018) that the Wiener filter allowing for the optimal approximation of 

Φ(k) by Φ̃(k) with minimized mean-square error is: 
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𝐹(𝑘) =
𝐶𝑇𝐹(𝑘)

𝐶𝑇𝐹(𝑘)2+1
𝑆𝑁𝑅(𝑘)⁄

             (Equation 6) 

 

Where SNR(k) is the signal to noise ratio distribution, typically lower at higher spatial 

frequencies. Since the SNR is always different to 0, the Wiener filter does not evaluate 

to infinity in the spatial frequencies where the CTF is null. A good estimation of the 

SNR is critical to obtain a Wiener filter that does not excessively amplify the noise, 

while allowing for the recovery of high-resolution information. It should be noted that 

Wiener filters do not allow for the recovery of information in the spatial frequencies 

where the CTF has a null value, and thus the combination of several images with 

different CTF zero-crossings is still required. Additionally, it is necessary to determine 

the CTF parameters in order to calculate the Wiener filter. While some of its 

parameters, such as the spherical aberration coefficient, are known constants for each 

specific set up, other parameters must be estimated from the data, such as the defocus 

and, if present, the amount of astigmatism. This is typically performed through 

numerical approaches where different possible values are fitted to the power spectrum 

of the experimental images (Mindell and Grigorieff, 2003; Rohou and Grigorieff, 2015; 

Zhang, 2016). 

 

2.3. Standard workflow for single particle analysis of biological macromolecules 

 

2.3.1. Sample preparation 

 

Before being imaged, biological specimens must be protected from the high vacuum 

present inside the column of the microscope and from the radiation damage induced by 

electrons. The two main solutions are negative staining and vitrification of the 

specimens for single particle analysis (Figure 2.11) (Mielańczyk et al., 2015). 

 

 

Figure 2.11. Preparation of grids for TEM. A schematic representation of the process 
of preparation of TEM grids by means of negative staining (a) or vitrification of the 
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specimen (b) is shown. a. In negative staining, the sample is deposited on a grid 
coated with a thin carbon layer. After blotting the excess liquid, a staining solution 
containing a salt of a heavy metal is applied to the grid. The excess staining is then 
blotted, and the grid is air-dried. b. For the preparation of grids for cryo-EM, the 
specimen is deposited on a grid with a carbon layer that can be perforated with a 
regular pattern of holes. After blotting the excess liquid, the sample is plunge-frozen 
into liquid ethane. As a result, the sample is embedded into vitreous ice. Figure 
adapted from Sawicka et al., 2017. 
 

2.3.1.1. Negative staining 

 

The negative staining technique was first introduced by Brenner and Horne in 1959 

(Brenner and Horne, 1959). In negative staining, the sample is first applied to an 

electron microscopy grid, consisting of a small metallic grid with a thin layer of carbon 

on top of it. After blotting the excess liquid, a solution containing a heavy metal (the 

stain) is applied. Some of the most frequently used staining solutions are uranyl 

acetate and phosphotungstic acid. The excess stain is then removed, resulting in the 

formation of a dried-on layer of the heavy metal over the surface of the grid. Since the 

specimens to be imaged exclude the heavy metal solution from the volume they 

occupy, they leave cavities in the metal layer. Heavy metals produce strong contrast 

when observed with transmission electron microscopy, due to the enhancement of both 

phase and amplitude contrast thanks to the increased likelihood of scattering electrons. 

Biological molecules, on the other hand, are composed mostly of relatively light atoms. 

As a consequence, in a micrograph of a negatively stained sample, the biological 

specimens scatter less strongly than the background.  

 

Thanks to its technical simplicity, the high contrast it provides and the low quantities of 

sample required, negative staining has been widely used to obtain reconstructions of 

large macromolecular complexes and other biological specimens, such as viruses 

(Booth et al., 2011). Additionally, the radiation damage caused to the specimen does 

not significantly alter the image, since the contrast is generated by the interaction of 

electrons with the heavy metal. Nevertheless, it also has a series of major 

disadvantages preventing high-resolution reconstructions. For example, the specimens 

are distorted during the staining process due to dehydration and flattening induced by 

the staining and drying process. Additional artifacts can arise from an uneven 

interaction of the staining with the different parts of the specimen. Finally, the size of 

the grains formed by the staining salts prevents a perfect match to the contour of the 

stained molecule, or infiltration within the secondary structures of the sample. For 
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these reasons, the resolution achievable with negatively-stained samples is limited to 

approximately 20 Å (Scarff et al., 2018). 

 

2.3.1.2. Vitrification 

 

The principle of cryo-EM is to flash freeze biological specimens and image them in the 

TEM. The sample is frozen to make it able to survive the high vacuum of the column of 

the electron microscope, as well as to reduce radiation damage for a period of time 

long enough to allow the acquisition of micrographs. Such strategies allow to keep the 

specimens in their native, hydrated state and overcome the resolution limitations of 

negative staining (Passmore and Russo, 2016). 

 

The specimen is first applied to a suitable grid. Grids with a continuous support can be 

used, such as ultra-thin carbon (usually of 2-3 nm thickness), graphene or graphene 

oxide. Alternatively, grids with a layer of carbon where a series of holes (typically a 

regular arrangement of circular holes) are perforated can be employed. In either case, 

the excess liquid must be blotted until a layer just thick enough to contain the specimen 

is left. Otherwise, the presence of a too thick layer of ice after freezing would lead to 

images with poor contrast (Passmore and Russo, 2016). Finally, the specimen must be 

frozen in a very short time scale to prevent the formation of crystalline ice, which can 

damage the sample and prevent proper imaging due to the generation of strong 

diffraction patterns. The specimen must instead be embedded in vitreous ice, an 

amorphous solid with no crystalline structure. In order to achieve the required freezing 

speeds, in the order of 100,000 ºC/s (Frank, 2006), it is necessary to use a grid made 

of a material with a low heat capacity (a measurement of the amount of heat required 

to increase the temperature of one mole of substance by 1 K), and a cryogen with a 

high heat capacity and able to remain liquid in a range of temperatures as broad as 

possible. Due to its low heat capacity and narrow difference between its melting and 

boiling points, liquid nitrogen is not a suitable cryogen, since it quickly boils upon 

contact with the grid. The layer of gas generated around the grid results in a slow 

freezing, and the subsequent formation of crystalline ice. Two of the most commonly 

used cryogens for the preparation of cryo-EM grids are liquid ethane and liquid 

mixtures of ethane and propane, both of which do not boil upon contact with the grid 

(Russo et al., 2016). Nowadays, preparation of cryo-EM grids is most typically done 

with automated instruments that allow the control of blotting parameters and 

environmental variables, such as temperature and humidity during the steps prior to 

plunge-freezing itself (Frederik and Hubert, 2005).  
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After the sample is frozen, it must be kept at liquid nitrogen temperature to prevent it 

from melting and avoid the formation of crystalline ice by heating and refreezing, which 

can result in a transition from amorphous to crystalline ice. Additionally, exposure to air 

must be minimized to prevent contamination by the condensation of moisture on the 

surface of the grid. Specialized transfer instruments and sample holders have been 

developed to maintain the cold chain during the transfer to the microscope and data 

acquisition. 

 

2.3.2. Data acquisition 

 

The first parameter to be chosen when acquiring data is the magnification. It must be 

chosen such that the resulting magnified pixel size (the distance in the imaged object 

represented by one pixel in the image) is at least half of the expected final resolution in 

order to obtain an adequate sampling rate, in accordance with the Nyquist-Shannon 

theorem (Wu et al., 2016). 

 

It is also important to carefully choose the electron dose applied to the sample. A dose 

as high as possible should be used to enhance the contrast and SNR of the acquired 

images, but it must be kept within the limits imposed by the apparition of radiation 

damage, which can alter the structure of the sample. The dose must also be adjusted 

to match as closely as possible the recommended dose for the chosen detector and 

mode of operation. Detectors operating at integrating mode usually require high 

electron doses, which reduce the necessary exposure time. On the other hand, the use 

of counting mode requires much lower electron doses and higher exposure times, but 

yields data with higher SNR (Wu et al., 2016). The longer exposures required for 

electron counting do not pose a problem thanks to the ability of modern detectors to 

record movies, whose frames can later be aligned to correct for motion during the 

image acquisition (Zheng et al., 2017). 

 

The acquisition of micrographs can be performed manually or in an automated fashion. 

Automated acquisition allows for data collection at a much higher throughput, which 

facilitates the collection of large datasets required for high-resolution reconstructions. 

Automated acquisition programs also have the benefit of enabling specific patterns for 

data acquisition, including the introduction of a series of different defocus values.  
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2.3.3. Image processing 

 

2.3.3.1. Data pre-processing 

 

If movies are acquired instead of traditional single-frame exposures, the first step to be 

performed is aligning and summing the frames. This allows the correction of motion 

during data acquisition, which facilitates the recovery of high-resolution information 

(Campbell et al., 2012; Brilot et al., 2012; Zheng et al., 2017). An operation usually 

performed simultaneously to motion correction is dose weighting, where the 

information at different spatial frequencies of each frame is weighted according to the 

accumulated electron dose. This allows the down-weighting of the high spatial 

frequencies of later frames, where radiation damage is more likely to have caused 

alterations in the fine structure of the sample. 

 

It is then required to estimate the CTF parameters, which is usually done on a per 

micrograph basis. Typically, this is achieved by calculating the power spectrum of the 

images and then comparing the changes in contrast produced by a series of different 

values for the parameters to be determined (including the defocus value) with the 

experimental changes as determined from the power spectrum of the images. The 

values yielding the best correlation with the experimental data are used for the 

determination of the CTF (Mindell and Grigorieff, 2003; Rohou and Grigorieff, 2015; 

Zhang, 2016). 

 

Finally, the coordinates of the particles of interest within each micrograph must be 

determined. It is possible to pick particles manually by inspecting visually each 

micrograph. While the results achieved in this manner tend to be very accurate, 

manual picking is impractical for the very large datasets that are nowadays routinely 

acquired. In these cases, automated particle picking is desirable. Several approaches 

have been developed. Some methodologies involve the use of templates for the 

particles to be picked, which are then compared across the different areas of the 

micrograph to identify similar looking particles (Langlois et al., 2014; Zivanov et al., 

2018). It is also possible to perform template-free particle picking based on local image 

statistics (Heimowitz et al., 2018). The latest approaches are based on deep-learning, 

where neural networks are trained to identify the particles of interest, holding the 

potential of reaching human-level quality of particle picking (Bepler et al., 2019; 

Nguyen et al., 2019). 
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After a good set of coordinates has been achieved, the particles must be individually 

extracted into smaller boxes and normalized to the same grey levels. The chosen box 

size should be large enough to include the entire particle and to contain all of the high 

resolution information, which is spread beyond the visible limits of the particle due to 

the effects of the CTF (Cheng et al., 2015). Upon extraction, it is possible to average 

sets of pixels together to obtain an image with enhanced contrast and of smaller size, 

which facilitates the initial stages of image processing. Nevertheless, by doing so the 

effective magnified pixel size is also increased, limiting accordingly the maximum 

resolution that can be achieved. 

 

It should also be noted that methods to refine the CTF parameters for each individual 

particle have been developed recently, allowing for a more accurate CTF determination 

and therefore a better recovery of high-resolution information. Similarly, algorithms for 

performing motion correction and dose weighting on a per-particle basis are available 

(Zivanov et al., 2018). 

 

2.3.3.2. 2D classification 

 

After extracting the particles, it is often necessary to clean the set of particles to 

remove false positives, contaminant entities such as ice or solid ethane, carbon 

features and particles without high-resolution information. Most typically, this is 

achieved through 2D classification, where similar particles are grouped, aligned 

together (translation and rotation) and averaged to yield images with a much improved 

SNR, which allow the quick assessment upon visual inspection of the entity 

represented by the particles of each class. Most modern 2D classification routines 

combine the assignment of particles into classes with particle alignment to the 

generated class averages (Sigworth, 2016; Zhao and Singer, 2014). 

 

The alignment step involves the determination of the two translations parameters and 

in-plane rotation angle allowing for the best superimposition of each particle with its 

best matching class. Steps of 2D alignment are usually performed before the 

calculation of 2D class averages. 

 

The classification step is most frequently based on the K-means clustering algorithm 

(Figure 2.12), or a variant of it. Briefly, the number of desired classes (K) is determined 

by the user. Initial templates can be provided as starting references. Alternatively, 

classes can be initialized through random distribution of particles into K classes. Then, 
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two operations are iteratively repeated. Firstly, the similarity of each particle to each of 

the classes is determined by means of some metric, such as the cross correlation 

coefficient. Secondly, particles are assigned to the class with which they displayed the 

highest similarity, and classes are recalculated. The process is repeated until the 

classes converge and the assignment of particles into each class is stable. 

 

 

Figure 2.12. K-means clustering algorithm for 2D classification. Particle images 
are compared to a set of references, and class assignment is updated based on cross 
correlation coefficients. New class averages are then computed, which can then be 
used for the next round of classification. In 2D classification algorithms, an alignment 
step is usually added (red arrows), where particles are aligned to the references before 
computing class averages. Figure adapted from Cheng et al., 2015. 
 

2.3.3.3. 3D reconstruction 

 

The cleaned set of extracted particles represents a gallery of 2D images corresponding 

to projections of the imaged 3D object. The goal in single particle analysis is to 

reconstruct the original 3D object from the structural information contained in its 2D 

images. This is achieved through the inverse operation of projection, known as back-

projection. Back-projection can be thought of as smearing back the 2D images. If 

several 2D images corresponding to different views of the 3D object are back-projected 

from the appropriate angles, the intersection of the ensemble of back-projections will 

constitute a representation of the 3D object (Penczek, 2010).  

 

The more different views that are back-projected, the more accurately the original 3D 

object will be reproduced. Lack of enough different views can lead to the presence of 
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artefacts in the reconstruction, such as smearing along the direction of the 

overrepresented views. Additionally, it is critical to determine accurately the angle of 

projection for each particle, described by the three Euler angles. If a 3D model of the 

specimen is available, it is possible to assign the Euler angles for each particle by 

means of projection matching, where each particle (or 2D class average generated 

from a set of particles) is compared to a series of projections of the 3D model from 

known angles to determine which one it resembles the most. Then, the Euler angles of 

said projection are assigned to be the viewing angles for the corresponding particle or 

2D class average (Penczek et al., 1994; Nogales and Scheres, 2015) (Figure 2.13). 

This is the basis for 3D refinement, where iterative steps of projection matching and 

reconstruction of a new 3D model are performed.  

 

 

Figure 2.13. Projection matching algorithm used for 3D refinement. Particles are 
compared to a set of 2D templates systematically generated by projecting the 3D 
model from known angles. By aligning the particles to the 2D projections and 
determining the best-matching projection, the orientation parameters required for 3D 
reconstruction can be obtained. Figure adapted from Cheng et al., 2015. 
 

Alternatively, it is also possible to obtain a 3D reconstruction by combining the 2D 

Fourier transforms of the experimental images into a 3D Fourier transform and then 

performing an inverse 3D Fourier transform. According to the theorem of central slices, 

the Fourier transform of a 2D projection of a 3D object is one of the sections passing 

through the centre of the 3D Fourier transform of the 3D object (Bracewell, 1956; 

Nogales and Scheres, 2015). The correct positioning of each 2D Fourier transform can 
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be achieved by previously determining the orientation parameters of the corresponding 

experimental image. 

 

Earlier strategies employed a deterministic approach where each particle or class was 

assigned to correspond to a single view of the object. Nevertheless, modern 3D 

reconstruction methods, such as Xmipp (Scheres et al., 2008) and FREALIGN 

(Lyumkis et al., 2013; Grigorieff, 2016), have implemented maximum-likelihood 

approaches where each particle is instead assigned a probability distribution to all 

possible orientations (Figure 2.14). More recently, RELION implemented a maximum a 

posteriori approach, where maximum-likelihood is used in combination with a prior 

describing the knowledge about the imaged object, which in the case of biomolecules 

is the smoothness provided by their chemical structure (Scheres, 2012). During the 

step of back-projection, each particle contributes through different possible orientations 

in a weighted manner. It is also worth noting that most 3D refinement routines assume 

that all particles represent the same entity. However, in practice this is rarely the case. 

Instead, several different specimens, or multiple conformational states of the same 

specimen, are represented in the acquired dataset. In order to overcome the problem 

of structural heterogeneity, 3D classification methodologies have been developed, 

which combine k-means clustering algorithms similar to those employed in 2D 

classification with 3D reconstruction through projection matching (Scheres, 2016). 

 

 

Figure 2.14. Comparison of probabilistic and deterministic assignments of 
orientation parameters. Radial lines represent possible 3D orientations in the search 
space. In probabilistic image alignment schemes, each image is assigned a range of 
possible orientations with different weights, generating a likelihood distribution for each 
particle across the different possible orientations. On the other hand, in deterministic 
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schemes, each image is assigned a single orientation, which is assumed to be correct. 
Figure adapted from Elmlund, Elmlund, and Bengio, 2013. 
 

For cases where a previous model is not available, specific strategies have been 

developed. One of such methodologies is angular reconstitution (Van Heel, 1987). It 

can be easily deduced from the theorem of central slices that any two projections of a 

3D object will share a common line in their Fourier transforms. By searching for the 

common lines between three bidimensional images, their relative orientations can be 

deduced. Alternative methodologies include the random conical tilt (Radermacher et al., 

1987) and orthogonal tilt (Leschziner and Nogales, 2006) reconstruction techniques. In 

both cases, two images must be acquired for each exposed area of the specimen: one 

with no tilt and one tilted at an angle of 45º for random conical tilt, and one tilted at +45º 

and another one tilted at -45º for the orthogonal tilt reconstruction technique. Pairs of 

particles representing views whose relative orientation is known are then acquired, 

which allow the generation of a 3D reconstruction. Recently, algorithms for ab initio 

model generation based on stochastic gradient descent (SGD) were implemented in 

cryoSPARC and RELION (Punjani et al., 2017; Zivanov et al., 2018). After calculating a 

random initialization for the 3D model, SGD tries to repeatedly approach the set of 

models that best explain the observed particles by performing several iterations of 

aligning different random subsets of particles to the current models and updating the 

models with the assigned orientations. Since each iteration uses only a reduced set of 

particles, noisy changes are frequent, which make the algorithm more resistant to 

being trapped in local minima. 

 

The resolution of the 3D reconstructions obtained with 3D refinements is usually 

assessed by means of Fourier Shell Correlation (FSC) (Harauz and van Heel, 1986; 

van Heel and Schatz, 2005). In short, the set of particles used during a 3D refinement 

is randomly split into two halves. Both half-sets of particles are used to perform 

independent 3D refinements against the same starting model, resulting in the so-called 

half-maps. The similarity between the 3D Fourier transforms of both half-maps are then 

compared by calculating the cross-correlation coefficient between the Fourier shells at 

each spatial frequency. The resulting cross-correlation values are plotted as a function 

of spatial frequency or resolution, and a criterion is chosen to set a cut-off value for the 

FSC which determines the resolution of the reconstruction obtained when both half-

maps are combined. Several criteria have been proposed, and the optimal choice 

remains controversial. However, the most widely applied criterion in modern cryo-EM 

studies is the 0.143 FSC criterion, where the resolution is estimated as the spatial 



 65 

frequency value at which the FSC drops below 0.143 (Rosenthal and Henderson, 

2003). The authors demonstrated that this value represents the threshold at which the 

correlation between a density map calculated from all the data and a perfect reference 

(Cref) is 0.5. Additionally, Cref is equivalent to the figure of merit commonly used for 

assessing the interpretability of X-ray crystallography density maps, which makes the 

resolution estimates provided by the FSC = 0.143 criterion comparable to 

crystallography resolution estimates. 



 66 

3. Materials and methods 

 

This chapter describes the methods used for the experiments and data analysis 

presented in this thesis. 

 

All of the materials were purchased from Sigma-Aldrich unless stated otherwise. 

Synthetic genes were purchased from GeneArt. The buffers used for the reconstitution 

of INO80-nucleosome complexes are presented in Table 3.1. 

 

Table 3.1. Composition of buffers used for reconstitution of INO80-nucleosome 
complexes. 

Buffer Components 

Lysis buffer 
50 mM Tris (pH 8.0), 500 mM NaCl, 1 mM TCEP,  

2 mM benzamidine-HCl, 10% glycerol 

Washing buffer 
50 mM Tris (pH 8.0), 250 mM NaCl, 1 mM TCEP,  

10% glycerol 

His elution buffer 
50 mM Tris (pH 8.0), 250 mM NaCl, 1 mM TCEP,  

10% glycerol, 200 mM imidazole 

StrepTactin elution buffer 
50 mM Tris (pH 8.0), 250 mM NaCl, 1 mM TCEP,  

10% glycerol, 5 mM desthiobiotin 

HiTrap Q buffer A 50 mM Tris (pH 8.0), 1 mM TCEP, 10% glycerol 

HiTrap Q buffer B 
50 mM Tris (pH 8.0), 2000 mM NaCl, 1 mM TCEP,  

10% glycerol 

Storage buffer 
50 mM Tris (pH 8.0), 250 mM NaCl, 1 mM TCEP,  

10% glycerol 

EM buffer 25 mM HEPES (pH 8.0), 50 mM NaCl, 1 mM TCEP 

 

3.1. INO80 core complex expression and purification 

 

The INO80 core complex was prepared by Dr. Oliver Willhoft (Prof. Dale Wigley 

laboratory). 

 

The nine genes corresponding to a truncated version of the Ino80 ATPase (comprising 

only residues 267-1556 and tagged with an N-terminal 8-histidine tag and a C-terminal 

twin Strep-tag II), actin, ARP4, ARP5, ARP8, IES2, IES6, RUVBL1 and RUVBL2 were 

cloned into transposition-compatible vector backbones with the MultiBac system 
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(Berger, Fitzgerald, and Richmond, 2004). The genes were codon-optimized for 

expression in insect cells. They were cloned into two different vectors: one comprising 

the genes for Ino80, RUVBL1, RUVBL2 and IES2, and the other one including the 

genes for actin, ARP4, ARP5, ARP8, IES2 and IES6. 

 

The complexes were expressed in BTI-TN-5B1-4 Trichoplusia ni insect cells grown in 

Insect-XPRESS protein-free insect cell medium with L-glutamine (Lonza). Lysis was 

performed by sonication, and the complexes were purified by means of a three-step 

purification method including nickel affinity, StrepTactin affinity and anion exchange. All 

purification steps were carried out with an AKTA pure system (GE Healthcare), and the 

purity of the resulting complexes was assessed by SDS-PAGE. 

 

3.1.1. Virus generation and amplification 

 

The Tn7 transposition sites present in the transposition-compatible plasmids were used 

to introduce them into MultiBac bacmids, and viruses were generated following the 

MultiBac protocol (Fitzgerald et al., 2006).  

 

Both of the resulting viruses were individually amplified by infecting 50 mL of BTI-TN-

5B1-4 cells at a density of 0.5 × 106 cells/mL and culturing them at 27 ºC and 80 rpm 

shaking. After 48 h post-infection, the viruses were isolated by centrifuging the cultures 

at 1000 g for 15 min and collecting the supernatant (generation 1 viruses, V1).  

 

A second round of amplification was performed by infecting 400 mL of BTI-TN-5B1-4 

cells with 10 mL of V1 viruses and culturing cells at 27 ºC and 80 rpm shaking. 48 h 

after infection, viruses were isolated by centrifuging the cultures at 1000 g for 15 min 

and collecting the supernatant (generation 2 viruses, V2). 

 

3.1.2. Protein expression 

 

1.6 L cultures of BTI-TN-5B1-4 cells at a density of 1 × 106 cells/mL were co-infected 

with 200 mL of V2 viruses of each of the two viruses. Cells were cultured at 27 ºC and 

80 rpm shaking for 60 h. Then, cells were centrifuged at 1000 g for 15 min, and cell 

pellets were collected. 
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3.1.3. Cell lysis 

 

The cell pellets were resuspended in lysis buffer supplemented with 10 μL of 

Benzonase nuclease (Sigma-Aldrich) and one cOmplete EDTA-free protease inhibitor 

tablet per liter of initial cell culture volume. 4 mL of lysis buffer were used per gram of 

cell pellet. Lysis was then carried out in a beaker placed in ice by sonication by 4 

cycles of sonication of 2 min each (with a pulse program of 10 s on, 10 s off) at 40% 

amplitude.  

 

Cell debris was pelleted by centrifugation at 30,000 g for 1 h at 4 ºC. The supernatant 

was collected and filtered through a 0.45 μm filter. 

 

3.1.4. Complex purification 

 

The filtered lysate was loaded onto a HisTrap HP column (GE Healthcare) pre-

equilibrated with washing buffer. The column was then washed with washing buffer 

until the baseline of A280 was reached. The bound proteins were then eluted directly 

onto a StrepTactin HP column (GE Healthcare) with 5 column volumes of His elution 

buffer. After washing the StrepTactin column with washing buffer until the A280 baseline 

was reached, INO80 complex was eluted with 5 column volumes of StrepTactin elution 

buffer. 

 

The purity of the resulting fractions was assessed by means of SDS-PAGE. The 

fractions with the highest INO80 complex purity were pooled and loaded onto a HiTrap 

Q column pre-equiibrated with a mixture containing 92.5% of HiTrap Q buffer A and 

7.5% of HiTrap Q buffer B. INO80 complex was then eluted with a gradient of 150-

1000 mM NaCl obtained by mixing HiTrap Q buffer A and HiTrap Q buffer B over 10 

column volumes. The purity of the resulting fractions was assessed by SDS-PAGE, 

and those with the highest INO80 complex purity were pooled and concentrated until a 

final concentration of approximately 10 μM in storage buffer. The complex was 

aliquoted into 10 μL aliquots and flash frozen with liquid nitrogen before storing them at 

-80 ºC. 
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3.1.5. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis  

 

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) analysis was 

performed with precast 4%-12% polyacrylamide BisTris gels (Invitrogen). The gels 

were run with MOPS buffer supplemented with SDS obtained by dilution of a 20× stock 

solution (ThermoFisher). 5-10 μL of sample were diluted with storing buffer 

appropriately and 4× NuPAGE LDS buffer (ThermoFisher) was added before loading 

onto the gels. After running the gels at 220 V for 32 min, they were stained with 

InstantBlue (Expedeon).  

 

3.2. Preparation of nucleosomes 

 

Nucleosomes were prepared by Elizabeth McCormack and Lorraine Ocloo (Dale 

Wigley laboratory). 

 

In summary, canonical nucleosomes were reconstituted from recombinant human 

histones expressed in E. coli and assembled on DNA fragments containing the Widom-

601 positioning sequence. H2A and H2B were co-expressed in E. coli, and H2A-H2B 

dimers were purified with a HiTrap Q column and a HiTrap Heparin HP column (GE 

Healthcare), followed by gel filtration on a Superdex S200 column. H3.1 and H4 were 

co-expressed in E. coli and purified as (H3.1-H4)2 tetramers on a HiTrap Heparin HP 

column followed by gel filtration on a Superdex S200 column. 

 

Histone octamers were prepared by mixing tetramer with dimers, and purified by gel 

filtration on a Superdex S200 column. Nucleosome core particles (NCP) were 

reconstituted by mixing octamers with a DNA fragment based on the Widom-601 

positioning sequence provided by Daniela Rhodes (Routh, Sandin, and Rhodes, 2008) 

and performing sequential dialysis steps to reduce the NaCl concentration and allow 

association of the DNA to the histone octamer. 

 

Overhangs of 52 and 25 bp were then added by ligating additional DNA fragments of 

the appropriate length to the NCP. The resulting nucleosomes were purified with a 

glycerol gradient. 

 

Nucleosomes with tetra-acetylated H4 tails were prepared in a similar manner to 

canonical nucleosomes, but with (H3.1-tetracetylated H4)2 tetramers instead of 

canonical (H3.1-H4)2 tetramers. Tetracetylated H4 with mono-acetylations at residues 
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Lys5, Lys8, Lys12 and Lys16 were produced by Andrey Tvardovskiy (Till Bartke 

laboratory) as previously described (Nakamura et al., 2019). In summary, truncated 

human H4Δ1-28I29C (H4 histone lacking residues 1 to 28 and comprising an I29C 

mutation) were expressed in E. coli. After extracting insoluble protein from inclusion 

bodies with unfolding buffer (20 mM Tris [pH 7.5], 7 M guanidine-HCl and 100 mM 

DTT), truncated H4 was purified with a Sephacryl S200 gel filtration column (GE 

Healthcare), followed by a reversed phase chromatography column (Perkin Elmer 

Aquapore RP-300 C8 250×4.6 mm i.d.). Purified truncated H4 was then used to 

perform a native chemical ligation. Native chemical ligations were carried out in 550 μL 

of degassed ligation buffer (200 mM KPO4, 2 mM EDTA, 6 M Guanidine HCl) 

containing 1 mg of modified H4 peptide (with mono-acetylations at residues Lys5, Lys8, 

Lys12 and Lys16) spanning residues 1 to 28 and containing a C-terminal thioester 

(Cambridge Peptides), 4 mg of truncated H4, 20 μg 4-mercaptophenylacetic acid and 

25 ug TCEP at a pH of 7.5. The reactions were incubated overnight at 40°C and 

quenched by adding 60 μl of 1 M DTT and 700 μl of 0.5% acetic acid. After 

precipitation clearance by centrifugation, the ligation reactions were directly loaded and 

purified on a reversed phase chromatography column (Perkin Elmer Aquapore RP-300 

C8 250×4.6 mm i.d.).  

 

In order to reconstitute (H3.1-tetracetylated H4)2 tetramers, 1 mg of histone H3.1 and 

0.8 mg of tetracetylated H4 were combined and dialysed against buffer containing 10 

mM Tris pH 7.5, 2 M NaCl, 1 mM EDTA and 5 mM beta-mercaptoethanol. The contents 

of the dialysis bag was concentrated to 1 mL with a centrifugal spin filtration unit 

(Sartorius Vivaspin 4 kDa MWCO), and the histone tetramers were purified with a 

Superdex S200 column. After assembling NCP with the purified (H3.1-tetracetylated 

H4)2 tetramers, an overhang of 62 base pairs was added.  

  

3.3. Preparation of INO80-nucleosome complexes 

 

INO80-nucleosome complexes were prepared at a final concentration of 350 nM 

INO80 and 175 nM nucleosome. In the case of complexes without any nucleotide 

added, INO80 and nucleosomes were prepared at 10× concentration in EM buffer. The 

stocks were then mixed in a 2:1 ratio, and further diluted to the final concentration with 

EM buffer.  

 

For complexes in the presence of ADP or ATP, the corresponding nucleotides were 

added at a final concentration of 3 mM in the sample for electron microscopy. 
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Complexes with ADP•BeF3 were prepared at final concentrations of 3 mM ADP, 3 mM 

BeCl2, 15 mM NaF and 5 mM MgCl2. ADP and MgCl2 were prepared at 

10× concentration in EM buffer, while BeCl2 and NaF were prepared at 

10× concentration in water. First, INO80 and nucleosomes were mixed and EM buffer 

was added as required to obtain the desired final concentrations. After incubating at 37 

ºC for 15 min, ADP and MgCl2 were added, and the sample was incubated again at 37 

ºC for 15 min. Finally, NaF and BeCl2 were added. 

 

3.4. Preparation of cryo-EM grids 

 

Cryo-EM grids were prepared by applying 4 μL of INO80-nucleosome-ADP•BeF3 

complexes onto untreated Quantifoil R2/2 copper 300 mesh grids previously washed 

with ethyl-acetate and water. Samples were blotted with a FEI Vitrobot Mark IV at 4 ºC 

and 100% humidity (waiting time 30 s, blotting time 0.5 s, blotting force -6) and plunged 

into liquid ethane. 

 

3.5. Data collection for initial screening 

 

Initial screening of cryo-EM grids was performed with a Philips CM200 TWIN 

microscope equipped with a TVIPS XF416 CMOS detector at the Imperial College 

Electron Microscopy Centre. 

 

3.6. High-resolution data collection 

 

High-resolution data for the INO80-nucleosome and INO80-tetracetylated nucleosome 

complexes was collected with a Titan Krios microscope (FEI) equipped with a Falcon 

3EC direct-electron detector operating in integrating mode (for the complex with a 

canonical nucleosome) or counting mode (for the complex with a tetracetylated 

nucleosome). Data for the complex with a canonical nucleosome was collected at the 

Electron Bio-Imaging Centre (eBIC, Diamond Light Source), while data for the complex 

with a tetracetylated nucleosome was collected at the Francis Crick Institute. 

 

Automated data collection was performed with EPU software (FEI) using defocus 

values ranging approximately between -1.1 μm and -4.0 μm. Each exposure was 

collected as a movie comprising several frames and an electron dose optimized for the 

detector mode chosen in each case. Data collection parameters are summarized in 

Table 3.2. 
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Table 3.2. Summary of data collection parameters for high-resolution datasets. 
Both datasets were collected with a Titan Krios (FEI). 

Dataset INO80-nucleosome INO80-tetracetylated nucleosome 

Location eBIC Crick 

Micrographs 5,479 6,124 

Total particles 1,160,399 1,610,128 

Pixel size (Å/pixel) 1.13 1.09 

Voltage (kV) 300 300 

Defocus range (µm) -2.0 to -4.0 -1.1 to -2.9 

Total dose (e-/Å2) 80 32 

Exposure time (s) 1 60 

Frames 39 30 

Detector Falcon 3EC Falcon 3EC 

Detector mode Linear Counting 

 

3.7. Image processing  

 

Processing of the different datasets was done with a combination of different software. 

In the following sections, the specific strategies followed in each case are presented. In 

all cases, estimation of CTF parameters was performed with gCTF (Zhang, 2016). 

gCTF estimates CTF parameters (defocus and astigmatism) by performing a search 

within a defined range to find the values that yield the best cross-correlation between a 

CTF simulated from each set of possible values and the amplitude spectra of acquired 

micrographs. Resolution estimates were obtained using the gold-standard FSC 

criterion at a cut-off of 0.143 (Rosenthal and Henderson, 2003; Chen et al., 2013). 

 

3.7.1. Initial screening datasets 

 

Processing of the four initial screening datasets of the INO80-nucleosome complex 

was performed in RELION (Scheres, 2012; Zivanov et al., 2018). Particles were 

automatically picked in a template-free manner with RELION using a Gaussian blob of 

200 Å diameter. The picked particles were then extracted into boxes of 280×280 pixels 

for the datasets without added nucleotide and with ADP, or 200×200 pixels for the 

dataset with ADP•BeF3, and binned to a final box size of 140×140 or 100×100 pixels 

respectively. Particles were then subjected to multiple rounds of 2D classification in 
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RELION with standard parameters with the exception that CTF correction was ignored 

for all spatial frequencies until the first peak of the CTF.  

 

For the ADP•BeF3 dataset, a set of 1,403 particles potentially corresponding to the 

INO80-nucleosome complex were used to generate a 3D model ab initio in RELION. 

The particles were then 3D refined using as the initial reference the ab initio model low-

pass filtered at a resolution of 60 Å. 

 

3.7.2. INO80-nucleosome high-resolution dataset 

 

MotionCor2 (Zheng et al., 2017) was used to align the individual frames of each movie 

with patch-based alignment (using 5×5 patches) and perform dose weighting. The 

motion-corrected and dose-weighted sums were used to estimate CTF parameters. 

Particles were automatically picked with gAutomatch by providing a set of reprojections 

of the 3D model of the INO80-nucleosome complex obtained during initial screening 

low-pass filtered at 30 Å. Particles were then extracted into boxes of 360×360 pixels 

and binned to a final box size of 180×180 pixels. The set of extracted binned particles 

was then subjected to multiple rounds of 2D classification in cryoSPARC (Punjani et al., 

2017) to remove “junk” particles and select only those displaying density for at least the 

INO80 complex. 

 

Two processing routes were then followed (a schematic overview is presented in 

Chapter 4). Route A aimed to obtain a reconstruction of the INO80-nucleosome 

complex. First, the set of cleaned particles were subjected to a 3D classification in 

cryoSPARC providing as the starting model the 3D model of the INO80-nucleosome 

complex obtained during initial screening low-pass filtered at 60 Å resolution. Particles 

were classified into 3 classes, and those assigned to the class clearly showing density 

for the nucleosome were selected. These particles were 3D refined in RELION, 

providing as the initial model the map corresponding to the 3D class with nucleosome 

density obtained during 3D classification in cryoSPARC. Atomic coordinates of the 

nucleosome (PDB code 3LZ0) were fit into the nucleosome density and used to 

generate a mask covering only the nucleosome region. Then, the particles were 

subjected to a step of 3D classification without alignment in RELION providing as the 

starting model the map obtained during RELION 3D refinement in the previous step 

filtered at 40 Å resolution, and using the mask for the nucleosome region to focus the 

classification. The particles assigned to both classes were independently 3D refined in 

RELION using the same starting model as during the focused 3D classification. The 
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particles corresponding to the model showing the best nucleosome density were re-

extracted into boxes of 270×270 pixels without binning, and refined against the map 

obtained during the previous 3D refinement of the same particles low-pass filtered at 

40 Å resolution, resulting in the “INO80-nucleosome map”. 

 

The aim of route B was to generate a 3D reconstruction at a higher resolution of the 

RUVBL1-2 ring and the ARP5 region to assist model building. The set of cleaned 

particles selected by means of 2D classification was subjected to a 3D refinement in 

cryoSPARC providing as the starting model a previous reconstruction of the same 

regions of the INO80 core complex low-pass filtered at 60 Å resolution (Aramayo et al., 

2018; EMDB code 3773). The particles were then used to perform a focused 

classification in RELION with a mask covering only the RUVBL1-2 ring and the ARP5 

region (generated from the reconstruction obtained with the 3D refinement in 

cryoSPARC), providing as the starting model the map obtained with the 3D refinement 

in cryoSPARC low-pass filtered at 40 Å resolution. Particles were classified into 3 

classes. The particles corresponding to the class showing clear density for the ARP5 

region were re-extracted into boxes of 270×270 pixels without binning and subjected to 

a final 3D refinement in RELION using as the starting model the corresponding class 

obtained with 3D classification in RELION low-pass filtered at 40 Å resolution, resulting 

in the “auxiliary INO80 map”). 

 

In order to identify particles with the SC1 module, the set of cleaned particles was 

subjected to multiple rounds of alignment and 2D classification in IMAGIC (van Heel et 

al., 2006). A set of projections of the INO80-nucleosome map low-pass filtered at 25 Å 

resolution was used as the initial set of references. After each round of alignment and 

classification, particles assigned to classes showing hints of additional density not 

present in the INO80-nucleosome map were selected and carried on to the next round. 

Representative classes amongst those showing potential additional density were 

selected and used as templates for the next round. 

 

3.7.3. INO80-tetracetylated nucleosome high-resolution dataset 

 

Patch-based alignment (using 5×5 patches) of movie frames and dose weighting were 

performed with MotionCor2. CTF parameters were estimated from the motion-

corrected and dose-weighted sums. Particles were automatically picked with 

gAutomatch, using as templates projections of the INO80-nucleosome map obtained 

from the previous dataset through route A of image processing. The particles were 
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extracted into boxes of 400×400 pixels and binned to a final box size of 200×200 pixels. 

The extracted particles were subjected to 2D classification in cryoSPARC to remove 

“junk” particles. Particles showing clear density for both INO80 and the nucleosome 

were selected and used for further processing (a schematic overview of the processing 

scheme is presented in Chapter 5).  

 

A heterogeneous 3D refinement was performed in cryoSPARC with two classes, 

providing as the starting models two copies of the INO80-nucleosome map low-pass 

filtered at 60 Å resolution. The particles assigned to the class showing high-resolution 

features were re-extracted into boxes of 300×300 pixels without binning. They were 

then used to perform a 3D refinement in RELION using as the starting model the 

INO80-nucleosome map low-pass filtered at 40 Å resolution, resulting in the “INO80-

tetracetylated nucleosome map”. Then, several focused refinements and classifications 

were performed. 

 

Firstly, the coordinates of the nucleosome and the ARP5 region, or of the nucleosome 

and the motor domain, were fit into the map obtained with the RELION 3D refinement 

and used to generate masks covering only the nucleosome and either the ARP5 region 

or the motor domain region. These were used to perform focused 3D refinements in 

RELION with local angular searches of the same set of particles using the INO80-

tetracetylated nucleosome map obtained during the global 3D refinement in RELION 

low-pass filtered at 30 Å resolution and providing either of the masks, resulting in each 

case in maps with improved quality of the regions covered by the mask. 

 

On the other hand, a very tight spherical mask covering the region around the C-

terminal portion of H2B was used to perform a focused classification with no alignment 

in RELION using a T-value of 40. The classification was performed on the unbinned 

particles with the angles assigned during the global 3D refinement in RELION 

performed to generate the INO80-tetracetylated nucleosome map, and providing as the 

starting model said map low-pass filtered at 10 Å resolution. Particles were classified 

into 3 classes. The particles assigned to each of the classes were then used to perform 

separate focused 3D refinements in RELION using a mask covering the nucleosome 

and ARP5 region. For these refinements, only local angular searches were performed, 

and in all cases the INO80-tetracetylated nucleosome map resulting from the previous 

global 3D refinement in RELION was low-pass filtered at 30 Å resolution and provided 

as the starting model. 
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A similar approach was followed but using a spherical mask covering the region around 

the N-terminal portion of H3, with the difference that a mask covering the nucleosome 

and motor domain region was provided for the local focused 3D refinements of the 

particles assigned to each of the 3D classes. 

 

In order to identify SC1 particles, a second round of automated picking was performed 

with gAutomatch providing as templates projections of a simulated map generated from 

the crystal structure of SC1 filtered to 30 Å resolution (PDB code 5NBN). The picked 

particles were extracted into boxes of 300×300 pixels and subjected to 2D 

classification with cryoSPARC. “Junk” particles and particles corresponding to INO80, 

nucleosomes or INO80-nucleosome complexes were discarded. The rest of the 

particles were subjected to 2D classification in RELION. Particles showing density for 

SC1 bound to DNA were used to perform a 3D refinement in RELION, providing as the 

initial reference a map generated from the crystal structure of SC1 low-pass filtered to 

60 Å resolution (PDB code 5NBN). The same set of particles was re-extracted into 

boxes of 600×600 pixels and subjected to 2D classification in RELION in order to 

attempt to generate 2D class averages of the entire INO80-nucleosome complex, 

including SC1. 

 

3.8. Model building 

 

3.8.1. INO80-nucleosome complex 

 

Deposited coordinates for RUVBL1–RUVBL2 for the apo INO80 structure (PDB code 

5OAF) were rigid-body fit into the INO80-nucleosome map with Chimera (Pettersen et 

al., 2004). These were then manually adjusted and extended in COOT (Emsley et al., 

2010) with the aid of the auxiliary INO80 map.  

 

A homology model for the INO80 motor domains was generated by threading the 

sequence into the structure of the Chd1 motor domain (PDB code 5O9G) with SWISS-

MODEL (Arnold et al., 2006). The homology model was rigid-body fit in the INO80-

nucleosome map in a density which was observed to be bound to DNA and connected 

to additional density enclosed by the RUVBL1-2 ring (assigned to be the Ino80 

insertion domain). After removing side chains, a round of jellybody refinement was 

performed in REFMAC (Murshudov, Vagin, and Dodson, 1997). The Ino80 insert 

domain was manually built in COOT and connected to the Ino80 motor domains using 

the auxiliary INO80 map.  
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A homology model for ARP5 was generated by submitting the sequence to I-TASSER 

(Yang et al., 2015). A series of actin-fold proteins were used as templates for 

generating the homology model. The resulting model, covering mainly the actin-fold 

core of ARP5, was rigid body fit in the INO80-nucleosome map in a tail-like density 

attached to the RUVBL1-2 ring and previously assigned to correspond to ARP5 

(Aramayo et al., 2018). After manual adjustments with COOT, the model was trimmed 

of all side chains.  

 

The sequence for IES2 was submitted to the PHYRE server (Kelley et al., 2015), which 

yielded multiple results for the C-terminal zinc-binding domain. A homology model was 

generated by threading the sequence of the zinc-binding domain into a published 

structure of the zf-HIT domain of TRIP3 (PDB code 2YQQ) with SWISS-MODEL. The 

homology model was rigid body fit into the INO80-nucleosome map into density 

adjacent to the RUVBL1-2 ring, in accordance with previous mass spectrometry-

crosslinking data (Tosi et al., 2013). The coordinates were then manually extended 

towards the N-terminus in COOT.  

 

Coordinates for a human nucleosome core particle (PDB code 5AV9) were fit into the 

density corresponding to the nucleosome. Keeping the position of the histone octamer 

fixed, a model for the nucleosome was built in COOT by combining the coordinates of 

the human histone octamer and a Widom 601 DNA wrap (PDB code 3LZ0). The region 

of DNA bound to the motor domains was extended using linear B-form DNA, following 

the path of DNA through Chd1 (PDB code 5O9G) where possible.  

 

After completing model building, the coordinates were subjected to real-space 

refinement in Phenix (Afonine et al., 2018). A summary of refinement statistics is 

provided in Table A.2. The final coordinates and the corresponding density map are 

publicly available with PDB code 6HTS and EMDB code 3954. 

 

3.8.2. INO80-tetracetylated nucleosome complex 

 

Coordinates for the human INO80-nucleosome structure (PDB code 6HTS) were 

docked into the INO80-tetracetylated nucleosome map.  

 

The coordinates of the RUVBL1-2 ring were manually adjusted and extended in COOT. 
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The coordinates of the Ino80 motor domain were manually adjusted and extended in 

COOT following the density of the map resulting from the focused refinement of the 

nucleosome and the motor domain, and side chains were added. 

 

For adjustment and extension with COOT of the ARP5 model, the map resulting from 

the focused refinement of the nucleosome and the ARP5 region was used. Side chains 

were introduced, and the extended structural model included part of a large non-

conserved insert present in ARP5 (which comprises residues 255 to 446). Model 

building for this insert region was guided by secondary structure prediction performed 

with the JPred server (Drozdetskiy et al., 2015). 

 

The coordinates of IES2 were manually adjusted and extended in COOT. An additional 

region of helical density observed proximal to the motor domain and the nucleosomal 

DNA gyres was also assigned to be part of IES2, based on previous mass 

spectrometry-crosslinking data (Tosi et al., 2013) and the C. thermophilum structure of 

the INO80-nucleosome complex (Eustermann et al., 2018). While coordinates 

corresponding to an α-helix were built into the density, its registry could not be 

assigned due to a lack of continuity with the rest of the density assigned to be IES2. 

 

The density left unoccupied in the proximity of ARP5 was assigned to correspond to 

IES6 based on mass spectrometry-crosslinking data (Tosi et al., 2013) and the fact that 

ARP5 and IES6 are known to form an obligate pair (Willhoft et al., 2016). The 

sequence of IES6 was submitted to PHYRE, resulting in several results for a zinc-

binding domain predicted from the sequence and spanning residues 179-222. A 

homology model was built by threading the sequence of the zinc-binding domain into a 

published structure of the zf-HIT domain of TRIP3 (PDB code 2YQQ) with SWISS-

MODEL. The homology model was rigid body fit into density placed between ARP5 

and the RUVBL1-2 ring, and manually extended in COOT according to the density.  

 

Coordinates for the H4 tail were extended following the observed density. 

 

After completing model building, the coordinates were subjected to real-space 

refinement in Phenix. A summary of refinement statistics is provided in Table A.3.  

 

The crystal structure of SC1 (PDB code 5NBN), including actin, ARP4, ARP8 and the 

HSA domain of Ino80, were fit into the SC1 reconstruction. Linear B-form DNA was 

manually built into the density with COOT. 
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4. Organization of the human INO80-nucleosome complex 

 

In this chapter, we aimed to gain the first insights into how the INO80 complex interacts 

with its nucleosome substrate. While biochemical characterization of the INO80 

chromatin remodeler has shed some light over the role of certain subunits in 

nucleosome sliding, the details about how nucleosome sliding is performed remain 

unknown. For example, it is unclear what changes the nucleosome must undergo in 

order for chromatin remodeling to take place. The large number of subunits composing 

the INO80 complex also results puzzling, given the fact that much simpler systems are 

able to perform similar activities. The structure was expected to reveal the overall 

architecture of the INO80-nucleosome complex, answering some of these questions 

and potentially providing a structural basis for the functional properties of the INO80 

complex. In combination with biochemical observations, the structure would facilitate 

the understanding of how INO80 remodels chromatin. Cryo-EM was the technique of 

choice due to the large expected size for the complex and the relatively low amounts of 

sample required. Additionally, the technique is also ideal for samples displaying 

structural heterogeneity, thanks to the development of image processing techniques 

able to separate in silico different populations. Indeed, previous cryo-EM studies of the 

INO80 complex revealed that it contains highly flexible regions that can be found in 

multiple conformations. 
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4.1. Preparation of INO80 complexes and nucleosomes 

 

The human INO80 core complex and nucleosomes were prepared by Dr. Oliver 

Willhoft (Prof. Dale Wigley laboratory). The INO80 complex was expressed in insect 

cells by infecting them with baculoviruses carrying the genes encoding the subunits of 

the human INO80 core complex. After harvesting cells, the complex was purified by 

means of two sequential affinity chromatography steps using nickel and StrepTactin 

columns. SDS-PAGE revealed that the resulting purified complexes contained all 

subunits (Figure 4.1a), and the molecular weight of the complex was estimated to be 

approximately 800 kDa by means of SEC-MALS (Figure 4.1b).  

 

Figure 4.1. Biochemical characterization of the INO80 complex. a. SDS-PAGE of 
purified recombinant human INO80 complex. All subunits could be observed, but IES2 
runs very close to RUVBL2. The presence of IES2 was confirmed with a Western Blot. 
b. SEC-MALS analysis of the human INO80 complex. The expected molecular mass of 
the complex comprising one copy each of Ino80, actin, ARP4, ARP5, ARP8, IES2 and 
IES6 and three copies each of RUVBL1 and RUVBL2 is 743,583 Da. The molecular 
weight estimated by SEC-MALS was 802,000 Da. c. MST experiment of INO80 to 
determine the affinity for a 52N25 nucleosome; n = 3 experimentally independent 
replicates for each data point. Error bars represent the standard deviation for each data 
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point. Experiments were conducted at 25 ºC in 25 mM HEPES pH 8.0, 50 mM NaCl, 1 
mM TCEP, 10% glycerol, 0.01% Tween-20 and 0.1 mg/mL BSA, using a concentration 
of 20 nM fluorescently labelled nucleosomes. The estimated K1/2 was 102 ± 11 nM, with 
a Hill coefficient of 1.6 ± 0.1. Figure panels a and b adapted from Willhoft et al., 2016. 
 

Nucleosomes were prepared by Elizabeth McCormack and Lorraine Ocloo (Dale 

Wigley laboratory). Nucleosomes were reconstituted from recombinant human histones 

expressed in E. coli and a DNA fragment with the Widom-601 positioning sequence. 

The Widom-601 sequence was identified by Lowary and Widom to bind with high 

affinity to histone octamers in vitro (Lowary and Widom, 1998). Overhangs of 52 and 

25 bp were then added via a ligation reaction, and the resulting nucleosome was 

purified by a glycerol gradient. This nucleosome is referred to as a 52N25, where N 

refers to the nucleosome core particle with the 147 bp wrap. 

 

The binding of human INO80 core complex to the 52N25 nucleosome was confirmed 

by means of microscale thermophoresis (MST) experiments, which revealed a K1/2 of 

102 nM, and a Hill coefficient of 1.5 (Figure 4.1c). 

 

4.2. Screening of cryo-EM conditions 

 

Initial screening of cryo-EM grids for the INO80-nucleosome complex was performed 

with a CM200 microscope in the in-house facilities at the Electron Microscopy Centre 

of the Imperial College Centre of Structural Biology. As a first attempt at obtaining 

INO80-nucleosome complexes stable enough for cryo-EM studies, we replicated the 

freezing conditions previously found to yield a high-resolution reconstruction of the apo 

INO80 complex (Aramayo et al., 2018) with the difference that 52N25 nucleosomes 

were added to the sample before freezing, and a lower NaCl concentration of 50 mM 

was used to prevent disruption of interactions between INO80 and the nucleosome. An 

INO80:nucleosome ratio of 2:1 was chosen, in accordance with biochemical data 

suggesting that two INO80 complexes bind a nucleosome and are required to slide it 

(Willhoft et al., 2016).  

 

In spite of previous observations that the INO80 core complex can readily bind to 

nucleosomes (Willhoft et al., 2016), micrographs revealed the presence of individual 

INO80 and nucleosome particles, but no clear INO80-nucleosome complexes were 

observed. This was further confirmed by means of 2D classification analysis (Figure 

4.2). We hypothesized that the conditions to which particles are exposed upon freezing 

could be disrupting the binding of INO80 to nucleosomes. Indeed, numerous cases 
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have been described where macromolecular complexes fall apart to varying degrees 

due to the effects of being exposed to the water-air interface or the forces induced by 

blotting (Nogales and Scheres, 2015). One possible approach to overcome this 

problem is the use of chemical crosslinkers, which introduce covalent bonds between 

different functional groups (Rees et al., 2017). However, crosslinking-based strategies 

also run the risk of introducing artifacts, which result in non-physiological structures or 

in a bias towards specific conformations (Shukla et al., 2014). 
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Figure 4.2. Screening of cryo-EM grids of the INO80-nucleosome complex 
without any added nucleotide. a. Representative micrograph of a cryo-EM grid of the 
INO80-nucleosome complex prepared without adding any nucleotide. Examples of 
particles corresponding to free INO80 complexes (red) and free nucleosomes (blue) 
are circled. The scale bar represents a length of 400 Å. b. Representative 2D classes. 
2D classes were obtained with RELION (with 350 particles per class on average). Only 
classes corresponding to free INO80 and nucleosomes were obtained. The scale bar 
represents a length of 150 Å. 
 

 

a
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Therefore, in order to visualize the native state of the INO80-nucleosome complex, we 

aimed to stabilize the INO80-nucleosome interaction through the addition of different 

nucleotides, based on the hypothesis that some of the INO80 subunits might require a 

specific nucleotide-bound state to properly engage the nucleosome. Therefore, cryo-

EM grids were prepared in the presence of three different nucleotides in the buffer: 

ATP, ADP and ADP•BeF3. 

 

Micrographs of the sample with ATP revealed a severe aggregation of particles into 

large oligomers of irregular size and shape (Figure 4.3). 

 

 

Figure 4.3. Screening of cryo-EM grids of the INO80-nucleosome complex in the 
presence of ATP. Representative micrograph of a cryo-EM grid of the INO80-
nucleosome complex prepared in the presence of ATP. Severe aggregation of particles 
was observed when ATP was added to the sample, preventing the generation of 
meaningful 2D classes. The scale bar represents a length of 400 Å.  
 

On the other hand, the addition of ADP led to results very similar to those obtained 

without any nucleotide, showing only unbound INO80 and nucleosomes (Figure 4.4).  
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Figure 4.4. Screening of cryo-EM grids of the INO80-nucleosome complex in the 
presence of ADP. a. Representative micrograph of a cryo-EM grid of the INO80-
nucleosome complex prepared in the presence of ADP. Examples of particles 
corresponding to free INO80 complexes (red) and free nucleosomes (blue) are circled. 
The scale bar represents a length of 400 Å. b. Representative 2D classes. 2D classes 
were obtained with RELION (with 310 particles per class on average). Similarly to the 
sample prepared without the addition of any nucleotide, no classes corresponding to 
the INO80-nucleosome complex were observed. The scale bar represents a length of 
150 Å. 
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However, the micrographs recorded for the sample with ADP•BeF3, a non-hydrolysable 

ATP analog, contained larger particles, potentially corresponding to INO80-

nucleosome complexes. Their presence was confirmed by means of 2D classification, 

and they were found to represent approximately 15% of the total number of particles. 

Classes corresponding to free INO80 and nucleosomes were also observed, 

comprising 50% and 35% of the particles respectively (Figure 4.5).  
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Figure 4.5. Screening of cryo-EM grids of the INO80-nucleosome complex in the 
presence of ADP•BeF3. a. Representative micrograph of a cryo-EM grid of the INO80-
nucleosome complex prepared in the presence of ADP•BeF3. Examples of particles 
corresponding to free INO80 complexes (red), free nucleosomes (blue) and INO80-
nucleosome complexes (green) are circled. The scale bar represents a length of 400 Å. 
b. Representative 2D classes. 2D classes were obtained with RELION (with 470 
particles per class on average). Even though free INO80 complexes and nucleosomes 
were observed, 2D classes also confirmed the presence of INO80-nucleosome 
complexes (circled in green). The scale bar represents a length of 150 Å. 
 

 

a
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Class averages showing clear density for both INO80 and nucleosome were manually 

selected, and the 1,403 corresponding particles were used to generate a 3D model ab 

initio. The same set of particles was then refined against the ab initio model, resulting 

in a 25 Å map which could easily accommodate the RUVBL1-2 ring, the actin fold of 

the ARP5 subunit and the nucleosome (Figure 4.6). 

 

 

Figure 4.6. Low-resolution reconstruction of the INO80-nucleosome complex. 
The 3D model was generated by refining in RELION 1,403 particles selected from 2D 
class averages clearly showing density for the INO80 complex bound to a nucleosome 
against an ab initio model generated from the same set of particles. The resolution of 
the map was 25 Å, and it could easily accommodate coordinates of the RUVBL1-2 ring 
(blue, PDB code 5OAF), a homology model for the actin fold of ARP5 (green) and the 
nucleosome (orange, PDB code 3LZ0). The scale bar represents a length of 100 Å. 
 

Having established cryo-EM conditions under which a large enough population of 

INO80-nucleosome particles could be obtained, we decided to collect a high-resolution 

dataset on a Titan Krios at eBIC (Diamond Light Source). 
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4.3. High-resolution data collection and image processing 

 

Data was collected on a Titan Krios equipped with a Falcon 3EC detector operating in 

linear mode. The choice of linear mode over electron counting was based on the higher 

rate of data collection achievable in linear mode, thanks to the possibility of using high 

electron doses with short exposure times. We hypothesized that a large number of 

micrographs would be preferable, since INO80-nucleosome complexes represented 

only a fraction of the total particles. After aligning and summing the frames of each 

collected movie with MotionCor2 software (Zheng et al., 2017), CTF parameters were 

estimated with gCTF software (Zhang, 2016). For most micrographs, the CTF 

parameters estimation was accurate up to a resolution of at least 4 Å, based on the 

fitting of the modeled CTF to the Thon rings observed in the experimental power 

spectrums (Figure 4.7). 
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Figure 4.7. High-resolution data collection for the INO80-nucleosome complex. a. 
Represenative field of a micrograph of the INO80-nucleosome complex. A total of 
5,479 movies were acquired with a Falcon 3EC operating in linear mode. Examples of 

a

b
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particles corresponding to the INO80-nucleosome complex are circled in green. The 
scale bar represents a length of 300 Å. b. Experimental power spectrum (bottom left), 
rotationally averaged power spectrum (top left) and Thon rings simulated from the 
determined CTF parameters (left). The simulated Thon rings matched well the 
experimental power spectrum up to a resolution of 3.7 Å (white circle). 
 

The set of extracted particles was first cleaned from false positives, ice contaminations 

and other “junk” particles by means of 2D classification. Particles displaying clear 

density for both INO80 and nucleosome, or only for INO80, were selected and 

subjected to further processing (Figure 4.8). Two different image processing routes 

were followed (Figure 4.9).  

 

 

Figure 4.8. Representative 2D classes obtained from the high-resolution dataset 
of the INO80-nucleosome complex. a. 2D classes obtained during the early stages of 
image processing of the high-resolution INO80-nucleosome dataset. Classes revealed 

a
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the presence of free INO80 complexes, free nucleosomes and INO80-nucleosome 
complexes. Each 2D class was generated from 28,000 particles on average. The scale 
bar represents a length of 150 Å. b. 2D classes obtained after reclassifying a selection 
of particles assigned to class averages displaying density for both the INO80 complex 
and the nucleosome during previous rounds of classification. Each 2D class was 
generated from 970 particles on average. The scale bar represents a length of 180 Å. 

 

 

Figure 4.9. Image processing scheme followed for the high-resolution dataset of 
the INO80-nucleosome complex. After cleaning the set of automatically picked 
particles by means of 2D classification, two different routes were followed during image 
processing. The aim of route A was to obtain a high-resolution reconstruction of the 
INO80-nucleosome complex. The set of particles used in the final INO80-nucleosome 
reconstruction was selected through a step of 3D classification in cryoSPARC followed 
by an additional 3D classification in RELION focused around the nucleosome. 3D 
refinement of these particles in RELION yielded a reconstruction at 4.8 Å resolution of 
the INO80-nucleosome complex. On the other hand, in route B the aim was to 
generate a reconstruction at improved resolution of the mainstay of the INO80 complex 
(comprising the RUVBL1-2 ring and ARP5) to assist model building. After performing a 
consensus 3D refinement in cryoSPARC with all the particles, a 3D classification step 
in RELION focused around the ARP5 region was used to select particles containing 
clear density for this module attached to the RUVBL1-2 ring. These particles were 
subjected to a 3D refinement in RELION, resulting in a reconstruction at 3.8 Å 
resolution. Figure adapted from Ayala et al., 2018. 
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In route A, we aimed to obtain a reconstruction of the INO80-nucleosome complex. A 

first round of 3D classification revealed that only 7% of the set of clean particles were 

bound to the nucleosome in a homogeneous enough conformation to allow for 

simultaneous alignment of both INO80 and nucleosome. The remaining particles were 

either not nucleosome-bound, or were bound to the nucleosome in a very flexible 

manner, which resulted in nucleosome density being averaged out due to the intense 

features of the RUVBL1-2 ring, that dominates the alignment. We first attempted to 

refine all the particles included in the class with clear density for both INO80 and 

nucleosome, resulting in a map at 4.5 Å overall resolution but with a nucleosome 

density of considerably lower quality than the rest of the map (Figure 4.10).  

  



 94 

 

 

Figure 4.10. Reconstruction of the INO80-nucleosome complex obtained with the 
particles selected after the first round of classification in cryoSPARC. a. Local 
resolution analysis revealed that, while the overall resolution of the reconstruction was 
4.5 Å, the resolution in the nucleosome region was mostly in the range of 8 to 9 Å. The 
reconstruction was generated with 53,910 particles. The scale bar represents a length 
of 100 Å. b. The nucleosome density in the reconstruction was considerably poorer 
than the rest of the complex, displaying a broken histone octamer and signs of 
overfitting. 
 

We then aimed to obtain a reconstruction with improved nucleosome densities by 

performing an additional 3D classification focused on the nucleosome. In order to do so, 

a mask containing only the nucleosome was applied to the reference model. This 

allows the particles to be classified based on differences on the nucleosome density 

alone, without taking into account the signal corresponding to the rest of the complex, 
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such as the RUVBL1-2 ring. The 3D classification was performed without alignment, 

with the goal of obtaining a set of particles where the nucleosome would be in the 

same relative position to the rest of the complex. The two resulting 3D classes showed 

large differences in the quality of the nucleosome density, with particles split 

approximately evenly between both classes (Figure 4.11). The 26,416 particles 

assigned to the class with the best nucleosome density were used to perform a final 3D 

refinement, which yielded a map at 4.8 Å global resolution (the “INO80-nucleosome 

map”) with a considerably improved nucleosome density compared to the previous 4.5 

Å map. Analysis of local resolution revealed that the resolution ranged between 4 and 

8 Å with the RUVBL1-2 ring and the enclosed Ino80-I domain reaching the highest 

resolution. No anisotropic features were observed in the map, in accordance with a 

large enough distribution of different views (Figure 4.12). 
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Figure 4.11. Maps of the INO80-nucleosome complex obtained after performing a 
3D classification focused around the nucleosome. The particles assigned to the 
two classes generated after a 3D classification without alignment and focused on the 
nucleosome were independently refined against the previous map at 4.5 Å resolution. 
Class 1 (a, c) included 26,416 particles and had a considerably better nucleosome 
density (as shown by the presence of features such us the major and minor DNA 
grooves, and a more continuous density for the histone octamer) than class 2 (b, d), 
which comprised 27,494 particles and displayed clear signs of overfitting in the 
nucleosome density. 
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Figure 4.12. Quality of the INO80-nucleosome reconstruction. a. Local resolution 
map of the INO80-nucleosome reconstruction. The map was generated from 26,416 
particles. The scale bar represents a length of 100 Å. b. Angular distribution of the 
particles used for the reconstruction. No anisotropic features were observed in the map. 
c. Corrected FSC curve of the reconstruction. d. Nucleosome density in the 
reconstruction. The features of the nucleosome were considerably improved compared 
to the previous 4.5 Å reconstruction generated from 53,910 particles. Figure panels a, 
b and c adapted from Ayala et al., 2018. 
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In route B of the image processing, on the other hand, we aimed to obtain an improved 

reconstruction of the mainstay of the INO80 complex, including the RUVBL-2 ring, the 

Ino80-I domain and the ARP5-IES6 module. In order to do so, the whole set of 

particles with clear INO80 density at the 2D level were first subjected to a 3D 

refinement in cryoSPARC to assign the alignment parameters to each particle. A 3D 

classification without alignment was then performed, resulting in 3 classes amongst 

which only one showed strong density for the ARP5-IES6 module (Figure 4.13), 

containing 12% of the particles. These particles were used to perform a 3D refinement 

in RELION, which resulted in a reconstruction at 3.8 Å global resolution (referred to as 

the “auxiliary INO80 map”). Most regions of the map were at resolutions close to 3.5 Å, 

except some of the peripheral areas of the ARP5-IES6 module, where only lower 

resolutions of approximately 6 Å were achieved (Figure 4.14). The auxiliary INO80 

map was used to assist model building of the RUVBL1-2 ring, the Ino80-I domain and 

some portions of the ARP5-IES6 module.  

 

 

Figure 4.13. 3D classes obtained after performing a 3D classification without 
alignment focused on the RUVBL1-2 ring and the ARP5 region. A total of 775,804 
particles were classified into 3 classes. Class 1 (a) comprised 91,607 particles, class 2 
(b) comprised 302,564 particles and class 3 (c) comprised 381,633 particles. Class 1 
displayed the strongest density for the ARP5 region (highlighted in the box). 

a cb
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Figure 4.14. Quality of the auxiliary INO80 reconstruction. a. Local resolution map 
of the auxiliary INO80 reconstruction. The map was generated from 91,607 particles. 
The scale bar represents a length of 100 Å. b. Angular distribution of the particles used 
for the reconstruction. No anisotropic features were observed in the map. c. Corrected 
FSC curve of the reconstruction. d, e. Comparison of two regions of the Ino80 insert in 
the INO80-nucleosome map (d) and the INO80 auxiliary map (e), showing improved 
density in the latter. Figure adapted from Ayala et al., 2018. 
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4.4. Architecture of the INO80-nucleosome complex 

 

The INO80-nucleosome map revealed protein secondary structure elements and 

allowed us to determine the architecture of the INO80 complex bound to a nucleosome 

(Figures 4.15 and 4.16).  

 

 

Figure 4.15. Architecture of the INO80-nucleosome complex. a. Ino80 central 
ATPase subunit with functional domains labelled. NTD, N-terminal domain; HSA, 
helicase-SANT-associated domain; HN, N-terminal helicase domain; HC, C-terminal 
helicase domain; I, INO80 insert domain; C, C-terminal domain. b. INO80-nucleosome 
map with fitted models for RUVBL1-2, Ino80, ARP5, IES2 and the nucleosome. The 
scale bar represents a length of 100 Å. c. INO80–nucleosome interactions with 
histones and SHL labelled. INO80 contacts the nucleosome at SHL -6 and SHL -3 
through the motor domain and ARP5 respectively. The locations of the histone tails are 
also shown. Figure adapted from Ayala et al., 2018. 
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Figure 4.16. Density for the different subunits of the INO80-nucleosome complex. 
The density for different subunits of the INO80-nucleosome complex is displayed with 
the corresponding structural models fitted. a. AAA+ ring of the RUVBL1-2 
heterohexamer. b. Nucleosome. c. Ino80 motor domain. d. ARP5. e. Ino80 insertion 
domain. f. IES2. 
 

A RUVBL1-2 heterohexamer encloses the Ino80-I domain, as previously seen in the 

apo INO80 complex (Aramayo et al., 2018). The RUVBL1-2 heterohexamer adopts a 
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barrel-like structure composed of three layers created by the different domains (DI, DII 

and DIII) of the RUVBL1/2 proteins (Figure 4.17).  

 

 

Figure 4.17. Structure of the RUVBL1-2 ring in the INO80 complex. a. Side view of 
the RUVBL1-2 heterohexamer. The structure consists of a barrel composed by three 

e
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layers. b. The top layer includes the AAA+ ring formed by DI and DIII of each 
RUVBL1/2 monomer. c. The middle layer comprises the helical bundles and β-stalks of 
DII. d. The bottom layer is formed by the OB-folds present in DII. e. Structural domains 
of RUVBL1/2. Figure adapted from Aramayo et al., 2018. 
 

The top layer includes the AAA+ ring formed by DI and DIII, and, unlike the rest of the 

layers, displays pseudo 6-fold symmetry. The middle layer is composed of helical 

bundles and β-stalks of DII, and the bottom layer is formed by the OB-folds of DII. The 

all-extended conformation observed for the DII of each RUVBL1/2 protomer differs 

from a previous crystal structure of a RUVBL1-2 dodecamer from Chaetomium 

thermophilum (C. thermophilum), where the DIIs were found to adopt alternating 

compact and extended conformations (Silva-Martin et al., 2016). While little space is 

left around the hexamer axis in the top layer, the middle and bottom layers comprise a 

large enough cavity to accommodate Ino80-I (Figure 4.17d). An extensive network of 

interactions is established between Ino80-I and the DII helical bundles, β-stalks and 

OB-folds of all RUVBL1/2 copies, although the details of the interaction with each 

protomer differ, resulting in an overall asymmetric structure (Aramayo et al., 2018). 

Interestingly, all RUVBL1/2 protomers were found to have ADP bound, even though 

ADP•BeF3 was added during sample preparation (Figure 4.18). This suggests 

RUVBL1/2 tightly bind ADP and do not exchange it for other nucleotides, or do so at a 

very low rate, possibly indicating that they do not possess ATPase activity in the 

context of the INO80 complex, or it is non-essential for the remodeling activity. Such a 

behavior has been observed for SWR1, where a mutant complex with catalytically 

dead copies of RUVBL1/2 showed wild-type histone exchange activity (Willhoft et al., 

2018). The binding of the nucleotide is probably instead required to stabilize the 

hexameric ring. Such a behavior has indeed been observed for hexamers formed by 

other AAA+ proteins (Wang, Song, and Li, 2003; Joly, Schumacher, and Buck, 2006; 

Wendler et al., 2012). 
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Figure 4.18. Nucleotide density in each RUVBL1/2 protomer. Density able to 
accommodate ADP only was observed in the nucleotide binding pocket of all 
RUVBL1/2 copies. 
 

The Ino80-I domain adopts an unusual flat spoked-wheel conformation where it follows 

the inner contour of the RUVBL1-2 ring in close proximity to the β-stalks domains of 

RUVBL1/2, and spokes connect different regions across the circular contour (Figure 

4.19).  
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Figure 4.19. Structure of the Ino80 insertion domain and the IES2 C-terminal 
region. a. The Ino80 insertion adopts a flat spoked-wheel conformation connected to 
the C-terminal lobe of the motor domain. b. The Ino80 insertion is engulfed by the 
RUVBL1-2 heterohexamer. The C-terminal portion of IES2 contains a zinc-binding 
domain and runs along the RUVBL1-2 ring, extending towards the motor domain. 
Figure adapted from Ayala et al., 2018. 
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The predominant secondary structure elements in the spoked-wheel conformation are 

α-helices, connected by loop regions. We also observed additional density adjacent to 

the OB-folds of one of the sides of the RUVBL1-2 ring, corresponding to the IES2 

subunit (Figure 4.19b). The density contained a compact region which fitted well a 

zinc-binding domain (predicted from the IES2 sequence and spanning residues 308 to 

342; a homology model was generated by threading its sequence with SWISS-MODEL 

into the structure of a zinc-finger domain of TRIP3, with PDB code 2YQQ) and a long 

stretch extending across two RUVBL1/2 protomers towards the motor domain. This is 

in accordance with crosslinking-mass spectrometry data suggesting IES2 contacts the 

OB-folds of both RUVBL1/2 and the Ino80 motor domain (Tosi et al., 2013), as well as 

biochemical data showing that IES2 regulates the ATPase activity of the motor domain 

(Willhoft et al., 2016). 

 

The Ino80-I domain is connected to a region of density that we assigned to be the 

Ino80 motor domain. Two lobes are visible: the C-terminal lobe (Ino80-HC), directly 

connected to Ino80-I as expected from the sequence, and the N-terminal lobe (Ino80-

HN), found in a more distal position to the RUVBL1-2 ring (Figure 4.20).  

 

 

Figure 4.20. Ino80 motor domain bound to DNA. The C-terminal and N-terminal 
lobes of the motor domain were visible and bound to DNA at the exit/entry point of 
nucleosomal DNA, adopting the canonical “closed” conformation as expected due to 
the addition of ADP•BeF3 during sample preparation. Figure adapted from Ayala et al., 
2018. 
 

While weak density for at least part of the motor domain was previously observed in 

the apo INO80 complex, the density in the INO80-nucleosome map is much better 

defined, due to the locking in a particular conformation induced by nucleosome binding. 

Although no clear density for the nucleotide was observed in the motor domain due to 

DNA
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the limited resolution, the two lobes were found to be in a closed conformation 

consistent with the binding of ADP•BeF3 (Singleton, Dillingham, and Wigley, 2007), as 

observed in the structure of nucleosome-bound Chd1 and other remodelers in the 

presence of ADP•BeF3 (Farnung et al., 2017). The motor domain was bound in an 

orientation consistent with tracking along one strand of the DNA duplex in the 3’-5’ 

direction, as observed for most helicases of the SF2 family (Figure 4.21a) (Singleton, 

Dillingham, and Wigley, 2007). However, the motor domain was found to bind SHL -6 

to SHL -7 of the nucleosomal DNA, instead of SHL +2 as observed for Chd1, Snf2, 

ISWI and even the closely related SWR1, which shares many subunits in common with 

INO80 (Farnung et al., 2017; Liu et al., 2017; Yan et al., 2019; Willhoft et al., 2018), 

although the N-terminal lobe also extends across the DNA gyres and establishes some 

contacts with SHL +1 (Figure 4.21b).  

 

 

Figure 4.21. Details of the interaction of the Ino80 motor domain with DNA. a. The 
motor domain of Ino80 contacts mostly the 3’-5’ strand at SHL -6 to SHL -7, consistent 
with the tracking directionality of most characterized SF2 helicases. b. The N-terminal 
lobe of the motor domain also establishes contacts with the DNA at SHL +1, albeit to a 
much lesser extent than with DNA at SHL -6 to SHL -7. 
 

While such binding mode differs from that observed for all other chromatin remodelers 

(Figure 4.22), it is consistent with chemical footprinting studies of yeast INO80 where it 

was found that binding of INO80 to nucleosomes protects nucleosomal DNA between 

SHL -5 and SHL -7 (Brahma et al., 2017).  
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Figure 4.22. Comparison of INO80-nucleosome interactions with those of Chd1, 
Snf2 and SWR1. The Ino80 motor domain is bound to SHL -6 to SHL -7, unlike all 
other remodelers, whose motor domains bind to SHL +2. A second contact point at 
SHL -3 is established by the ARP5-IES6 module. The binding of the Ino80 motor 
domain induces some unwrapping of the nucleosomal DNA, although to a lesser extent 
than Chd1 and SWR1. Chd1 induces unwrapping of the DNA at SHL -7 due to 
interactions established by the SANT and SLIDE accessory domains. A similar level of 
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unwrapping is observed in the case of SWR1, although due to the Arp6-Swc6 module. 
Although no unwrapping of DNA was observed in the Snf2-nucleosome structure, it 
should be noted that it comprises only a fragment of the motor subunit, and therefore 
probably presents an incomplete picture of the interactions and distortions of the DNA 
in the nucleosome in the context of the SWI-SNF complex. Additionally, the binding 
mode of the human INO80 complex presented some differences with that of the C. 
thermophilum INO80 complex. Further analysis of these differences is provided in 
Chapter 5. 
 

The ARP5-IES6 module can be identified as a tail-like density attached to the OB-folds 

of a pair of RUVBL1/2 protomers on the opposite side of the RUVBL1-2 ring where the 

motor domain is located (Figure 4.23), as previously observed in the apo INO80 

structure and in accordance with crosslinking-mass spectrometry analysis (Tosi et al., 

2013). 

 

Figure 4.23. Density and structural model for ARP5. ARP5 was identified as a tail-
like density attached to the OB-folds of two RUVBL1/2 protomers, establishing a 
contact point with nucleosomal DNA at SHL -3. We were able to build a structural 
model comprising most of the conserved actin fold of ARP5. Figure adapted from Ayala 
et al., 2018. 
 

After fitting an ARP5 homology model containing the conserved actin fold core, 

additional density was left (Figure 4.24). We hypothesized this additional density could 

correspond to either IES6, known to form an obligate pair with ARP5 (Willhoft et al., 

2016), or to a large non-conserved insertion domain present in human ARP5 between 

residues 255 and 446. Nevertheless, due to the limited resolution and the lack of a 

reliable structural model for IES6, we were unable to resolve which of the two 

assignments was correct. The module comprising ARP5 and potentially IES6 

establishes contacts with the nucleosome additional to those made by the motor 
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domain. It contacts the nucleosomal DNA wrap at SHL -3, located almost on the 

opposite side (but in the same face of the nucleosome) than the regions contacted by 

the motor domain. However, no contacts with the histone core were observed. 

  

Figure 4.24. Additional density in the ARP5 region. Additional density (grey) was 
left in the ARP5 region after subtracting the density corresponding to the built ARP5 
structural model. The density wrapped around ARP5 and extended to the interface of 
interaction with nucleosomal DNA. We hypothesized this density could correspond 
either to IES6 (which is known to form an obligate pair with ARP5), or to a large, non-
conserved insertion present in ARP5. 
 

4.5. Location of the SC1 module 

 

While the INO80-nucleosome map provided much detail about how INO80 contacts the 

nucleosome, no density for the module comprising ARP4, actin and ARP8 bound to the 

HSA domain of Ino80 (termed SC1) was observed. In the cryo-EM study of apo INO80, 

the SC1 module was found to be highly flexible with respect to the rest of the complex.  

Only through multiple rounds of 2D and 3D classification and careful selection of 

particles was it possible to separate a small subpopulation of complexes where SC1 

was placed in a particularly stable position, which allowed to obtain a reconstruction 

with SC1. In the reconstruction, SC1 was located under the RUVBL1-2 ring, and it was 

tethered to the rest of the complex by a thin connecting density (Figure 4.25) 

(Aramayo et al., 2018).  

ARP5
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Figure 4.25. Location of SC1 in the apo INO80 complex. a. Cryo-EM map of the apo 
INO80 complex at 9.6 Å resolution (EMDB code 3772) with structural models fitted. 
The reconstruction corresponds to a small population of particles in which SC1 was 
found to be in a homogeneous conformation, located under the RUVBL1-2 ring. This 
positioning of SC1 would be incompatible with nucleosome binding as observed in the 
INO80-nucleosome structure. The scale bar represents a length of 100 Å. b. 2D 
classes generated with the particles where SC1 was located under the RUVBL1-2 ring 
(with 40 particles per class on average). The scale bar represents a length of 100 Å. 
Figure adapted from Aramayo et al., 2018. 
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A more recent crystal structure of SC1 from yeast INO80 confirmed the arrangement of 

its subunits over the HSA domain, arranged in the Arp4-actin-Arp8 order over the HSA 

domain of Ino80 from its N-terminal region to its C-terminal region (Figure 4.26) (Knoll 

et al., 2018).  

 

Figure 4.26. Crystal structure of SC1. The crystal structure of C. thermophilum SC1 
(PDB code 5NBN) showed a similar arrangement for the SC1 subunits as the one 
inferred in the apo INO80 complex, with an Arp4-actin-Arp8 order over the Ino80 HSA 
domain from its N-terminus to its C-terminus. The scale bar represents a length of 100 
Å. 
 

Interestingly, the position of SC1 in the apo INO80 reconstruction is incompatible with 

nucleosome binding as observed in the INO80-nucleosome map. It is possible this 

particular conformation of the apo INO80 complex is an auto-inhibited state, unable to 

bind nucleosomes, but easily converted into other conformations primed for 

nucleosome-binding thanks to the flexibility of SC1. In order to obtain some insights 

into the location of SC1 in the context of the nucleosome-bound complex, we carefully 

inspected individual particles. We were able to identify the presence of additional signal 

peripheral to the RUVBL1-2 ring and the nucleosome in some of the particles which 

was not accounted for in the INO80-nucleosome map, measuring approximately 120 Å, 

the expected size for SC1 (Figure 4.27).  

 

 

Figure 4.27. Particles of the INO80-nucleosome complex with SC1. Examples of 
particles identified in the INO80-nucleosome high-resolution dataset where SC1 was 
also observed are shown. The RUVBL1-2 ring, the nucleosome and SC1 are 
highlighted with blue, orange and discontinuous white lines respectively. The length of 
SC1 was approximately 120 Å. The scale bar represents a length of 150 Å. Figure 
adapted from Ayala et al., 2018. 
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Nevertheless, its precise location with respect to the rest of the complex appeared to 

be flexible. We then aimed to select a reduced subset of nucleosome-bound particles 

with SC1 located in a similar position, allowing us to generate class averages without 

averaging out the SC1 signal. We first attempted to separate said particles by multiple 

rounds of 2D classification in RELION. However, the strong features of the RUVBL1-2 

ring and the nucleosome dominated the alignment, leading to no classes with clear 

density for SC1. Even when no alignment of the particles was performed 

simultaneously to classification, the particles were all assigned to a relatively reduced 

number of classes, in spite of asking for a number of 2D classes in the order of several 

hundreds. We then resorted to using IMAGIC to align and classify the particles, given 

the possibility to fine-tune alignment and classification parameters to obtain class 

averages containing a reduced number of particles. Multiple rounds of alignment of the 

particles to a set of projections of the INO80-nucleosome map, 2D classification and 

selection of the particles assigned to classes showing any hints of density for SC1 

were performed. These eventually led to the generation of a reduced number of 2D 

classes showing clear density for SC1. The classes were compared to projections of 

the INO80-nucleosome map along the same angles as the 2D classes, confirming that 

the new extra density assigned to be SC1 was not present in the INO80-nucleosome 

map (Figure 4.28).  

 

 

Figure 4.28. 2D class averages of the INO80-nucleosome complex with SC1. a. 
After carefully selecting particles with multiple rounds of alignment and 2D 
classification in IMAGIC, we managed to generate 2D class averages of the INO80-
nucleosome with density for SC1 (30 particles per class on average). The 2D classes 
suggest that, in the context of the INO80-nucleosome complex, SC1 binds to 
extranucleosomal DNA. The scale bar represents a length of 150 Å. b. Projections of 
the INO80-nucleosome 3D reconstruction along the same viewing angles as the 2D 
classes displayed in a. While the features of the RUVBL1-2 ring and the nucleosome 
matched with the 2D classes, no density for SC1 was observed in the projections. 
Figure adapted from Ayala et al., 2018. 
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While the number of particles was significantly reduced to allow a meaningful 3D model 

to be produced (amounting to approximately 300), by comparing the 2D class averages 

with the projections of the INO80-nucleosome map it is possible to infer that SC1 is in 

proximity to the motor domain. This is in accordance with the location of the HSA 

domain in the Ino80 sequence in proximity to the Ino80-HN. SC1 also seems to be 

running along the path that nucleosomal DNA would follow at its exit point, after the 

interaction with the motor domain. While this location of SC1 in the context of the 

complex with the nucleosome cannot be unambiguously assigned due to the lack of a 

3D model, it is consistent with chemical footprinting studies suggesting that binding of 

INO80 to nucleosomes also protects extranucleosomal DNA. The observed protective 

effect extended well beyond SHL -7 and into the linker DNA by almost 50 bp, matching 

approximately the estimated length of SC1 (Brahma et al., 2017). 

 

Interestingly, no density was observed either for the equivalent subunits of SC1 in the 

SWR1-nucleosome structure (Willhoft et al., 2018), suggesting that the flexibility of 

these components could be a conserved featured required for the activity of 

remodelers of the INO80 family. 

 

4.6. Comparison with other remodelers 

 

Cryo-EM structures of several chromatin remodelers other than INO80 from different 

families bound to a nucleosome have been reported. These include the Snf2 motor 

domain (Liu et al., 2017), Chd1 (Farnung et al., 2017), ISWI (Yan et al., 2019) and 

SWR1 (Willhoft et al., 2018). The structures of Snf2, Chd1 and ISWI bound to 

nucleosomes show broadly similar contacts between the motor domain of each 

remodeler and the SHL +2 position of the DNA wrap. The motor domain of SWR1 is 

also bound at the SHL +2 position, although the precise binding site is located one 

base pair closer to the dyad axis, resulting in a rotation of approximately 35º towards 

the other DNA gyre, where contacts are established with SHL -5 (Figure 4.22).  

 

Chd1 induces unwrapping of the DNA at SHL -7 due to interactions with the accessory 

SANT and SLIDE domains (Farnung et al., 2017). SWR1 also induces substantial 

unwrapping of the DNA at SHL -6 to SHL -7 by means of its Arp6-Swc6 module 

(Willhoft et al., 2018). On the other hand, no DNA unwrapping was observed in the 

structures of Snf2 and ISWI bound to nucleosomes. However, both structures 

contained only the central ATPase subunit, truncated to contain only the catalytic core 

in the case of Snf2, and lacked accessory subunits of the corresponding chromatin 
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remodeling complexes. Therefore, it cannot be ruled out that additional interactions 

leading to further DNA distortions and even unwrapping are present in the context of 

the full complexes. As mentioned, the motor domain of INO80 was found to bind at a 

completely different location, contacting mostly SHL -6 to SHL -7. Similarly to Chd1 

and SWR1, INO80 binding also induced unwrapping of the DNA at SHL -6 to SHL -7, 

albeit to a much lesser extent (Figure 4.29). While the specific interactions inducing 

DNA unwrapping in the three remodelers differ, all of them result in the DNA wrap 

being partially peeled off at the DNA entry or exit point. The conservation of DNA 

unwrapping across these systems suggests that it could be an important part of the 

mechanism for chromatin remodeling, possibly by facilitating DNA translocation and 

the associated nucleosome sliding through a weakening of the contacts between the 

DNA gyres and the histone core.  

 

 

Figure 4.29. DNA unwrapping in the INO80-nucleosome complex. DNA in a 
standard free nucleosome is displayed in red. DNA in the nucleosome in the INO80-
nucleosome complex is displayed in orange. The binding of INO80 induces unwrapping 
of nucleosomal DNA at SHL-6 to SHL -7. a. Comparison of DNA unwrapping with the 
nucleosome in the Chd1-nucleosome structure (yellow). b. Comparison of DNA 
unwrapping with the nucleosome in the SWR1-nucleosome structure (green). In both 
Chd1 and SWR1 nucleosome complexes, nucleosomal DNA is unwrapped to a much 
larger extent than in the INO80-nucleosome complex. Panel a adapted from Ayala et 
al., 2018. 
 

Numerous similarities can be observed between the organization and nucleosome-

binding mode of INO80 and SWR1, as expected from the facts that their central 

ATPases belong to the same family and that a large number of their subunits are 

shared or homologous to each other (Table 4.1). In both, the insertion domain of the 

central ATPase subunit is engulfed by a RUVBL1-2 heterohexamer, adopting a similar 

spoked-wheel conformation (Figure 4.30). 
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Table 4.1. Subunit composition of yeast and human INO80, and yeast SWR1. Both 
yeast and human INO80 share a large number of common or homologous subunits 
with the SWR1 complex. Table adapted from Watanabe and Peterson, 2010. 

 

Complex           INO80  SWR1 

Function/ homology  Yeast Human  Yeast 

ATPase  Ino80 INO80  Swr1 

RuvB-like  Rvb1, Rvb2 RUVBL1, RUVBL2  Rvb1, Rvb2 

Actin and ARPs  

 Actin 

Arp4 

Arp5, Arp8 

Actin 

ARP4 

ARP5, ARP8 

 Actin 

Arp4  

Arp6 

Gli-kruppel zinc-finger 

transcription factor 

 
Iec1 (S. pombe) YY1 

  

YEATS protein  Taf14   Yaf9 

Other essential subunits 
 Ies2, Ies6 IES2, IES6  Swc2, Swc3, Swc4, 

Swc5, Swc6 

Other non-essential 

subunits  

 Ies1, Ies3, Ies4, 

Ies5, Nhp10 

Amida, MCRS1, 

INO80D, INO80E, 

NFRкB, UCH37 

 Swc7, Bdf1 

 

  

In both of them, the RUVBL1-2 ring also acts as a scaffold for positioning the motor 

domain and an Arp module (ARP5-IES6 in INO80, or Arp6-Swc6 in SWR1) at the 

appropriate distance for nucleosome binding. However, the motor domain and the ARP 

module establish contacts in opposite regions of the DNA wrap in each remodeler. 

Furthermore, while the binding of ARP5-IES6 to the nucleosome does not seem to 

induce large-scale DNA distortions, the Arp6-Swc6 module is the main contributor to 

the unwrapping of DNA observed in the SWR1-nucleosome complex. Additionally, the 

C-terminal lobe of the SWR1 motor domain was found to induce considerable 

distortions of the DNA in SHL +2 by means of two α helices pushing against the DNA 

gyre, which causes a sharp kink in the DNA trajectory resulting in a detachment of 

DNA from the surface of the histone octamer. On the other hand, no evidence for 

considerable deviations from standard DNA B form was observed in the DNA 

contacted by the motor domain of INO80. These structural differences are likely to play 

a key role in determining the specific outcome of the ATPase activity for each 

remodeler: histone exchange for SWR1, or nucleosome sliding and possibly histone 

exchange for INO80.  
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Figure 4.30. Comparison of the insertion domain of Ino80 and Swr1. The insertion 
domains of both Ino80 (a, magenta) and Swr1 (b, blue) adopt a flat wheel conformation 
when engulfed by a RUVBL1-2 ring, with helical segments arranged as spokes (more 
abundant in the case of Ino80) running to or from the center of the flat wheel. In both 
cases, α-helices are the predominant secondary structure element. 
 

4.7. Directionality of DNA translocation 

 

The ATPase subunits of all known chromatin remodelers are able to translocate duplex 

DNA by tracking along one strand with a 3’-5’ directionality (Shen et al., 2000; 

Stockdale et al., 2006; Saha, Wittmeyer, and Cairns, 2005; Ayala et al., 2018). 

However, different remodelers have been observed to slide nucleosomes either to the 

centre or the end of DNA fragments: while some remodelers, such as SWI/SNF, slide 

nucleosomes towards DNA ends or even eject them (Saha, Wittmeyer, and Cairns, 

2005), others, including Chd1 and INO80, have been found to centrally reposition 

nucleosomes (Willhoft et al., 2016; Udugama, Sabri, and Bartholomew, 2011). For 

some remodelers, the directionality of sliding is modified by the presence of accessory 

subunits. For example, while the Dropsophila ISWI ATPase slides centrally positioned 

nucleosomes to relocate them towards the ends of the DNA fragments, the association 

with the Acf-1 subunit (part of the ACF and CHRAC remodeling complexes together 

a b
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with ISWI) results in a modified sliding activity where nucleosomes are moved towards 

central positions (Längst and Becker, 2001b).  

 

The positioning of the motor domain of INO80 would lead to DNA being pumped from 

the overhang towards the dyad axis upon 3’-5’ translocation, consistent with the 

observation that INO80 moves nucleosomes away from ends and repositions them 

centrally (Udugama, Sabri, and Bartholomew, 2011; Willhoft et al., 2016). However, 

even though INO80 and Chd1 have both been found to slide nucleosomes towards 

central positions, the Chd1 motor domain has been found to be positioned as the Snf2 

motor domain (which slides nucleosomes towards the DNA ends), and not as the 

INO80 motor domain (Figure 4.31). This finding is puzzling since it is in direct conflict 

with biochemical data showing that Chd1 and Snf2 slide nucleosomes with opposite 

directionality (Stockdale et al., 2006; Saha, Wittmeyer, and Cairns, 2005). Such a 

contradiction between structural and biochemical data suggests that the nucleosome 

binding mode of Chd1 observed in the nucleosome-bound Chd1 structure represents 

an inactive conformation, requiring further rearrangements to properly engage the 

nucleosome and perform the sliding activity.  

 

 

Figure 4.31. Directionality of DNA translocation for INO80 and Chd1. a. Due to its 
binding mode and the known 3’-5’ directionality of its motor domain, Chd1 (PDB code 
5O9G) would push DNA towards the dyad axis (cyan). b. INO80 (aligned on the 
nucleosome as in a would push DNA past ARP5–IES6 and towards the dyad, but from 
the opposite direction Since the motor domain is bound to the longer extranucleosomal 
DNA, this would result in a sliding of nucleosomes towards central positions. c. As in a, 
but with the view aligned on the motor domains as in b. Since Chd1 would push DNA 
towards the dyad axis but from an opposite direction, this binding mode for Chd1 
suggests that it would slide nucleosomes towards DNA ends, in contradiction with 
biochemical data showing that Chd1 slides nucleosomes towards the center of DNA 
fragments. Figure adapted from Ayala et al., 2018. 
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4.8. Conclusion 

 

In this chapter, we have presented the cryo-EM structure of the human INO80 

chromatin remodeler bound to a canonical nucleosome. We first performed a screening 

of cryo-EM grids to identify a condition that allowed us to observe nucleosome-bound 

INO80 complexes. We then collected a high-resolution dataset, which was processed 

with a combination of different software to identify and refine a homogeneous set of 

particles corresponding the INO80-nucleosome complex. The resulting map displayed 

enough level of detail to allow model building and to determine the overall architecture 

of the complex. We then compared our structure to that of other nucleosome-bound 

remodelers, revealing striking differences that make INO80 unique even amongst 

closely related remodelers.  
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5. Structure of a complex between human INO80 and a 

tetracetylated nucleosome 

 

Our reconstruction of the complex between INO80 and a canonical nucleosome 

provided the first insights into how INO80 recognizes its nucleosome substrate. In this 

chapter we present a cryo-EM reconstruction of INO80 bound to an acetylated 

nucleosome, a histone modification possibly involved in the specific recruitment of 

remodelers of the INO80 family to DNA damage sites. The aim of solving such a 

structure was to obtained more detailed information about the fine interactions between 

INO80 and the nucleosome, and in particular how post-translational modifications 

regulate the recruitment and activity of the INO80 chromatin remodeler. Acetylation of 

H4 tails has indeed been implicated in an increased recruitment of remodelers of the 

INO80 family, and the activity of several chromatin remodelers is known to be 

regulated by H4 tails. 
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5.1. Interest of a H4-tetracetylated nucleosome substrate for INO80  

 

Histone tails are hotspots for post-translational modification (Sadakierska-Chudy and 

Filip, 2015) and chromatin remodelers have been shown to recognize modified 

histones (Altaf et al., 2010; van Attikum et al., 2004; Morrison et al., 2004). This 

ensures specificity of the remodelers and allows them to be differentially regulated in 

response to cellular events, such as transcription and DNA repair. Particularly, 

acetylation and phosphorylation are key signals, which have been shown to play 

significant roles in recruiting and regulating chromatin remodelers of the INO80 family 

(van Attikum et al., 2004; Altaf et al., 2010). The human TIP60 complex, and its yeast 

orthologue NuA4, acetylate H4 and H2A N-terminal tails (Kimura and Horikoshi, 1998; 

Allard et al., 1999; Clarke et al., 1999). It has also been shown that point mutations that 

reduce the activity of Esa1, the catalytic subunit responsible for the histone 

acetyltransferase activity of NuA4, result in a decrease of Rvb1 recruitment to double-

strand break sites (Downs et al., 2004). Therefore, TIP60/NuA4 might, by means of 

their histone acetyltransferase activity, help to specifically recruit remodelers of the 

INO80 family to DNA damage sites. The role of said chromatin remodelers in the DNA 

damage response is further supported by the hypersensitivity to DNA damaging agents 

displayed by cells without functional INO80 or SWR1 complexes (Shen et al., 2000; 

van Attikum, Fritsch, and Gasser, 2007). 

 

On the other hand, several chromatin remodelers are known to be regulated by the N-

terminal tail of H4, including Chd1 and remodelers from the ISWI family (Clapier et al., 

2001; Hamiche et al., 2001; Gangaraju et al., 2009). In both cases, the binding of H4 

reliefs the auto-inhibition of the motor domain caused by the binding of the 

chromodomains in the case of Chd1 (Hauk et al., 2010), or by the AutoN domain of the 

N-terminal region in ISWI (Ludwigsen et al., 2017). The relief of the auto-inhibition of 

the motor domains by the H4 tail is reduced by the tetra-acetylation of H4, as 

demonstrated by the fact that both Chd1 and ISW2 display a lower remodeling activity 

for nucleosomes containing tetracetylated H4 compared to canonical nucleosomes 

(Ferreira, Flaus, and Owen-Hughes, 2007). 

 

However, there is little structural information available on how chromatin remodelers 

bind to modified nucleosomes. Indeed, apart from structures of 14.3.3 bound to 

phosphorylated and phosphoacetylated H3 (Macdonald et al., 2005), 53BP1 bound to 

a nucleosome with methylated H4 and ubiquitylated H2A (Wilson et al., 2016) and 

Chd1 bound to an ubiquitylated nucleosome (Sundaramoorthy et al., 2018), there is a 
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lack of structural information on how covalently modified nucleosomes interact with 

their binding partners. In order to gain insight into how INO80 recognizes and interacts 

with modified nucleosomes, we aimed to solve the structure of INO80 bound to a 

nucleosome with four mono-acetylations in H4 at residues Lys5, Lys8, Lys12 and 

Lys16.  

 

5.2. Data collection and image processing 

 

Cryo-EM grids were prepared in a similar manner as for the complex between INO80 

and a canonical nucleosome, including the addition of ADP•BeF3, given our previous 

finding that this nucleotide-bound state was required in order for INO80-nucleosome 

complexes to survive the freezing process, with the only difference being the use of a 

62N2 nucleosome, instead of a 52N25. The choice of overhangs of different length to 

those used for the canonical nucleosome was due to the availability of the required 

oligonucleotides at the time of nucleosome preparation. Grids were first screened with 

one of the instruments available at the in-house facility. The acquired micrographs 

revealed a good particle distribution and ice thickness, and 2D classes confirmed the 

presence of INO80-nucleosome complexes (Figure 5.1). 
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Figure 5.1. Screening of cryo-EM grids of the INO80-tetracetylated nucleosome 
complex in the presence of ADP•BeF3. a, Representative micrograph of a cryo-EM 
grid of the INO80-nucleosome complex prepared in the presence of ADP•BeF3. 
Examples of particles corresponding to free INO80 complex (red), free nucleosomes 
(blue) and INO80-nucleosome complexes (green) are circled. The scale bar represents 
a length of 300 Å. b, Representative 2D classes obtained with RELION (with 380 
particles per class on average). The 2D class averages confirmed the presence of 
INO80 complexes bound to the tetracetylated nucleosome (circled in green), although 
free INO80 and nucleosomes were also observed. The scale bar represents a length of 
100 Å. 
 

a

b



 124 

High-resolution data was then collected with a Titan Krios equipped with a Falcon III 

detector operating in counting mode at the Francis Crick institute. Counting mode was 

chosen due to the better DQE (and therefore higher SNR) achievable by means of 

electron counting, particularly at the highest spatial frequencies. The frames for each 

collected movie were aligned and summed with MotionCor2, and CTF parameters 

were estimated with gCTF, resulting in an accurate fitting to the experimental power 

spectra up to a resolution of 3.5 Å in most cases (Figure 5.2).  
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Figure 5.2. High-resolution data collection for the INO80-tetracetylated 
nucleosome complex. a. Represenative field of a micrograph of the INO80-
nucleosome complex. A total of 6,124 movies were acquired with a Falcon 3EC 

a

b
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operating in counting mode. Examples of particles corresponding to the INO80-
tetracetylated nucleosome complex are circled in green. The scale bar represents a 
length of 200 Å. b. Experimental power spectrum (bottom left), rotationally averaged 
power spectrum (top left) and Thon rings simulated from the determined CTF 
parameters (left). The simulated Thon rings matched well the experimental power 
spectrum up to a resolution of 3.0 Å (white circle). 
 

After cleaning the set of extracted particles (auto-picked with projections of the INO80-

nucleosome reconstruction as templates) by means of 2D classification, particles 

assigned to 2D class averages clearly showing density for both INO80 and the 

nucleosome (152,006 particles) (Figure 5.3) were selected and carried over for further 

processing (Figure 5.4).  

 

 

Figure 5.3. Representative 2D classes obtained from the high-resolution dataset 
of the INO80-tetracetylated nucleosome complex. a. 2D classes obtained during the 
early stages of image processing of the high-resolution INO80-tetracetylated 
nucleosome dataset. Classes revealed the presence of free INO80 complexes, free 
nucleosomes and INO80-nucleosome complexes. Each 2D class was generated from 

a

b
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16,000 particles on average. The scale bar represents a length of 120 Å. b. 2D classes 
obtained after reclassifying a selection of particles corresponding to class averages of 
previous rounds of classification displaying density for both the INO80 complex and the 
nucleosome. Each 2D class was generated from 780 particles on average. The scale 
bar represents a length of 100 Å. 

 

 

Figure 5.4. Image processing scheme followed for the high-resolution dataset of 
the INO80-nucleosome complex. The set of automatically picked particles was 
subjected to 2D classification in cryoSPARC. A set of 152,006 particles assigned to 
classes displaying clear density for both INO80 and the nucleosome were selected for 
further imaged processing. These particles were used to perform a heterogeneous 3D 
refinement in cryoSPARC providing two copies of the INO80-nucleosome 
reconstruction as starting models. 73% of the particles (111,161 particles) yielded a 3D 
reconstruction with features of higher resolution than the other class. These particles 
were used to perform a 3D refinement in RELION, yielding the reconstruction of the 
INO80-tetracetylated nucleosome (3.6 Å). Focused 3D refinements with local angular 
searches were used to obtain improved reconstructions of the nucleosome and the 
ARP5 module, and of the nucleosome and the motor domain, in both cases at 3.9 Å. 
Additionally, the particles used for the reconstruction of the INO80-tetracetylated 
nucleosome complex were subjected to a 3D classification in RELION without 
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alignment and using a mask highly focused around the C-terminal portion of H2B. A 
high T-value of 40 was applied. The particles assigned to each of the three classes 
were refined independently against the INO80-tetracetylated nucleosome map using 
only local angular searches and with a mask around the nucleosome-ARP5 region. In 
one of the resulting reconstructions (at 4.4 Å resolution and comprising 22,607 
particles), a contact between the ARP5-IES6 module and the C-terminal helix of H2B 
was observed. A similar strategy was used to try to identify contacts between the H3 
tail and the motor domain, but no contacts were observed in any of the classes. 
 

Particles containing high resolution information were then selected by performing a 

heterogeneous 3D refinement in cryoSPARC with two classes, using the INO80-

nucleosome reconstruction as the starting model for both classes. A heterogeneous 3D 

refinement was used instead of an ab initio 3D classification because a set of particles 

with similar broad features had already been selected by means of 2D classification, 

and the 2D classes did not reveal a binding mode of INO80 to the tetracetylated 

nucleosome largely different to that observed for the canonical nucleosome. One of the 

two resulting maps, corresponding to 73% of the input particles, showed improved 

secondary structure elements, while the other displayed lower resolution features and 

showed signs of overfitting in the nucleosome density (Figure 5.5). 

  

 

Figure 5.5. Reconstructions of the INO80-tetracetylated nucleosome complex 
obtained with a heterogeneous 3D refinement in cryoSPARC. Class 1 (a) 
contained 73% of the input particles and displayed in all regions features of higher 
resolution than in class 2 (b). 
 

a b
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The 111,161 particles assigned to the first model were subjected to a 3D refinement in 

RELION, leading to a reconstruction at a global resolution of 3.6 Å (referred to as the 

INO80-tetracetylated nucleosome map) (Figure 5.6). The INO80-tetracetylated 

nucleosome map displayed a better density for the nucleosome than that of the INO80-

nucleosome map. However, high-resolution features, such as secondary structure 

elements, were still considerably better in the region comprising the RUVBL1-2 ring 

than in the tetracetylated nucleosome. Indeed, in spite of the high global resolution 

achieved for the INO80-tetracetylated nucleosome map, local resolution analysis 

revealed that the resolution ranged from 3 Å to 8 Å, with the nucleosome region at the 

lower resolutions (Figure 5.6). Therefore, in order to facilitate interpretation and model 

building, the map was subjected to further processing. 

 

 

Figure 5.6. Quality of the INO80-tetracetylated nucleosome reconstruction. a. 
Local resolution map of the INO80-tetracetylated nucleosome reconstruction. The map 
was generated from 111,161 particles. The scale bar represents a length of 100 Å. b. 
Angular distribution of the particles used for the reconstruction. No anisotropic features 
were observed in the map. c. Corrected FSC curve of the reconstruction. 
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We first aimed to improve the quality of the reconstruction for the nucleosome, the 

ARP5-IES6 module and the motor domain. In order to do so, we performed focused 3D 

refinements in RELION with masks including either the nucleosome and ARP5-IES6, 

or the nucleosome and the motor domain. Additionally, in order to prevent large 

divergence of the assigned angles, only local angular searches from the values 

determined for the INO80-tetracetylated nucleosome reconstruction were performed. In 

this approach, the angles are assumed to be roughly correct, and only values in a 

restricted range around the already determined angles are explored. Both focused 

refinements succeeded at improving the quality of the reconstruction for the regions 

included in the applied masks (Figure 5.7), yielding in both cases reconstructions at 

3.9 Å resolution (referred to as the “nucleosome-ARP5-IES6 map” and the 

“nucleosome-motor domain” map).  
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Figure 5.7. Quality of the nucleosome-ARP5-IES6 and nucleosome-motor domain 
reconstructions. The use of focused, local refinements resulted in a considerable 
improvement of the nucleosome and the ARP5-IES6 module (a) or the motor domain 
(b) as demonstrated by local resolution analysis. The scale bar for a and b represents 
a length of 100 Å. Corrected FSC curves for the nucleosome-ARP5-IES6 and the 
nucleosome-motor domain reconstruction are shown in c and d respectively. 
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The better quality of the reconstructions for these regions was also evidenced by the 

clear improvement of features such as the major and minor grooves of the DNA and 

better defined secondary structure elements for the histone octamer, the ARP5-IES6 

module and the motor domain. Additionally, in the nucleosome-ARP5-IES6 map, we 

observed a contact between the ARP5-IES6 module and the tail of H4 (Figure 5.8) 

. 

 

Figure 5.8. Density for the acetylated H4 tail in the INO80-tetracetylated 
nucleosome complex. Density for the H4 tail (purple) extending and contacting the 
ARP5-IES6 module was observed in the nucleosome-ARP5-IES6 reconstruction. The 
region of the ARP5-IES6 module contacted by the H4 tail was assigned to be part of a 
large, non-conserved insertion present in ARP5 (dark green). 
 

A potential contact with the H2B C-terminal region was also observed in the 

nucleosome-ARP5-IES6 map, although the density was weak, indicating structural 

heterogeneity in this area. We tried to isolate a subset of particles where this contact 

would be established in a particular conformation homogenous enough to be averaged. 

To that extent, we performed a highly focused 3D classification with a small mask 

H4 tailARP5

insert

IES6
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including only the region around the C-terminal portion of H2B. The classification was 

performed in RELION without allowing the alignment parameters of each particle to 

vary and with a high T-value of 40 (a parameter that must be determined by the user 

and that accounts for an underestimation of the power of the signal present in a given 

reconstruction), since such an approach has been shown to be useful for the 

classification of particles based on differences in small regions (Scheres, 2016). 

Angular and translational parameters were kept as assigned during the final iteration of 

the refinement performed to obtain the nucleosome-ARP5-IES6 map. Three classes 

were requested, and one of them (including 20% of the starting 111,161 classified 

particles) showed a considerably clearer density for a contact between the ARP5-IES6 

module and the H2B C-terminal helix (Figure 5.9). While the resolution of the region of 

interest was not high enough to unambiguously determine the residues involved in the 

interaction, the Ies6 subunit has been shown to be in close proximity of the C-terminal 

helix of H2B in the Saccharomyces cerevisiae INO80 complex by means of 

crosslinking-mass spectrometry experiments (Tosi et al., 2013). 

 

A similar approach was taken to try to identify particles with the H3 tail engaged to the 

motor domain, using a tight mask to perform a 3D classification of the particles without 

alignment for the nucleosome-motor domain map. However, all the resulting classes 

contained an approximately equal number of particles, and none showed any signs of 

additional density potentially corresponding to the H3 tail (Figure 5.10). 
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Figure 5.9. Reconstructions obtained after classifying particles with a mask 
around the H2B C-terminal region. After performing a 3D classification without 
alignment and a mask around the H2B C-terminal region, particles assigned to each of 
the three classes were independently refined. In the reconstruction resulting from the 
particles assigned to class 2 (b), comprising 20% of the input particles, a contact 
between IES6 and the C-terminal helix of H2B was established, which was not visible 
in class 1 (a) or class 3 (c). The Thr224 residue of IES6, potentially involved in the 
interaction, is highlighted. 
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Figure 5.10. Reconstructions obtained after classifying particles with a mask 
around the H3 tail. Particles were classified into three classes by performing a 3D 
classification without alignment with a mask around the H3 tail. Particles assigned to 
each of the class were refined independently. No density for the H3 tail was observed 
in any of the resulting classes.  
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5.3. Structure of the INO80-tetracetylated nucleosome complex 

 

The main features of the map and overall architecture were similar to those of the 

reconstruction of INO80 in complex with a canonical nucleosome (Figures 5.11 and 

5.12). As in the INO80-nucleosome map, the SC1 module was also absent from the 

INO80-tetracetylated nucleosome reconstruction. However, the improved resolution of 

3.6 Å, as well as the focused nucleosome-ARP5-IES6 and nucleosome-motor domain 

maps, allowed us to clarify some of the structural features that were ambiguous in the 

INO80-nucleosome map and extend the coverage of the structural models, particularly 

around the nucleosome-interacting regions. 

 

 

Figure 5.11. Architecture of the INO80-tetracetylated nucleosome complex. The 
overall architecture was similar to that of the complex of INO80 with a canonical 
nucleosome. The improved resolution allowed the extension of structural models of all 
subunits, as well as the generation of a structural model for IES6. The scale bar 
represents a length of 100 Å. 
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Figure 5.12. Density for the different subunits of the INO80-tetracetylated 
nucleosome complex. The density for different subunits of the INO80-tetracetylated 
nucleosome complex is displayed with the corresponding structural models fitted. a. 
AAA+ ring of the RUVBL1-2 heterohexamer. b. Top (left) and bottom (right) layers of 
the nucleosome. c. Ino80 motor domain. d. ARP5, with part of the non-conserved 
insertion displayed in dark green. e. Ino80 insertion domain. f. IES6. g. IES2. We were 
able to build a model for IES2 comprising its C-terminal portion and an additional helix, 
but no connecting density between the two parts was observed. 
 

The improved resolution of the ARP5-IES6 module allowed us to extend the pseudo-

atomic model of ARP5 (Figure 5.13). We were able to build also a small portion of the 

large ARP5 insertion domain (residues 255 to 278 and 436 to 446), although no 

density was observed for the rest of the large insertion domain, which as a whole 

comprises residues 255 to 446. 
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Figure 5.13. Density and structural model for part of the ARP5 insert. The 
nucleosome-ARP5-IES6 map enabled the generation of a structural model for part of a 
non-conserved insert present in the core actin fold of ARP5, and comprising residues 
255 to 446.  The density only allowed building of a model for residues 255 to 278 and 
435 to 446. 
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The improved resolution also allowed us to gain some information about the 

nucleotide-bound state of ARP5, with density in the nucleotide-binding pocket that was 

too large to be ADP, and instead corresponded either to ATP or to ADP•BeF3 (Figure 

5.14). Since a large excess of ADP•BeF3 was added during sample preparation, it is 

likely that ADP•BeF3 is the ligand present in the nucleotide-binding pocket, but the 

presence of ATP instead cannot be ruled out.  

 

 

Figure 5.14. Density for ADP•BeF3 in the nucleotide-binding pocket of ARP5. The 
improved resolution of ARP5 in the nucleosome-ARP5-IES6 reconstruction enabled 
the identification of the nucleotide present at its nucleotide-binding pocket. The density 
was large enough to accommodate either ATP or ADP•BeF3. We propose that the 
bound nucleotide is ADP•BeF3 due to its addition in large excess during sample 
preparation, but the presence of ATP instead cannot be ruled out.  
 

We were also able to build a model for IES6. In order to begin building the IES6 

backbone, a homology model for a zinc-binding-like domain predicted from its 

sequence and spanning residues 179 to 222 was assembled by threading its sequence 

into the structure of the zinc-finger domain of TRIP3 (PDB code 2YQQ) with SWISS-

MODEL. The homology model for the zinc-binding-like domain was rigid-body fit into 

the density observed between the ARP5 subunit and the RUVBL1-2 ring that was left 

unassigned in the INO80-nucleosome map (Figure 5.15).  
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Figure 5.15. Density and structural model for the zinc-binding-like domain of 
IES6. A homology model for a zinc-binding-like domain predicted from the sequence of 
IES6 (residues 179 to 222) was assembled by threading its sequence into the structure 
of the zinc-finger domain of TRIP3 (PDB code 2YQQ). The homology model was rigid-
body fit into density located between ARP5 and the RUVBL1-2 ring, and could be 
extended towards its N-terminus by following the density. 
 

Following rigid-body fitting, the coordinates were extended manually according to the 

density. The resulting model showed that IES6 wraps around ARP5 and intertwines 

with ARP5 at the interface of interaction with nucleosomal DNA (Figure 5.16), 

explaining the decrease in the binding affinity of INO80 for nucleosomes upon deletion 

of IES6 or ARP5 (Willhoft et al., 2016). In total, three main contact points are 

established between ARP5-IES6 and nucleosomal DNA between SHL -2 and SHL -3. 

The C-terminus of ARP5 interacts with the phosphate backbone at SHL -3 (Figure 

5.17).  

IES6 zinc-
binding
domain
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Figure 5.16. Structural model for the ARP5-IES6 module. IES6 wraps around the 
ARP5 subunit, establishing extensive contacts with it through regions lacking a well-
defined secondary structure, and explaining the observation that ARP5 and IES6 form 
an obligate pair.  
 

Additionally, an ARP5 loop contacts the DNA minor groove at SHL -2 (Figure 5.17). 

Finally, IES6 establishes a contact point located between the two ARP5 contacts with 

the major groove of DNA (Figure 5.17). The ARP5 loop contacting the minor groove of 

the DNA, as well as the IES6 region that contacts the major groove, correspond to 

partially conserved regions which contain multiple positively charged residues (Figure 

5.17), comprising, in the human proteins, residues 67 to 73 of ARP5 and residues 129 

to 142 of IES6. 
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Figure 5.17. Interactions between the ARP5-IES6 module and nucleosomal DNA. 
Three interactions are established between the ARP5-IES6 module and nucleosomal 
DNA at SHL -2 to SHL -3. ARP5 contacts the phosphate backbone at the major groove 
of SHL -3 through its C-terminus (a) and the minor groove of SHL -2 through a loop 
comprising residues 67 to 73 (b). IES6 etablishes an additional contact point with the 
major groove of SHL -3 by means of a loop including residues 129 to 142 (a). The 
contact point established by IES6 is located between the two contact points 
established by ARP5. c. Multiple sequence alignment for the loops of ARP5 and IES6 
involved in the interactions with nucleosomal DNA. Both loops contain several 
positively charged residues partially conserved amongst species. Red boxes highlight 
positions equivalent to residues 67-73 of human ARP5 and residues 129-142 of human 
IES6. 
 

 

Similarly, the improved resolution of both lobes of the motor domain in the 

nucleosome-motor domain map allowed us to extend and improve the pseudo-atomic 

model of the motor domain. The motor domain was in the same conformation as in the 

INO80-nucleosome map, consistent with the binding of ADP•BeF3. We were indeed 

able to observe density for a nucleotide in the nucleotide-binding pocket (Figure 5.18), 
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which we concluded to be ADP•BeF3 due to its addition in large excess during sample 

preparation.  

 

 

Figure 5.18. Density for ADP•BeF3 in the nucleotide-binding pocket of the Ino80 
motor domain. The putative density observed in the nucleotide-binding pocket could 
accommodate ADP•BeF3. Its presence is further supported by the “closed” 
conformation adopted by the two lobes of the motor domain, consistent with nucleotide 
binding.  
 

The nucleosome-motor domain map also revealed other novel features not previously 

observed in the reconstruction with a canonical nucleosome. Firstly, there was clear 

density for the N-terminus of one of the RUVBL1 protomers, which extends over the 

motor domain and stacks on top of the β-sheet of the C-terminal lobe of the motor 

domain (Figure 5.19).  
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Figure 5.19. Interaction of RUVBL-1 with the Ino80 motor domain. a. We observed 
density in the INO80-tetracetylated nucleosome map and the nucleosome-motor 
domain map corresponding to the N-terminus of one of the RUVBL1 protomers, which 
extends over the motor domain and forms an additional strand on the edge of a β-
sheet of the C-terminal lobe of the motor domain. b. Overview of the motor domain 
bound to DNA with the additional β-strand provided by the N-terminus of a RUVBL1 
protomer. 
 

Interestingly, the OB-fold of the same RUVBL1 molecule directly contacts the 

phosphate backbone of the peeled off nucleosomal DNA through its Lys165 (Figure 

5.20), suggesting a potentially active role of this particular RUVBL1 protomer in 

regulating the translocation activity of the motor. 

 

 

Figure 5.20. Interaction of a RUVBL1 protomer with nucleosomal DNA. The 
nucleosome-motor domain map revealed density for a contact between RUVBL1 and 
the phosphate backbone of peeled off nucleosomal DNA at SHL -6. The interaction is 
established through Lys165 of the same RUVBL1 protomer whose N-terminus interacts 
with a β-sheet of Ino80-HC. 
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In addition, a helical density adjacent to the motor domain and the nucleosome is 

bound along the DNA major groove (Figure 5.21). A similar density was observed in 

the structure of C. thermophilum INO80 bound to a canonical nucleosome solved by 

the Hopfner laboratory (Eustermann et al., 2018), where it was assigned to be part of 

Ies2.  

 

 

Figure 5.21. IES2 helical density next to the motor domain and nucleosomal DNA. 
A helical density located between the motor domain and nucleosomal DNA was 
observed and assigned to be part of IES2, based on crosslinking-mass spectrometry 
data and previous subunit assignment of the C. thermophilum INO80-nucleosome 
complex. No connecting density with the rest of IES2 was observed. 
 

Therefore, IES2, which connects the motor domain to ARP5-IES6 through RUVBL1-2, 

could also play a role in regulating cross-talks between the motor domain and the 

ARP5-IES6 module. As in the C. thermophilum INO80-nucleosome structure, we did 

not observe connecting density between this IES2 helix and the C-terminal region 

running along RUVBL1-2 (Figure 5.22).  
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Figure 5.22. Structural model of IES2 in the INO80-nucleosome complex. The 
structural model built for IES2 is displayed in yellow, with the rest of the INO80-
tetracetylated nucleosome reconstruction in grey. No connecting density was observed 
between the two built regions. 
 

Interestingly, the structure of SWR1 bound to a nucleosome showed that the Swc2 

subunit adopts a very similar arrangement to the IES2 subunit of the INO80 complex 

(Figure 5.23), possibly suggesting a conserved regulatory function for both subunits in 

their respective complexes. Additionally, the density assigned to be Swc2 in SWR1 

extended further, contacting the distal face of the nucleosome on the acidic patch of 

H2A-H2B. The acidic patch has in fact been proved to be important for histone 

exchange by SWR1 (Willhoft et al., 2018). 

 

Since we did not observe any sign of the presence of such an extension for the 

corresponding IES2 helix in any of our reconstructions of INO80 bound to either the 

canonical or the tetracetylated nucleosome, it might be tempting to suggest that such 

contact of Swc2 with the acidic patch of the distal face of the nucleosome could be, at 

least partially, determining the lack of sliding activity observed for SWR1. By means of 
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the contacts established by Swc2 with the the motor domain, the DNA proximal to the 

motor domain and the distal face of the nucleosome, the system would be locked in a 

specific position of the DNA wrap with respect to the histone octamer, preventing the 

DNA to be pushed or pulled along the surface of the histone octamer as required to 

produce nucleosome sliding. However, since the C. thermophilum INO80-nucleosome 

structure also revealed the presence of a similar extension of the Ies2 helix, which 

contacts the distal acidic patch too, we concluded that the additional contact at the 

distal acidic patch is not a feature defining the presence or absence of sliding activity 

on its own.  

 

Figure 5.23. Structural model of Swc2 in the SWR1-nucleosome complex. The 
structural model for Swc2 (PDB code 6GEJ) is displayed in yellow, with the rest of the 
SWR1-nucleosome reconstruction in grey (EMDB code 4395). In spite of a lack of 
sequence conservation, the Swc2 subunit of SWR1 shares structural similarities with 
the IES2 subunit of INO80. However, unlike in the case of IES2, density connecting the 
segments of Swc2 located next to the RUVBL1-2 ring and next to the Swr1 motor 
domain was observed. Additionally, the Swc2 subunit extends under the nucleosome 
and contacts the distal acidic patch. This feature was also observed in the C. 
thermophilum INO80-nucleosome structure, but not in any of the reconstructions of 
human INO80 bound to a nucleosome. 
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It remains unknown why such a feature is not present in our reconstructions of human 

INO80-nucleosome complexes. It is possible that it is a species-specific feature, since 

both the SWR1-nucleosome complex and the C. thermophilum INO80-nucleosome 

structure correspond to complexes of yeast species. Alternatively, a different 

nucleotide-bound state of one or more of the subunits might be required in INO80 and 

SWR1 for the extension of the Ies2/Swc2 subunit to engage properly to the distal face 

of the nucleosome. While the SWR1-nucleosome reconstruction was obtained in the 

presence of ADP•BeF3, the C. thermophilum INO80-nucleosome complexes were 

prepared without the addition of any nucleotide, and no nucleotide was found to be 

bound to the Ino80 motor domain. It is therefore possible that the conformation of the 

INO80-nucleosome complex adopted in the presence of ADP•BeF3 prevents a stable 

interaction of IES2 with the distal face of the nucleosome, an opposite effect to that 

observed in SWR1. 

 

5.4. Interaction of INO80 with the histone core  

 

In the INO80-tetracetylated nucleosome reconstruction, we observed clear density for 

the N-terminal H4 tail bound to ARP5. The H4 tail contacts ARP5 and interacts with it 

through the large insertion present in ARP5, although the details of the interaction are 

unclear (Figure 5.8). This interaction was not observed in the complex of INO80 with a 

canonical nucleosome, suggesting that it is driven by the acetylation of at least one of 

the four modified lysine residues, which could lock the otherwise flexible ARP5 

insertion into a specific conformation.  

 

Apart from H4 tail, previous biochemical data revealed that histone H2A-H2B dimers 

also interact with the ARP5-IES6 module (Ayala et al., 2018). However, the details of 

the interaction remained unknown, as the previous reconstruction of the INO80-

nucleosome complex only showed an interaction of the different INO80 subunits with 

the nucleosomal DNA. By using 3D classification without alignment with a tight mask 

around the C-terminal region of H2B we were able to identify a subpopulation where a 

contact between the C-terminus of Ies6 and the C-terminal α-helix of H2B was 

established. The structure suggests Thr224 of IES6 could play a key role in the 

interaction. Whether this contact just contributes to nucleosome recognition and 

binding, or if it plays a more active role in the activity of the complex, such as by 

facilitating the exchange of H2A-H2B canonical dimers for dimers with the H2A.Z 

variant, remains unknown.  
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The INO80 complex is also different to other remodelers in that H3 tail instead of the 

H4 tail regulates the activities of the motor domain (Ayala et al., 2018). This is easily 

explained by the fact that the motor domains of INO80 bind around SHL -6 and SHL -7 

of the nucleosome, different from the binding to SHL -2 found for other remodelers 

(Farnung et al., 2017; Liu et al., 2017; Willhoft et al., 2018). This unique interaction 

mode results in the H3 tail instead of the H4 tail being proximal to the motor domain in 

INO80, while an N-terminal H4 tail is proximal to the ARP5-IES6 module which binds at 

SHL -2 to SHL -3. Since the H3 tail has been shown to modulate the activity of the 

motor domain, we used a similar focused classification strategy in order to detect any 

direct interactions between the H3 tail and the motor domain. However, we were not 

able to identify any sub-population where there was clear density for the H3 tail 

extending into the motor domain. The absence of clear density for H3 tail extending 

into the motor domain in both of our reconstructions of INO80 bound to a nucleosome, 

as well as in the C. thermophilum INO80-nucleosome structure, suggests that either a 

H3 tail modification is required for engagement of the H3 tail, as proposed for the 

acetylation of H4 for the engagement of the H4 tail, or regulation happens at a different 

stage of the catalytic process than those captured in the available structures. 

 

5.5. Location of SC1 

 

As in the previous INO80-nucleosome reconstruction, SC1 was found to be too 

unstable or flexible to be observed in the reconstruction of the rest of the complex. In 

order to obtain information on SC1, especially how it contacts DNA, we re-picked and 

extracted particles on the entire dataset by using as templates projections of a 

simulated map generated from the crystal structure of C. thermophilum SC1 low-pass 

filtered to 30 Å resolution (PDB code 5NBN) (Knoll et al., 2018). Subsequent 2D 

classification led to a set of particles containing SC1, including a large proportion 

engaged to DNA covering a length of approximately 35 bp of extranucleosomal DNA 

(Figure 5.24). An additional thinner, linear density was observed in the 2D classes 

running parallel to the DNA and into the SC1 main density, which we assigned to be 

Ino80-HSA. 
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Figure 5.24. 2D class averages of SC1. 2D classes were generated by means of 
several rounds of 2D classification of a total of 5,405,003 particles automatically picked 
using as templates projections of a crystal structure of the SC1 component of the C. 
thermophilum INO80 complex (PDB code 5NBN). The displayed 2D class averages 
contain 2,100 particles on average. The measured length of SC1 was approximately 
120 Å, corresponding to approximately 35 bp of DNA assuming a linear B-form of DNA, 
where the distance between consecutive base pairs is 3.4 Å. The scale bar represents 
a length of 120 Å. 
 

A subset of particles bound to DNA was selected and refined to a final resolution of 6 Å. 

A strong preferential orientation limited the quality of the reconstruction, but we could 

easily fit the crystal structure of C. thermophilum SC1 (PDB code 5NBN) (Figure 

5.25a). Projections of the fitted model matched well the 2D classes corresponding to 

an equivalent view (Figure 5.25b). Our reconstruction and model suggest that SC1 

contacts DNA mostly through the middle subunit of the SC1 module, assigned to be 

actin. Additionally, the reconstruction and 2D classes suggest that Ino80-HSA is in 

close proximity to the extranucleosomal DNA bound by SC1, in accordance with data 

indicating that Ino80-HSA is able to bind DNA through a set of highly conserved lysine 

and arginine residues (Knoll et al., 2018).  
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Figure 5.25. Fitting of subunits in the SC1 reconstruction. a. The 3D reconstruction 
of SC1 could easily accommodate the crystal structure of C. thermophilum SC1 (PDB 
code 5NBN) and an adjacent segment of B-form linear DNA. The quality of the 
reconstruction was limited by a strong preferential orientation of DNA-bound SC1 
particles. The scale bar represents a length of 120 Å. b. The viewing angles of a set of 
2D classes (top) were used to generate projections (bottom) of the fitted model 
(middle). The projections closely matched the features observed in the 2D classes. The 
scale bar represents a length of 120 Å.  
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We also attempted to obtain a reconstruction of the entire INO80-tetracetylated 

nucleosome (including SC1) by re-extracting the particles corresponding to the 2D 

classes of SC1 bound to DNA with a bigger box, large enough to contain the rest of 

INO80 and the nucleosome. 2D classification of the resulting particles confirmed the 

presence of the rest of the complex. However, the RUVBL1-2 ring and nucleosome 

features dominated the alignments, causing the SC1 density to weaken as a 

consequence of its flexibility with respect to the rest of the complex (Figure 5.26). 

Additionally, due to the strong preferential orientation (with only two different views 

represented among the obtained 2D classes), we were unable to obtain a meaningful 

3D reconstruction. Nevertheless, the binding mode of SC1 along the extranucleosomal 

DNA suggests that it could play a role as a molecular ruler, measuring the length of the 

extranucleosomal DNA to help determine the direction towards which the nucleosome 

should be moved to position it centrally. Furthermore, given that INO80 has been found 

to regularly space nucleosomes in substrates containing arrays of nucleosomes 

(Udugama et al., 2011), SC1 could also be a sensor for adjacent nucleosomes, 

required for the correct positioning of nucleosomes in the context of the more 

physiologically-relevant nucleosome array substrates. 

 

 

Figure 5.26. 2D classes obtained with SC1-containing particles extracted with a 
large box. The particles used for the 3D reconstruction of SC1 were re-extracted with 
a larger box and subjected to 2D classification in RELION. The displayed 2D classes 
contain 80 particles per class on average. The flexibility of the SC1 component is 
demonstrated by its weaker density compared to the rest of the complex, which 
dominates the alignment. The classes suggest that SC1 binds to extranucleosomal 
DNA. The scale bar represents a length of 200 Å. 
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5.6. Comparison with the C. thermophilum INO80-nucleosome structure and 

implications for the INO80 sliding activity 

 

Interestingly, despite similar overall binding modes to the nucleosome, the structures of 

the human INO80-nucleosome and INO80-tetracetylated nucleosome complexes also 

show considerable differences to that of the C. thermophilum INO80-nucleosome 

complex. This can be easily illustrated by aligning both structures on the nucleosome: 

upon doing so, the highly-conserved motor domain is located in significantly different 

positions, which are separated by about one DNA helical turn.  

The observed large disparities cannot be simply attributed to sequence differences. 

Importantly, in both of our structures of the human INO80-nucleosome, ADP•BeF3 was 

added and found to be bound to the motor domain that adopts the canonical “closed” 

conformation (Singleton, Dillingham, and Wigley, 2007), whereas in the C. 

thermophilum structure, no nucleotide was added and the motor domain is in the apo 

(nucleotide-free) state, adopting the canonical “open” conformation (Singleton, 

Dillingham, and Wigley, 2007) (Figure 5.27). 

 

 

Figure 5.27. Comparison of the conformation of the Ino80 motor domain in the 
nucleotide-free and the ADP•BeF3 structures. The motor domain in the ADP•BeF3 
structure adopt a conformation where the two lobes are more closed around the DNA-
binding cleft, whereas in the nucleotide-free structure (PDB code 6FML) they are in a 
more open conformation. This is in accordance with previous observations of the effect 
of nucleotide binding on other helicases. 
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ADP•BeF3

Nucleotide-free
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We therefore propose that the differences we observe here could represent two 

different functional/structural states during the ATPase cycle of the motor domain. We 

first compared the two structures aligned on the histone octamer (Figure 5.28). In the 

nucleotide-free state of the motor domain, as in the C. thermophilum structure (referred 

hereafter as the nucleotide-free structure), the motor domain binds to nucleosomal 

DNA a full helical turn (10 bp) closer to the dyad axis than in the structure with 

ADP•BeF3 bound to the motor domain (termed the ADP•BeF3 structure), and the DNA 

is further peeled from the histones (Figures 5.28a and 5.28b). In the nucleotide-free 

structure, the interaction between the Arp5-Ies6 module and the nucleosomal DNA is 

also shifted in the same direction, closer to the dyad axis, although only by half a 

helical turn (Figure 5.28c). The shift in the interactions of the ARP5-IES6 module is 

particularly interesting, as the contact points on DNA are swapped from major to minor 

groove and vice versa for each subunit, suggesting that the ARP5-IES6 module has at 

least two binding modes on DNA, approximately five base pairs apart. 

 

Interestingly, if the nucleotide-free and ADP•BeF3 structures are aligned on the 

RUVBL1-2 heterohexamer, the relative locations of the motor domain-IES2 and ARP5-

IES6 are roughly similar (although not completely superimposable), suggesting that the 

motor domain-IES2, the RUVBL1-2 heterohexamer and the ARP5-IES6 module might 

broadly move as a single entity (Figure 5.29). This is not surprising given the large 

degree of interconnection established by a range of different interactions across all of 

the subunits. Thus, changes in the motor domain could possibly be transmitted to the 

ARP5-IES6 module via RUVBL1-2 and vice versa.  
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Figure 5.28. Comparison of the nucleotide-free and the ADP•BeF3 structures of 
the INO80-nucleosome complex aligned on the histone octamer. The ADP•BeF3 
structure is colored, while the nucleotide-free structure (PDB code 6FML) is shown in 
grey. The arrows indicate the shift of equivalent structural elements. a. View from the 
bottom face of the nucleosome. b. View from the back of the motor domain. c. View 
from the front of the ARP5-IES6 module. 
 

a

c
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Figure 5.29. Comparison of the nucleotide-free and the ADP•BeF3 structures of 
the INO80-nucleosome complex aligned on the RUVBL1-2 ring. The ADP•BeF3 
structure is colored, while the nucleotide-free structure (PDB code 6FML) is shown in 
grey.  
 

To investigate further this hypothesis, we aligned the two structures on the Ino80-HN 

lobe of the motor domain (Figure 5.30). Indeed, in such comparison Ino80-HC, the 

RUVBL1-2 ring and the ARP5-IES6 module are all shifted slightly between the 

nucleotide-free structure and the ADP•BeF3 structure, as well as the paths of the 

nucleosomal DNA. However, much more significant differences are observed in the 

relative orientations of the histones. Looking from the distal face of the nucleosome, 

the histones rotate by approximately 45º, such as if they contacted the next equivalent 

position along the nucleosomal DNA, 10 bp apart due to the periodicity of the DNA 

wraps (Figure 5.30d). 

 

180º
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Figure 5.30. Comparison of the nucleotide-free and the ADP•BeF3 structures of 
the INO80-nucleosome complex aligned on the N-terminal lobe of the Ino80 
motor domain. The ADP•BeF3 structure is colored, while the nucleotide-free structure 
(PDB code 6FML) is shown in grey. The arrows indicate the shift of equivalent 
structural elements. a. View from the back of the motor domain. b. View from the top of 
the RUVBL1-2 ring. c. View from the front of the ARP5-IES6 module. d. View from the 
bottom of the nucleosome. 
 

5.7. Conclusion 

 

The structure of the INO80-tetracetylated nucleosome revealed how H4 acetylation 

might help the recruitment of nucleosomes. Furthermore, due to the improved 

resolution of the reconstruction, most regions of the complex were better resolved, 

revealing novel structural features that could play a key role in the communication of 

the different subunits during the remodeling process. Additionally, by comparing our 

structure with that of the C. thermophilum INO80-nucleosome complex solved by the 

Hopfner laboratory in a different nucleotide-bound state, we found significant 

differences in the relative position of most subunits, which indicate that conformational 

changes in either the ARP5-IES6 module or the motor domain could be transmitted to 

each other through the RUVBL1-2 ring and affect the interactions with the DNA and 

histones.  

a b

c d
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6. Discussion and future perspectives 

 

Specific mechanisms are required to access the genetic information compacted into 

chromatin and facilitate DNA replication, transcription and DNA damage repair. Cells 

have developed a number of tightly regulated systems to control these processes, 

including histone editing, ATP-dependent chromatin remodeling, histone chaperones 

and other epigenetic mechanisms. Changes to chromatin structure are cell cycle-

dependent, and also occur in response to stress signals and other environmental 

conditions. 

 

Alterations in the components of these regulatory elements are one of the features of 

cancerous cells, which are typically characterized by a loss of the stability of the 

genome and modified gene expression patterns. Mutations or changes in the 

expression levels of epigenetic regulators, including ATP-dependent chromatin 

remodelers, are in fact often found in cancerous cells (Mayes et al., 2014). These can 

in turn lead to abnormal expression patterns of other genes, including oncogenes, 

which facilitate the transition from normal tissue to the different stages of cancer. For 

these reasons, epigenetic regulators have become an attractive target for the 

development of novel cancer therapeutic strategies. Indeed, several drugs targeting 

histone- or DNA-editing enzymes have been succesfully developed and approved for 

clinical use. These are mostly inhibitors of histone deacetylases (vorinostat and 

romidepsin) and DNA methyltransferases (azacitidine and decitabine) (Nebbioso et al., 

2012). The success of the first generation of such “epigenetic” drugs has enhanced the 

interest in this type of anti-cancer drugs. Furthermore, while initial screens targeted 

mainly enzymes performing chemical modifications on the genetic material, the 

realization that ATP-dependent chromatin remodelers play a key role in the 

deregulation of gene expression patterns observed in malignant cells has made 

chromatin remodeling complexes another interesting target for new cancer therapies. 

There is in fact direct evidence showing that the activity of some chromatin remodelers 

is required for tumor growth in certain types of cancer, such as INO80 for non-small 

cell lung cancer (Zhang et al., 2017). Therefore, specific inhibitors of chromatin 

remodelers could have therapeutic properties for cancer treatment. Additionally, due to 

their role in replication and DNA-damage repair, the inhibition of chromatin remodelers 

can lead to the apparition of unresolved replication and DNA repair intermediates, 

which can induce cellular death (Feringa et al., 2018; Lagerwerf et al., 2011; Lips and 

Kaina, 2001; Dey et al., 2013). However, in order to guide the development of such 
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pharmaceuticals, structural information about chromatin remodelers and the 

mechanism through which they perform their activities is required. 

 

Over the last five years, structures of chromatin remodelers of all of the four main 

families bound to a nucleosome substrate have been solved. Initially, nucleosome-

bound high-resolution structures of chromatin remodelers corresponded to remodelers 

with only one or a few subunits, such as Chd1 (Farnung et al., 2017), or comprised 

only the catalytic translocase core, such as the nucleosome-bound Snf2 structure (Liu 

et al., 2017). The structure of INO80 complexed with a canonical nucleosome provided 

for the first time insights about how multi-subunit chromatin remodelers recognize and 

bind nucleosomes, and enables the inference of some mechanistic information about 

how INO80 performs its remodeling activities. 

 

INO80 has been shown to slide nucleosomes (Willhoft et al., 2016; Udugama, Sabri, 

and Bartholomew, 2011). More controversial is its histone exchange activity. While 

Watanabe et al. reported that INO80 was able to exchange H2A.Z-H2B dimers for 

canonical H2A-H2B dimers (thus having a reverse activity to that of SWR1, which 

exchanges canonical H2A-H2B dimers for H2A.Z-containing dimers) (Watanabe et al., 

2013), others have been unable to reproduce these results (Wang et al., 2016; 

Watanabe and Peterson, 2016). Brahma et al. also reported INO80 as being capable 

of histone dimer exchange, and observed that it performs this activity by translocating 

DNA at the H2A-H2B dimer interface, leading to a cyclic partial unwrapping of the DNA 

at the interface with the H2A-H2B dimer. They also hypothesized that the preferred 

direction of histone dimer exchange of INO80 is due, at least partially, to the larger 

efficiency with which DNA translocation and displacement of the DNA from the dimer 

surface can take place in nucleosomes with H2A.Z-H2B dimers (Brahma et al., 2017).  

 

A simple mechanism for histone exchange can be suggested based on the location of 

the contacts with the DNA observed in the INO80-nucleosome structure. As previously 

discussed, from the location of the motor domain and the known directionality of 

translocation for SF2 ATPases, it can be inferred that the motor domain would push 

DNA towards ARP5-IES6. Unless the contact of the DNA with ARP5-IES6 is disrupted, 

this would result in a partial unwrapping of the DNA, which would bulge out in the area 

between the contacts with the motor domain and ARP5-IES6, including the interface 

with the H2A-H2B dimer. This would facilitate dimer exchange.  
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As previously mentioned, INO80 also performs sliding of nucleosomes away from DNA 

ends, and is able to sense flanking DNA lengths of up to 50-60 bp (Udugama, Sabri, 

and Bartholomew, 2011; Willhoft et al., 2016). Interestingly, ATPase activity does not 

stop after the nucleosome has been slid to a central position. Instead, it continues at 

the same rate as when the nucleosome is being moved, but it becomes uncoupled 

from nucleosome sliding (Udugama, Sabri, and Bartholomew, 2011; Willhoft et al., 

2017). The INO80-nucleosome structure also allows us to make some hypothesis 

about the structural basis of this behavior. After DNA has been translocated by the 

motor domain and is bulging out due to the ARP5-IES6 grip, two possibilities arise. If 

the grip by the motor domain is released, the DNA could simply relax by reassociating 

to the nucleosome establishing the same contacts as before being translocated, 

resulting in a futile cycle where ATP hydrolysis would not be coupled to nucleosome 

sliding. On the other hand, if the grip by ARP5-IES6 were to slip instead, the DNA 

could be pushed forward across the surface of the nucleosome to establish again the 

canonical interactions between the histone octamer and the DNA wrap, although with a 

shift compared to the original position of the DNA wrap, effectively resulting in a 

change of position of the nucleosome in the DNA fragment, and therefore nucleosome 

sliding. 

 

A consequence of this model is that a translocation step size of one base per ATP 

molecule, as observed for most SF2 helicases/translocases (Singleton, Dillingham, and 

Wigley, 2007), could build up tension in the DNA by multiples rounds of ATP hydrolysis 

before the ARP5-IES6 grip is released, resulting in an apparent step size for 

nucleosome sliding of more than one base pair. This would be in accordance with 

previous observations at the single molecule level for other remodelers (Blosser et al., 

2009; Deindl et al., 2013). The mechanism is also consistent with the observation that 

ARP5 and IES6 are essential for the coupling of ATP hydrolysis to nucleosome sliding 

in INO80 (Watanabe et al., 2015; Willhoft et al., 2016; Yao et al., 2015). 

 

The INO80-tetra-acetylated nucleosome structure provided an increased level of detail 

of the interactions established between INO80 and the nucleosomes. By comparing it 

with the structure of the C. thermophilum INO80-nucleosome complex, solved in a 

different nucleotide-bound state, we aimed to propose a more detailed mechanism for 

nucleosome sliding by INO80. It should be noted that while the proposed mechanism 

here is derived from the comparison between the human and C. thermophilum 

structures of the INO80-nucleosome complex, the intermediates between the two 
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states represented by these two structures are unknown. Therefore, the presented 

mechanism should only be taken as a hypothesis.  

 

Due to the interactions between ARP5-IES6 and the nucleosome (both with DNA and 

histones), initial rounds of ATP hydrolysis and the subsequent translocation by the 

motor domain would pump DNA towards the dyad axis, but not beyond the ARP5-IES6 

contact point (Figure 6.1a). However, tension would build up as more DNA is pumped 

in, bringing the nucleosome to an energetically unfavorable state with the gyre DNA 

located between the contact points established by the motor domain and ARP5-IES6 

detaching from the histone octamer (Figure 6.1b).  

 

After a critical amount of tension is reached, the tension added by a new round of ATP 

hydrolysis would cause the grip of the DNA by ARP5-IES6 to be broken, resulting in 

the relaxation of the DNA. With the contact points established by the motor domain and 

IES2 still maintained, this relaxation would result in DNA moving forward towards the 

dyad axis, resulting in a misalignment of the DNA dyad axis with the histone dyad axis 

and a disruption of the canonical contacts between the DNA gyres and the histone 

octamer (Figure 6.1c). Given that the positions of ARP5-IES6 observed in the 

ADP•BeF3 and nucleotide-free structures are half a turn of DNA apart, we hypothesize 

that the distortion and tension built up by the translocation of DNA can be supported 

until five base pairs have been translocated, after which DNA would slip. Therefore, the 

relaxation of DNA would result in a shift of five base pairs of DNA towards the dyad 

axis. Alternatively, the tension would be supported until one or more entire helical turns 

of DNA (each one comprising 10 bp) and five additional base pairs have been 

translocated. In both cases, the contacts between the ARP5-IES6 module and the DNA 

would be shifted by five base pairs after DNA relaxation takes place. ARP5-IES6 would 

then re-engage with the DNA.  
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Figure 6.1. Cartoon schematic representation of the proposed sliding mechanism. 
a. Initial rounds of hydrolysis pump DNA towards the dyad axis. b. DNA bulges out 
between the motor domain and ARP5. c. The built-up tension releases the grip of 
ARP5 on DNA, allowing DNA to relax, moving five base pairs (or one or more entire 
helical turns plus five base pairs) towards the dyad and causing a detachment of the 
histone core. d. Upon nucleotide release, the motor domain opens and ARP5 rotates 
away from the dyad axis, moving the histones with it. Histones re-engage with DNA 10 
bp away from the original dyad axis, resulting in the nucleosome being slid 10 bp (or 
more if release of the ARP5 grip during step c requires the translocation of more than 
five base pairs). e, ATP binding to the motor domain induces nucleotide exchange in 
ARP5, which subsequently makes the motor domain relocate 10 bp (or more 
depending on the number of base pairs required to be translocated for the ARP5 grip 
to be released) away from the original dyad axis and resets the system for another 
round of DNA translocation. 
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At this stage, release of the nucleotide by the motor domain (presumably ADP resulting 

from the last round of ATP hydrolysis) would take place, resulting in a transition of the 

motor domain towards an open state conformation. This change in conformation would 

result in a concerted rotation of the RUVBL1-2 ring as well as the ARP5-IES6 module 

due to the inter-connected nature of these components, as demonstrated by the 

alignment of the ADP•BeF3 and nucleotide-free structures based on Ino80-HN. As a 

consequence of the contacts between ARP5-IES6 and the histone octamer (such as 

the interaction with the H2B C-terminal helix, and other interactions too flexible to be 

observed in our reconstruction), the histone octamer would be also rotated together 

with ARP5-IES6. This rotation in the histone octamer would bring it close to a position 

where it could re-establish the energetically favorable canonical contacts with the DNA 

gyre but at a different position along the DNA, located 10 bp closer to the motor 

domain than the original dyad axis (Figure 6.1d) and effectively resulting in 

nucleosome sliding. 

 

Finally, the motor domain needs to be relocated 10 bp away from the newly positioned 

dyad axis to reset the system for the next round of translocation (Figure 6.1e). The 

specific details of how this is achieved are unclear. However, it is possible that the 

repositioning of the histone octamer induces slight conformational changes in ARP5-

IES6, which would be amplified and transmitted by the RUVBL1-2 ring to the motor 

domain, resulting in its re-engagement to the DNA 10 bp away from the dyad axis. The 

ability of small conformational changes in ARP5-IES6 to result in relatively large effects 

on the position of the motor domain can be demonstrated by aligning the ADP•BeF3 

and nucleotide-free structures of the INO80-nucleosome complex on the portion of 

ARP5 distal to the RUVBL1-2 ring (Figure 6.2). The slight differences in the 

conformation of ARP5 in both structures (Figure 6.2a) result in a much larger 

difference in the position of the motor domain (Figure 6.2b), due the amplification of 

the effects of only a small rotation provided by the RUVBL1-2 ring. 
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Figure 6.2. Comparison of the nucleotide-free and the ADP•BeF3 structures of the 
INO80-nucleosome complex aligned on the portion of ARP5 distal to the 
RUVBL1-2 ring. The ADP•BeF3 structure is colored, while the nucleotide-free structure 
(PDB code 6FML) is shown in grey. a. View from the front of ARP5. b. View from the 
back of the motor domain. The arrow indicates the shift of equivalent structural 
elements. 
 

The accuracy of the remodeling mechanism proposed here remains to be probed by 

means of additional biochemical and structural analysis. Bulging out of nucleosomal 

DNA is one of the central steps of the suggested mechanism. It might be possible to 

visualize such an intermediate by physically preventing the slippage of DNA beyond 

the ARP5-IES6 contact point. This could be achieved by introducing crosslinks 

between the DNA and the histone octamer core by means of UV irradiation, which is 

known to induce photochemical crosslinking between nucleosomal DNA and the 

neighboring histones (Sperling and Sperling, 1978). Specificity for the location of the 

UV-induced crosslinks could be achieved by means of the introduction of hyper-

reactive analogs of the standard DNA bases, such as 5’-iodouridine. Such type of 

bonds between nucleosomal DNA and the histone octamer would prevent the 

relaxation of the DNA loop, therefore enabling its direct visualization by means of 

electron microscopy. The specific contacts observed between the subunits of INO80 

and the nucleosome under different nucleotide-bound states should also be confirmed 

by mutagenesis of the involved residues, and techniques to probe the shielding effect 

induced by binding of INO80 such as the resistance to oxidative agents (Brahma et al., 

2017). 

 

An obvious omission in both reconstructions of INO80 bound to a nucleosome is the 

presence of any hints indicating the binding of a second INO80 complex. This is in 

a b
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contradiction with the observation that INO80, like other remodelers such as ACF from 

the ISWI family of remodelers (Racki et al., 2009; Leonard and Narlikar, 2015), acts 

cooperatively as a dimer when performing nucleosome sliding (Willhoft et al., 2017). It 

is unclear how two INO80 complexes would cooperate to slide the nucleosome, but it 

possibly involves an interplay between the two complexes regulating whether DNA 

translocation results in effective nucleosome sliding, or if on the contrary “back-

slippage” happens (for example, by a release of the motor domain grip). Two INO80 

copies could therefore cooperate by somehow measuring the length of 

extranucleosomal DNA at both sides of the nucleosome, sensing the direction towards 

which the nucleosome should be slid in order to position it centrally. They would then 

communicate with each other to increase the coupling of translocation to sliding for the 

motor whose activity would lead to the desired positioning and decrease it for the other 

one, perhaps by regulating the release of the contacts established by the motor domain 

and the ARP5-IES6 module.  

 

Furthermore, the specific role of many of the subunits remains largely unknown. This is 

particularly true for the SC1 module. Due to its inherent flexibility, we could only get 

limited structural information about the organization of the SC1 module and how it 

interacts with the nucleosome. In spite of its essentiality for chromatin remodeling 

activities, the disorder of this component seems to be a conserved feature across 

members of the INO80 family of remodelers, at least in the context of a 

mononucleosomal substrate. Additionally, even though the human INO80 complex is 

known to act as a functional dimer in its nucleosome sliding activity, our structures only 

show one INO80 complex bound to a nucleosome, and therefore do not provide a 

complete picture of the chromatin remodeling mechanism. The two observations might 

be related, since the simultaneous binding and cooperation of two complexes could 

require the SC1 modules to be properly engaged.  

 

Further structural studies will be required in order to elucidate the role of the more 

flexible subunits and how two INO80 complexes cooperate, perhaps requiring other 

nucleotide-bound states. Alternatively, the use of mild chemical crosslinking could 

potentially lock the complexes in a specific conformation, allowing their visualization by 

cryo-EM. Crosslinking could also be useful to trap a series of transient complexes 

corresponding to distinct reaction intermediates, which would otherwise be too 

unstable or short-lived to be imaged. These would represent snapshots along the 

catalytic cycle followed during chromatin remodeling which could possibly enable a 

more accurate reconstruction of the underlying mechanism. On the other hand, if the 
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SC1 module is indeed involved in sensing the distance to adjacent nucleosomes to 

regularly space them, the use of a dinucleosome substrate, where two nucleosomes 

are connected by a DNA linker, could also help to reduce its flexibility. 

 

In fact, it is important to note that the mononucleosomes used so far for structural 

studies of chromatin remodelers represent an artificial substrate that would never be 

encountered by these complexes in the cells. Instead, nucleosome arrays, containing 

several nucleosomes connected by DNA linkers, would be a more physiological 

substrate. Furthermore, studies centered on such substrates will also provide 

information about higher order functions of these remodelers, such as the regular 

spacing of nucleosomes observed for INO80. Additionally, studies of the full human 

INO80 complex, including not only the subunits conserved amongst species, but also 

human-specific subunits that bind along the N-terminal domain of the central subunit, 

could also be of interest for the understanding of how its remodeling activity is 

regulated by other binding partners and chemical modifications of the nucleosomes, as 

well as the interplay between INO80 and other mechanisms regulating chromatin 

structure and accessibility.  



 
 

167 

9. Appendix 

 

9.1. List of appendix Tables 

 Table A.1. List of subunits of the INO80 chromatin remodeler and their nucleotide-bound state 

……in the INO80-acetylated nucleosome complex .................................................................. 168 

 Table A.2. Electron microscopy data collection, image processing and model refinement 

……statistics for the INO80-nucleosome complex ............................................................ 169 

 Table A.3. Electron microscopy data collection, image processing and model refinement    

……statistics for the INO80-tetracetylated nucleosome complex ...................................... 170 

  
  



 
 

168 

9.2. Appendix data 

Table A.1. List of subunits of the INO80 chromatin remodeler and their nucleotide-bound state 

in the INO80-acetylated nucleosome complex. 
 

Subunit Known nucleotide-binding site Observed nucleotide 

RUVBL1-A Yes ADP 

RUVBL1-C Yes ADP 

RUVBL1-E Yes ADP 

RUVBL2-B Yes ADP 

RUVBL2-D Yes ADP 

RUVBL2-F Yes ADP 

Ino80 Yes ADP•BeF 

ARP5 Yes ADP•BeF/ATP 

IES2 No - 

IES6 No - 

Actin Yes Subunit not observed 

ARP4 Yes Subunit not observed 

ARP8 Yes Subunit not observed 
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Table A.2. Electron microscopy data collection, image processing and model 
refinement statistics for the INO80-nucleosome complex. 

NO80 nucleosome complex (EMDB-3954) (PDB 6ETX) 

INO80-nucleosome complex (EMDB-3954) (PDB 6ETX) 

Data collection and processing 

Magnification 129,000 

Voltage (kV) 300 

Electron dose (e-/Å2) 80 

Defocus range (µm) -2.0 to -4.0 

Pixel size (Å) 1.13 

Symmetry imposed C1 

Initial particle images (number) 778,804 

Final particle images (number) 26,416 

Map resolution (Å) 4.8 

FSC threshold 0.143 

Map resolution range (Å) 4.0 to 8.0 

Refinement 

Initial model used (PDB code) 2YQQ, 3LZ0, 5AV9, 5O9G, 50AF 

Model resolution (Å) 5.8 (0.5 cutoff model vs map FSC) 

Map sharpening B factor (Å2) -100 

Refinement (Phenix)  

Map correlation coefficient (whole unit cell) 0.88 

Map correlation coefficient (around atoms) 0.74 

Model composition  

Non-hydrogen atoms 38,749 

Protein residues 4,473 

Nucleic acid residues 300 

Ligands 7 

R.m.s. deviations  

Bond lengths (Å) 0.002 

Bond angles (º) 0.447 

Validation  

MolProbity score 1.58 

Clashscore 8.4 

Poor rotamers (%) 1.5 

Ramachandran plot  

Favored (%) 98.2 

Allowed (%) 1.75 

Disallowed (%) 0.02 
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Table A.3. Electron microscopy data collection, image processing and model 
refinement statistics for the INO80-tetracetylated nucleosome complex. 
 

NO80 nucleosome complex (EMDB-3954) (PDB 6ETX) 

INO80-tetracetylated nucleosome complex 

Data collection and processing 

Magnification 128,000 

Voltage (kV) 300 

Electron dose (e-/Å2) 32 

Defocus range (µm) -1.1 to -2.9 

Pixel size (Å) 1.09 

Symmetry imposed C1 

Initial particle images (number) 1,610,128 

Final particle images (number) 111,161 

Map resolution (Å) 3.6 

FSC threshold 0.143 

Map resolution range (Å) 3.0 to 8.0 

Refinement 

Initial model used (PDB code) 6HTS, 2YQQ 

Model resolution (Å) 4.5 (0.5 cutoff model vs map FSC) 

Map sharpening B factor (Å2) -100 

Refinement (Phenix)  

Map correlation coefficient (whole unit cell) 0.76 

Map correlation coefficient (around atoms) 0.78 

Model composition  

Non-hydrogen atoms 41,185 

Protein residues 4,712 

Nucleic acid residues 316 

Ligands 9 

R.m.s. deviations  

Bond lengths (Å) 0.0147 

Bond angles (º) 1.47 

Validation  

MolProbity score 1.87 

Clashscore 6.5 

Poor rotamers (%) 0.73 

Ramachandran plot  

Favored (%) 91.29 

Allowed (%) 8.63 

Disallowed (%) 0.09 
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