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Abstract 

ATP-dependent chromatin remodelers determine the arrangement and composition of nucleosomes 

across eukaryotic genomes. Understanding the mechanisms of these enigmatic, macromolecular 

machines promises to reveal core principles of genome regulation and maintenance. However, the 

complexity of remodelers and their chromosomal substrates poses a major challenge for modern 

structural biology. Here, we review the recent breakthrough which provided by cryo-electron 

microscopy the first high-resolution insights into all four families of remodelers. We highlight the 

emerging structural and mechanistic principles with a particular focus on multi-subunit SWI/SNF and 

INO80/SWR1 complexes. A conserved architecture comprising a motor, rotor, stator and grip suggests 

a unifying mechanism how stepwise DNA translocation enables large scale reconfigurations of 

nucleosomes. A molecular circuitry involving the nuclear actin containing module establishes a 

framework for understanding allosteric regulation.  Remodelers arise as programable hubs that enable 

differential processing of genetic and epigenetic information in response to the physiological status of 

a cell. 

 

  



Introduction 

Understanding the dynamic landscape of chromatin is one of the most intriguing challenges in modern 

structural biology.  More than four decades ago, electron microscopy in conjunction with meticulous 

biochemistry enabled the discovery of the nucleosome [1,2], which led eventually to its molecular 

structure determined by x-ray crystallography [3,4].  However, even in light of the progress in the post-

genomic era, the three-dimensional organization of the chromatin landscape and its dynamic interplay 

with the DNA transcription, repair and replication machineries, remain still largely unexplored at a 

detailed structural level. Most prominently, ample genetic and biochemical evidence established ATP-

dependent chromatin remodelers as decisive factors in chromatin organization [5]. Remodelers actively 

determine the position and composition of nucleosomes around gene promoters and other hallmark 

regions of eukaryotic genomes [6,7] (Figure 1), yet we are only beginning to understand the underlying 

mechanism by which these enigmatic macro-molecular machines shape epigenetic information across 

the chromatin landscape. 

 

The defining feature of remodelers are ATP dependent Snf2-type motor domains (Figure 1A), which 

form a branch within superfamily 2 helicases and nucleic acid translocases and catalyze ATP-dependent 

translocation of double stranded DNA [8,9]. Sequence features and additional domains flanking the 

conserved motor domain include auto-regulatory elements and serve as a platform by which remodeler 

interact with substrates and assemble into large, multi-subunit complexes. Based on their sequence 

homology and domain composition, nucleosome remodelers have been identified from yeast to human 

and classified into four families: ISWI, CHD1, SWI/SNF and INO80/SWR1 [10] (Figure 1A). There are 

several other Snf2-type ATPases such as Fun30/SMARCAD1, ALC1, MOT1 or RAD54 that act on 

nucleosomal or non-nucleosomal substrates and do not fall into these four families [11].  

 

A hallmark of the SWI/SNF and INO80/SWR1 family remodelers is their macromolecular complexity 

comprising often more than fifteen different subunits in a mega-Dalton arrangement. Since an 

individual motor domain can be - in principle - sufficient to mobilize nucleosomes in vitro [12], this 

complexity is quite astonishing, but appears to be the result of intricate, highly regulated reactions on 

the nucleosome: INO80/SWR1 remodelers exchanges histone variants [13,14], while SWI/SNF 

remodelers eject the entire histone octamer from DNA [15]; both families can also slide nucleosomes, 

albeit in different directions with respect to linker DNA [15,16] ; finally, INO80 can generate evenly 

spaced nucleosomal arrays and position +1 nucleosomes flanking nucleosome depleted regions [6,17] 

(Figure 1). It is yet unclear whether these distinct activities are experimental context-dependent 

products of the same basic mechanism, or whether distinct conformational or functional states result 



in different biological outcomes. In higher eukaryotes, the situation is even more complex as multi-

subunit remodelers can assemble in a combinatorial manner; 20 genes encoding 11 subunits of the 

human BAF complex may result in 288 theoretically possible variants of this SWI/SNF remodeler [18], 

allowing cell type- and cell state-specific composition and activities, or selective loss or gain of function 

of specific subunits during cancer evolution [19,20]. In contrast, CHD1 and ISWI family members co-

purify typically only with up to two or three subunits. Nevertheless, in their native chromatin 

environment, remodelers are likely to engage in numerous, functionally important interactions, similar 

to the combinatorial logic of transcription factors [21] or readers of histone modifications [22].   

 

Cryo-EM structures of all four families of ATP-dependent chromatin remodelers 
Advances of cryo-EM in conjunction with careful biochemical optimization revealed recently high-

resolution insights into all four families of remodelers (Figure 2A). Structures of individual Snf2-type 

ATPase motors and single subunit remodelers in complex with mono-nucleosomes [23-27] provided 

important insights of how the ATPase motor binds to nucleosomal DNA, of its allosteric regulation 

through substrate interactions and the mechanism of a DNA translocation step (see [28] for a recent 

review). In this review, we focus primarily on the more complex multi-subunit SWI/SNF and 

INO80/SWR1 remodelers. Their inherent complexity provides the opportunity to identify the emerging 

principles by which step-wise DNA translocation leads to nucleosome remodeling and how this 

mechanism is allosterically regulated. 

 

The first high-resolution structures of multi-subunit remodelers in complex with nucleosomes were 

determined for the INO80 complex [29,30]. Recombinant co-expression strategies and gentle 

purification yielded mono-disperse fungal and human INO80 core complexes comprising all 

evolutionary conserved subunits [29,30]. Reconstitution with mono-nucleosomes and subsequent 

vitrification for cryo-EM required neither cross-linking nor addition of nucleotides [29]. Notably, seven 

INO80 subunits contain an ATPase-fold (Figure 2B) and some of these co-purified with ADP, while other 

co-purified with ATP. During the past months, structures of the SWI/SNF family were reported including 

endogenous fungal SWI/SNF [31] and RSC [32-34] complexes, as well as recombinant human BAF 

complex [35]. Collectively, all these structures revealed intriguing structural and functional parallels 

between the INO80/SWR1 and SWI/SNF families.   

 

A common architecture for SWI/SNF and INO80/SWR1 remodelers 

Previous genetic and biochemical studies mapped the modular organization of multi-subunit 

remodelers [36,37]. Based on the recent structural and functional insights, we propose a common 

architecture for SWI/SNF and INO80/SWR1 remodeler families: (1) a well-ordered core enables 



remodeling of a nucleosome via motor, stator and grip elements, (2) a nuclear actin module establishes 

allosteric control of the Snf2-type motor domain via its helical HSA and postHSA domains, (3) auxiliary, 

species specific subunits provide an additional layer of regulation, but their structural role is currently 

still largely elusive (Figure 2 A,B). 

 

The core of the remodeler clasps the nucleosome in between its Snf2-type ATPase motor and a grip 

element [29]. Figure 2 and 3 show cryo-EM structures of fungal SWI/SNF [31]  and INO80 [29] core 

complexes as representative examples. Intriguingly, these structures revealed two different binding 

orientations of the Snf2-type motor domain, albeit at related super-helical locations (SHLs): the 

SWI/SNF ATPase motor binds SHL-2 with additional DNA contacts of its N-terminal lobe (N-lobe) to 

SHL+6, while INO80 ATPase motor binds SHL-6 and shows secondary contacts via its N-lobe to SHL+2 

(Figure 2A). This provokes the question whether the same remodeler complex can bind nucleosomes 

in alternative configurations. Interestingly, an individual SWI/SNF ATPase motor show such behavior at 

SHL+2 and SHL-6 [38], while the motor domain of fungal SWR1 complex binds nucleosomes in the 

SHL+2 configuration of the SWI/SNF complex [39]. However, the binding mode observed in cryo-EM 

structures of SWI/SNF and INO80/SWR1 complexes are fully consistent with biochemical foot-printing 

[14] and explain the direction of nucleosome sliding: SWI/SNF remodelers recognize exit DNA and slide 

mono-nucleosomes towards the end of a DNA template [15], whereas INO80 recognizes entry DNA and 

positions mono-nucleosomes towards the center [16]. 

 

Despite these differences, the overall modes of nucleosome binding by multi-subunit remodelers have 

common features. Equivalent histone and DNA contacts are recognized by grip subunits three DNA 

helical turns away from the motor domain (Figure 2A,3). Structure based mutations of the fungal INO80 

targeting DNA interactions of evolutionary conserved Actin related protein 5 (Arp5) and INO80 specific 

subunit 6 (Ies6) revealed the critical role of the grip for nucleosome remodeling [29]. Moreover, Arp5 

recognizes the histone octamer through a long helical insertion denoted as a grappler, revealing for the 

first time how a remodeler recognizes the acidic patch [29] (Figure 3A). The acidic patch at the surface 

of H2A and H2B histones is a hallmark interaction site for a multitude of chromatin factors [29,32-35], 

yet its functional relevance for ATP-dependent chromatin remodeling was not appreciated until 

recently [40]. In case of INO80, the acidic patch interaction is not only required for nucleosome sliding, 

but adjacent histone interactions of the grappler confer specificity for H2A.Z recognition [29]. The latter 

provides now a structural framework to revisit the controversially discussed role of INO80 during H2A.Z 

histone exchange and histone H3 K56 acetylation at gene promoters and DNA damage sites [41]. The 

acidic patch and equivalent DNA contacts are established by grip subunits of SWI/SNF remodelers 



(Figure 3B). Notably, disease related mutations of the grip subunit SMARCB1 highlight the physiological 

relevance of acidic patch interactions for the human BAF complex [42].  

 

The architectural and functional parallels between the two remodeler families extend even further. 

Tentacle-like protein segments involved in regulation of the ATPase motor recognize the second acidic 

patch opposite of the grip (Figure 3A). The INO80 subunit Ies2 is likely to regulate the ATPase motor 

through a “throttle” helix and contains a long N-terminal region that wraps along the histone octamer 

and recognizes the second acidic patch [29]. In case of the yeast SWI/SNF remodeler RSC, it has been 

shown that the Snf2-ATP coupling (SnAC) domain C-terminal of the Snf2-type ATPase motor protein 

regulates its activity and interacts directly with the acidic patch [32]. Chromatin factors are prone to 

bind nucleosomes, due to its inherent symmetry, as a dimer. Recognition of both gyres via acid patch 

contacts ensures monomeric binding of SWI/SNF and INO80/SWR1 remodelers and uni-directional 

translocation of DNA by a single ATPase motor. The binding orientation of SWI/SNF and INO80/SWR1 

remodeler is most likely depend on recognition of extra-nucleosomal DNA, as discussed further below. 

Dimeric binding by remodelers has been reported [43,44], but such a scenario requires asymmetric 

regulation of the two ATPase motors to prevent futile cycles of DNA translocation in opposing direction. 

Given the direct link to the ATPase motor, recognition of the acidic patch e.g. by Ies2 and the SnAC 

domains are prime candidates for such a regulation. Moreover, future studies may reveal whether 

some remodeling reactions, such as histone exchange and ejection, may even rely on two ATPase 

motors that are simultaneously active.  

 

A rotor, motor, stator and grip: how DNA translocation leads to nucleosome remodeling 

On their own, ATPase motors track along the minor groove of a double stranded DNA substrate, 

which led early on to the hypothesis that remodelers must hold on to one part of the nucleosome and 

keep the ATPase motor in place to alter DNA-histone interactions of another part [9,45]. The common 

architecture of INO80/SWR1 and SWI/SNF complexes provides now finally structural evidence for this 

principle.   

 

Cryo-EM structures of SWI/SNF and INO80/SWR1 complexes show a well-ordered scaffold of core 

subunits which bridges the ATPase motor domain on one site of the nucleosome and the grip subunits 

on the other side, altogether generating a multi-valent interaction. In case of the INO80/SWR1 family, 

this scaffold is established by the hetero-hexameric AAA+ ATPase Rvb1/2 that captures the long 

family specific insertion segment of the ATPase motor protein [29,30,46] (Figure 2A). In case of the 

SWI/SNF family, a scaffold of subunits (also denoted as a body) assembles via the N-terminal pre-



helical SANT associated (pre-HSA) domain of the motor protein, while its helical HSA domain connects 

it to the ATPase domain [31-35]. Like the design of an "electromotor", an analogy we adopted from 

the analysis of ATP synthetases [47], we proposed a stator-like function for the scaffold: the stator 

enables processive translocation of DNA, as it mechanically couples the ATPase motor to the 

stationary nucleosome interaction of the grip [29] (Figure 3C). Indeed, structure-based mutations of 

the grip led to futile cycles of ATP-hydrolysis in vitro [29] and abrogated chromatin remodeling by BAF 

complex in vivo [42]. Other DNA related processes such as promoter opening by the Snf2-type ATPase 

Ssl2, as part of the yeast RNA polymerase II pre-initiation complex [48], may rely on similar principles 

(Figure 3C).    

 

Insights into the mechanism of a DNA translocation step have been now obtained from cryo-EM 

structures of individual ATPase motors in different nucleotide states [49,50]. The ratchet-like 

mechanism involves, as previously proposed [51], a helical twist defect of nucleosomal DNA [26,50]. A 

screw-like rotation of the DNA is driven by translocation of a “tracking strand” [9] and proceeds with a 

step size of 1-2 base pairs per hydrolyzed ATP molecule. Helical twist diffusion [51,52]  might explain 

the residual nucleosome sliding activity of individual ATPase motors, even if stochastic DNA 

translocation events are frequently intermitted by dissociation. However, nucleosome sliding by 

remodelers occurs often in larger visible steps than 1-2 base pairs; step sizes of up to 10-20bp and 

corresponding paused intervals have been reported for INO80 [53,54]. Moreover, histone exchange 

or ejection reactions require extensive disruption of histone-DNA contacts and are thus likely to 

require successive rounds of stepwise DNA translocation by the ATPase motor domain to lead a 

detectable larger step size as probed by the particular assay. Such a mechanism, where several small 

hidden steps lead to a larger remodeling step is similar to the mechanism proposed for certain 

helicases unwinding DNA [55]. 

 

The ATPase motor, DNA rotor, scaffold stator and nucleosome interaction grip of SWI/SNF and 

INO80/SWR1 complexes provide now first insights into a unifying mechanism by which remodeler 

may conduct such large-scale reconfigurations of nucleosomes (Figure 3B). The multi-valent binding 

mode ensures not only persistent binding of the ATPase motor for successive rounds of stepwise DNA 

translocation, but it provides also the means to build up a DNA strain against the grip subunits [29]. In 

case of INO80, DNA translocation would result in a DNA strain between the ATPase motor at SHL-6 

and the Arp5-Ies6 grip at SHL-2/-3 [29]. Persistent disruption of DNA H2A-H2B contacts in this region 

is consistent with biochemical probing and provides an elegant explanation for histone exchange 

[29,53]. Nucleosome sliding might occur when the DNA strain is sufficiently large for propagation 



beyond the grip [29,53], which in turn explains, similar to a DNA loop propagation model [52], the 

large step size of nucleosome sliding. Given the common architecture of multi-subunit remodelers, 

the same principles may apply for different remodeling reactions by SWR1 and SWI/SNF complexes. 

Notably, stepwise translocation of DNA by SWI/SNF ATPase motors at SHL-2 would generate a DNA 

strain against the grip at SHL+1/+2, which may explain histone octamer ejection by destabilizing DNA 

contacts of histone H3 (Figure 3B). Moreover, DNA translocation may also result in different types of 

strains, such as deformations of the histone octamer [24]. 

 

Future studies will build on the advances of time-resolved cryo-EM to visualize the molecular 

choreography of such events. Notably, DNA translocation via a screw-like forward rotation would lead 

to under- and over-winding of DNA “in-front” and “behind” the ATPase motor (Figure 3B). 

Remodelers such as INO80 and RSC might thereby probe the mechanistic properties of promoter DNA 

sequences during nucleosome positioning [6] and ejection [56]. Moreover, long range allosteric 

communication via the conformational plasticity of DNA might have intriguing implications for the 

interplay of remodelers with other macro-molecular machines such as transcriptional complexes and 

topoisomerases. 

 

A molecular circuitry for allosteric regulation: the role of nuclear actin 

Nuclear actin (N-actin) and actin related proteins (Arps) are a common yet enigmatic feature of 

INO80/SWR1 and SWI/SNF remodelers. An evolutionary conserved pair of monomeric N-actin and 

Arp4 forms the core of an N-actin/Arp module, which is present in all of these remodelers, except 

yeast SWI/SNF and RSC complexes, where Arp4 and N-actin are replaced by a structurally related pair 

of Arp7 and Arp9 [57] (Figure 2). The N-actin/Arp module plays a pivotal role in cellular 

differentiation, development and stress response, while mutations in corresponding genes, such as 

the human Arp4 orthologue BAF53, have been frequently linked to human diseases such as cancer 

[58,59].  

 

The recent progress in structural and biochemical studies of INO80/SWR1 and SWI/SNF complexes 

provide now insights into a conserved function of the N-actin module as an allosteric regulator of 

chromatin remodeling. While in SWI/SNF complexes, the N-actin module is more rigidly localized 

through interactions with the motor domain, high resolution analysis of the entire INO80 remodeler 

was limited by conformational heterogeneity of the N-actin/Arp module in respect to the well-

ordered core , but an integrated approach combining cryoEM and x-ray structures led to a composite 

1 MDa structural model [29,60] (Figure 4A). In INO80 the N-actin/Arp module recognizes 40bp linker 



DNA at DNA entry site of the nucleosome core particle proximal to the Snf2-type ATPase motor, 

consistent with mapping of INO80 subunits in vitro [61] and in vivo [62]. The 120Å long HSA domain of 

the Snf2-type motor protein plays a central role in this organization: (1) it assembles Arp4, N-actin 

and Arp8, (2) it directly recognizes DNA, and (3) it forms a continuous helical connection to the 

postHSA domain that establishes in turn a direct link to the ATPase motor. The recent cryo-EM 

structures of SWI/SNF remodelers show a different configuration of the N-actin module that 

accommodates its role as a bridging element between the ATPase motor and the stator scaffold, as 

illustrated by the RSC structure[32] in Figure 4B. The post-HSA domain remains bound to the N-lobe 

of ATPase motor, but its helical connection to the HSA domain is interrupted. The HSA domain packs 

on top of the ATPase motor and adopts a reverse orientation in comparison to INO80. Nevertheless, 

due to the binding mode of the ATPase motor at SHL-2, the N-actin module points still towards the 

linker DNA at the exit site of the nucleosome, where other SWI/SNF subunits, such as Rsc2, Rsc3 and 

Rsc30 of the yeast RSC complex[32] or ARID1A/B of human BAF complexes[63], have been implicated 

in DNA binding.   

 

The postHSA domain and its interaction with the protrusion I element of the ATPase motor is a highly 

conserved features of INO80/SWR1 and SWI/SNF remodelers [60] (Figure 4C). Genetic and 

biochemical evidence suggested a regulatory role of these features in coupling ATP-hydrolysis to DNA 

translocation [15]. The protrusion I element of the N-lobe is connected via a brace helix to the 

protrusion II element of the C-lobe; recent cryo-EM structures show a concerted interplay of these 

elements during DNA translocation [29,38,50]. Based on the structural and mechanistic insights into 

the INO80 complex, we proposed a model for its allosteric regulation: DNA sensing by the HSA 

domain promotes, via the configuration of the post-HSA domain, coupling of ATPase motor [60]. Such 

coupling is required to build up a DNA strain for nucleosome remodeling, and to prevent back-

slippage of the DNA (Figure 4D). Indeed, structure based mutations targeting the DNA interaction of 

the HSA domain [60] or a limiting length of linker DNA [54]  abrogated nucleosome sliding and 

uncouple it from futile cycles of ATP-hydrolysis.  Sensing linker DNA is a hallmark of chromatin 

remodelers and may provide the mechano-chemical means to conduct higher order remodeling 

reactions. A molecular ruler mechanism for adjusting the spacing between nucleosomes has been 

proposed for the ISWI family [64]. Future studies will build on the insights described here to 

understand how multi-subunit remodelers conduct such activities. 

 

Similar principles may apply for SWI/SNF remodelers. It has been shown that the assembly of the N-

actin module is dependent on auxiliary factors and the nucleotide state of yeast Arp7 and Arp9 [65-



67]. A fully assembled N-actin module might not only promote the coupling of the ATPase motor, but 

stabilizes also the helical conformation of the HSA domain, which is in turn required for the stator-grip 

function of the remodeler. Since ejection of a histone octamer must rely on extensive remodeling of 

histone-DNA contacts, it likely depends on an efficient coupling of ATP-hydrolysis to DNA 

translocation as well as on a rigid connection to the stator-grip element. This synergy may also explain 

the different remodeling outcomes, as observed for the RSC complex [15], and its allosteric 

regulation. Intriguingly, the human Arp4-orthologue BAF53 exists in different isoforms, which play a 

key role in neuronal development [68]. It will be intriguing to ask whether such subunits change the 

coupling efficiency of the BAF complex. The unifying core principles of remodeling may thus suggest a 

mechanism by which combinatorial composition of multi-subunit remodelers might play a critical role 

for allosteric regulation and fine tuning of their activities. 

 

Concluding remarks  
 

In the post-genomic era, DNA sequencing-based mapping and light microscopy revealed 

unprecedented insights into the spatio-temporal organization of the chromatin landscape. However, 

understanding how the cellular machinery processes genetic and epigenetic information in response 

to changes in its environment, requires a comprehensive and detailed picture (or ideally movies) of 

how chromatin factors communicate with each other in a context dependent manner.   

 

Cryo-EM structures provide now finally a first glimpse into the complexity ATP-dependent chromatin 

remodeler, as reviewed here for members of the INO80/SWR1 and SWI/SNF families. While these 

megadalton remodelers show even in context of “simple” mono-nucleosomes a substantial structural 

and functional diversity, we propose a set of common mechanistic principles including a motor-stator-

grip based architecture and allosteric regulation of the motor by the N-actin containing module. 

Based on these insights, we predict mechanistic cycles with profound structural dynamics and inter-

subunit allostery that may thus provide ample of opportunity for an additional layer of selective 

regulation e.g. by epigenetic marks or pioneering factors. In their native chromatin environment, 

remodelers are not solely “molecular stir bars” that randomly mobilize nucleosomes, but they may 

act as programable hubs that regulate gene expression and maintenance by responding to a diverse 

set of signals with specific remodeling reactions. 

 

Challenges in future studies are therefore to visualize remodelers on more complex, physiologically 

relevant chromatin substrates including for instance the transcriptional machinery and to trap critical 

functional intermediates or perform time-resolved studies. In addition, while we have now revealed 



the "biochemical" function of widely shared subunits (such as N-actin and the Rvb1/2 chaperone 

remodelers) acting as allosteric regulator and stator scaffold modules, the "biological" function of 

having or retaining these subunits merits further investigation. For instance, diversification of actin-

Arp4 into Arp9-Arp7 in yeast RSC shows that, in principle, actin at the HSA domain can evolve into a 

paralog, adopting its structural role. This paralog can evolve much easier than actin, which could 

arguably be regarded as an advantage for the remodeler to adapt to changing requirements. The fact 

that N-actin is evolutionary retained in mammalian and fungal remodelers of the SWI/SNF and INO80 

family suggests that N-actin does not merely play an architectural building block role, but has perhaps 

a more global biological function underneath. Similar arguments can be made for the Rvb1/2 

chaperone. The breakthrough structures achieved in the past 3 years provide now a framework to 

address the biology of chromatin remodeling on the basis of structural molecular mechanisms. 

 



 
Figure 1 
A. Four families of remodelers shape the chromatin landscape. Snf2-type ATPase motor proteins (red) are the defining feature of each 

remodeler family and serve as an assembly platform. A common mechanism of ATP-dependent DNA translocation underlies the different 

remodeling reactions [5]. Remodelers generate hallmark features of chromatin around gene promoter regions [6].  A. Structure of the 

nucleosome core particle. Positive and negative super-helical locations are assigned according to the direction of DNA translocation. The 

H2A-H2B acidic patch of the histone octamer (H2A yellow, H2B red, H3 blue, H4 green) is conserved interaction site for diverse chromatin 

factors. 
  



 
Figure 2 
A. Structural comparison of the four chromatin remodeler families. The eponymous, fungal representatives of each family are shown: 

ISW1 [49], Chd1 [69], SWI/SNF complex[31] and INO80 complex[29]. SHL interaction sites of Snf2-type ATPase motor (red) as well as entry 

and exit DNA are indicated on the nucleosome core particle (NCP). Histones are color coded according Figure 1. Core subunits assembled 

into a stator scaffold (gray, also denoted as a body complex) via Snf2 pre-HSA domain and Ino80 insertion domain, respectively. NCP 

recognition subunits are color coded in green (Arp5,Snf5) and yellow (Ies6,Swc82).The N-actin/Arp module, included in the SWI/SNF 

structure, is colored in blue hues and binds a helical HSA domain of Snf2 (also in red). B Common architecture of the SWI/SNF and INO80 

remodelers comprising the core, the N-actin/Arp and a species-specific module. The assembly of remodeler subunits of S. cerevisiae 

SWI/SNF and INO80 onto the motor subunits Swi2/Snf2 and Ino80 are  illustrated by red bars connected with dotted lines. Subunits of 

similar function or homology are colored likewise for INO80 and SWI/SNF (same color scheme as in A). 

  



 
Figure 3 
A. Conserved mode of multi-valent nucleosome recognition. Fungal INO80[29] (upper panel) and yeast SWI/SNF [31] (lower panel) 

subunits in direct contact with nucleosome are shown as representative examples (same color code as in Figure 2). The grip binds 

nucleosomal DNA about three helical turns away from the ATPase motor, while acidic patch contacts on each site of the histone octamer 

establish a sandwich like configuration. The interaction of the SWI/SNF SnAC domain is inferred from a homologous interaction observed 

for yeast RSC complex (ref). B. Common remodeling mechanism. Successive rounds of 1-2bp steps of DNA translocation build up a DNA 

strain against the grip. DNA underwinding and over-winding is indicated by minus and plus symbols, respectively. In case of INO80, 

exposure of H2A-H2B may lead to histone exchange, while propagation beyond the grip leads to nucleosome sliding. In case of SWI/SNF, 

underwinding would build up DNA strain at H3 contacts, which may thus lead to histone ejection.   D. Cellular machineries with 

“electromotor” design. Schematic side views of INO80, SWI/SNF, ATP synthetase and Polymerase II pre-initiation complex. Motor is 

colored in red, stator – in grey, grip - in green. In Pol II pre-initiation complex the Ssl2 helicase motor (red) of TFIIH is kept in place by the 

TFIIH stator (light gray). Translocation of DNA towards RNA Polymerase II would lead to DNA underwinding and facilitated promoter 

opening. Based on PDB: 5oqj and [48]. 

  



 

 
Figure 4 
A. Composite cryoEM and x-ray structural model of INO80 core complex and N-actin/Arp module[29,60] recognizing 40bp linker DNA. 

HSA domain (red) assembles the N-actin/Arp module via barbed end interactions and connects it to the post-HSA domain (pink), which 

provides a direct link to the N-lobe of the ATPase motor. B. CryoEM structure RSC remodeler[32]. N-actin/Arp module bridge the ATPase 

motor (red) and the scaffold (light grey), with helical connection of the post-HSA domain to the HAS domain being interrupted. C. Snf2-

type ATPase motor of INO80. Protrusion I element of the N-lobe is connected to protrusion II of the C-lobe via a C-terminal brace element. 

All three elements are required for efficient coupling ATP-hydrolysis to DNA translocation (indicated by arrows) and their interplay is 

modulated by the binding of the postHSA domain (pink)   D. Allosteric mechanism of linker DNA sensing by INO80. Recognition of linker 

DNA by HSA domain establishes allosteric communication with postHSA domain which in turn promotes coupling of ATP-hydrolysis and 

DNA translocation [60]. Sufficient build of DNA strain is required for DNA propagation beyond the grip and nucleosome sliding[29].  
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