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Autoinhibition imposed by a large conformational switch of 
Full article and list of 
author afliations:INO80 regulates nucleosome positioning https://doi.org/10.1126/ 
science.adr3831 

Upneet Kaur†, Hao Wu†, Yifan Cheng*, Geeta J. Narlikar* 

INTRODUCTION: The packaging of eukaryotic DNA into nucleosomes 
occludes access to the underlying DNA. A primary mechanism for 
regulating access to DNA is through the rearrangement of nucleo-
somes by adenosine 5′-triphosphate (ATP)–dependent chromatin 
remodelers. There are several classes of remodelers, with each class 
catalyzing a specific set of nucleosome rearrangements. The 
chromatin remodeler INO80 is critical for precisely positioning 
nucleosomes near sites of transcription initiation and origins of 
DNA replication. In vitro, INO80 displays a switch-like response to 
the length of DNA flanking a nucleosome such that increasing the 
length from 40 to 80 base pairs (bp) results in ~100-fold faster 
nucleosome sliding. This property helps explain INO80’s ability to 
precisely position nucleosomes in vivo. However, the mechanistic 
basis for the tight regulation of INO80’s activity by flanking DNA 
length remains elusive. 

RATIONALE: INO80 is a multisubunit complex, within which groups 
of subunits are organized as biochemically separable modules. 
Existing cryo-EM structures of INO80 on nucleosomes with long 
flanking DNA show one of these modules, the Arp8 module together 
with the helicase-SANT–associated (HSA) region of the Ino80 
adenosine triphosphatase (ATPase) bound to flanking DNA. Such 
observations have led to the model that the Arp8 module stimulates 
INO80 remodeling by helping the HSA region act as a ruler to sense 
flanking DNA length. To test this role of the Arp8 module, we used 
cryo–electron microscopy (cryo-EM) to compare the structures of 
INO80 bound to nucleosomes with 40 bp of flanking DNA (0/40) 
with those of INO80 bound to nucleosomes with 80 bp of flanking 
DNA (0/80). We further tested the functional effects of the Arp8 
module by either deleting the entire Arp8 module or by targeted 
mutations in the N-terminal region of the Arp8 subunit. The 
combination of these structural and biochemical approaches has 

allowed us to uncover a new role for the Arp8 module in the 
flanking DNA length sensitivity displayed by INO80. 

RESULTS: Our cryo-EM structure of INO80 bound to 0/40 nucleo-
somes revealed that the Arp8 module adopts a distinct autoinhib-
ited conformation, rotating 180° away from flanking DNA. This 
conformation occludes the HSA from interacting with the flanking 
DNA, providing an explanation for slower nucleosome sliding. When 
the flanking DNA length is increased to 80 bp, the Arp8 module gets 
released from the inhibited conformation, allowing the HSA to 
interact with flanking DNA. Deletion of the entire Arp8 module or 
just mutation of the negatively charged N terminus of Arp8 enables 
rapid sliding of 0/40 nucleosomes, effectively equalizing sliding 
rates of 0/40 and 0/80 nucleosomes. These results reveal that the 
Arp8 module does not enable a ruler-like mechanism but rather 
acts as a brake to inhibit INO80’s sliding activity when the flanking 
DNA is short. We also uncovered an additional conformational 
state on 0/80 nucleosomes in which the Arp8 module is conforma-
tionally dynamic. Our biochemical data suggest that this additional 
state represents an activated intermediate that is on path for 
rapid remodeling. 

CONCLUSION: Our results highlight how a multisubunit chromatin 
remodeler utilizes its subunits to impose autoinhibition in a manner 
that is regulated by nucleosomal cues. We speculate that the 
tunability of INO80’s flanking DNA length dependence allows for 
rapid decrowding of nucleosomes during DNA damage. This 
property also explains how INO80 precisely positions nucleosomes 
during replication and transcription. 

*Corresponding author. Email: yifan.cheng@ucsf.edu (Y.C.); geeta.narlikar@ucsf.edu 
(G.J.N.) †These authors contributed equally to this work. Cite this article as U. Kaur et al., 
Science 389, eadr3831 (2025). DOI: 10.1126/science.adr3831 
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INO80’s switch-like response to flanking DNA is gated by conformational switching of the Arp8 module. This conformational rearrangement sheds light (left panel) on 
how INO80 spaces nucleosomes in collaboration with transcription factors (TFs) at transcription start sites (TSS) and the origin recognition complex (ORC) at replication 
origins (right panel). 

249 Science 17 JULY 2025 

https://doi.org/10.1126/science.adr3831
https://doi.org/10.1126/science.adr3831
mailto:yifan.​cheng@​ucsf.​edu
mailto:geeta.​narlikar@​ucsf.​edu
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.adr3831&domain=pdf&date_stamp=2025-07-17


D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia San Francisco on July 17, 2025

   

 

 

   

  

  
 

 
 

 
 

 
  

 
 

 

  
 

  
 

 

 
 

 
 

 

 

 

 
  

   
     

     

  

 
 

 

  
 

 

 
 

 
 
 

 

 

 

 

 
 

  
 

 

 
    

 
 
 
 

 
   

   
     

         
  

RESEARCH ARTICLE 

MOLECULAR BIOLOGY 

Autoinhibition imposed by a large 
conformational switch of INO80 
regulates nucleosome positioning 
Upneet Kaur1,2†, Hao Wu1†, Yifan Cheng1,3*, Geeta J. Narlikar1* 

Increasing the flanking DNA from 40 to 80 base pairs (bp) 
causes ~100-fold faster nucleosome sliding by INO80. A 
prevalent hypothesis posits that the Arp8 module within INO80 
enables a ruler-like activity. Using cryogenic electron 
microscopy, we show that on nucleosomes with 40 bp of 
flanking DNA, the Arp8 module rotates 180° away from the 
DNA. Deleting the Arp8 module enables rapid sliding 
irrespective of flanking DNA length. Thus, rather than enabling 
a ruler-like activity, the Arp8 module acts as a brake on INO80 
remodeling when flanking DNA is short. This autoinhibition– 
based mechanism has broad implications for understanding 
how primitive nucleosome mobilization enzymes may have 
evolved into sophisticated remodelers. 

The packaging of eukaryotic DNA into chromatin enables regula­
tion of the core processes that occur on DNA such as transcription, 
replication, and repair (1, 2). At a fundamental level such regula­
tion occurs through nucleosomes, which are the primary units 
of chromatin, consisting of ~147 base pairs (bp) of DNA wrapped 
around an octamer of histone proteins (3). Defined positions of 
nucleosomes enable site­specific initiation of transcription and rep­
lication by exposing certain factor binding sites and occluding others. 
Transcription in Saccharomyces cerevisiae (S.c) is one of the con­
texts where the role of nucleosome positioning has been best studied 
(4). The promoters of S.c genes exhibit a stereotypical nucleosome 
positioning pattern consisting of a nucleosome­depleted region (NDR) 
of ~140 bp flanked by two well­ positioned nucleosomes, one upstream 
(−1 position) and one downstream (+1 position) of the transcription 
start site (TSS) (5, 6). The nucleosomes within the gene body are 
spaced with ~20 bp of linker DNA. Defects in this nucleosome organi­
zation are associated with cryptic transcription (7). Substantial previ­
ous work has shown that different conserved classes of adenosine 
5′­ triphosphate (ATP)–dependent chromatin remodelers collaborate 
to generate the nucleosome organization at S.c promoters. However, 
among these remodelers, the INO80 chromatin remodeler appears 
largely sufficient to generate the well­ positioned +1 and −1 nucleo­
somes (8–11). How INO80 achieves such precise positioning is a matter 
of active study. 

Two types of findings have provided some insight into how S.c 
INO80 regulates nucleosome positions at promoters. One set of find­
ings suggests a role for DNA shape and mechanics for regulating 
INO80’s activity. (10). Another set of findings has shown that the nu­
cleosome sliding activity of INO80 is strongly dependent on the length 
of the DNA flanking a nucleosome (12, 13). INO80 slides nucleosomes 
with 40 bp of flanking DNA ~100­fold slower than nucleosomes with 
80 bp of flanking DNA, displaying a switch­like response to flanking 
DNA length (12). This feature of INO80 can explain why INO80 does 

1Department of Biochemistry and Biophysics, University of California San Francisco, San Francisco, 
CA, USA. 2Biophysics Graduate Program, University of California San Francisco, San Francisco, 
CA, USA. 3Howard Hughes Medical Institute, University of California San Francisco, San Francisco, CA, 
USA. *Corresponding author. Email: yifan.cheng@ucsf.edu (Y.C.); geeta.narlikar@ucsf.edu 
(G.J.N.) †These authors contributed equally to this work. 

not slide the +1 nucleosome into the gene body or the −1 nucleosome 
into the upstream region. However, the mechanistic basis for this tight 
regulation by flanking DNA length remains poorly understood. 

Testable hypotheses about how flanking DNA length sensing is 
achieved can be derived from INO80’s subunit organization. S.c INO80 
is a multisubunit complex consisting of 15 subunits that are divided 
into three different modules (Fig. 1A) (14). The core module (C­module) 
contains the RecA lobes and insert of the Ino80 ATPase and the Arp5, 
Ies6, Ies2, Rvb1, and Rvb2 subunits. The Arp8 module (Arp8, Arp4, 
Actin, Ies4, and Taf14) interacts with the helicase­SANT–associated 
(HSA) region of Ino80. The Nhp10 module (Nhp10, Ies1, Ies3, and Ies5) 
interacts with the N­ terminal region of Ino80. Structural analysis of 
INO80 bound to nucleosomes with ~80 bp of DNA has shown that the 
HSA region and the structured regions of the Arp8 module bind ~40 bp 
of flanking DNA with the possibility that the unstructured regions of 
the Arp8 module and the flexible Nhp10 module bind additional flank­
ing DNA that is not visualized (10, 15, 16). These studies have led to 
the model that the HSA acts as a ruler to sense flanking DNA length 
and that the Arp8 module stabilizes the interaction of the HSA on DNA 
(10, 11, 17). This model predicts that the Arp8 module will be less stably 
engaged with flanking DNA when it is 40 bp versus 80 bp. 

Here, we tested this hypothesis by determining cryo–electron mi­
croscopy (cryo­ EM) structures of INO80 on nucleosomes with 40 bp 
(0/40) and 80 bp of flanking DNA (0/80). We find that the Arp8 mod­
ule, rather than binding less stably to 40 bp of flanking DNA, reorients 
to a new stable conformation that is ~180° away from the flanking 
DNA. Deleting the Arp8 module substantially increases sliding of 0/40 
nucleosomes, revealing that the Arp8 module plays an unusual auto­
inhibitory role. Overall, our findings show how autoinhibition can 
impose a switch­ like response to flanking DNA length by a chromatin 
remodeling complex. 

RESULTS 
Arp8 module shows a large conformational change as a function of 
flanking DNA length 
We first recapitulated previous observations and found that as pub­
lished, INO80 displayed a large decrease (~100­ fold) in remodeling 
rate when the flanking DNA decreased from 80 to 40 bp on nucleo­
somes assembled using Xenopus laevis (X.l) histones and the 601 
Widom nucleosome positioning sequence (Fig. 1B) (12, 18). The 601 
sequence was used to precisely position nucleosomes and increase the 
homogeneity of the substrate to enable structural analysis and quan­
tification of remodeling kinetics. In addition, we have previously 
shown that INO80 slides nucleosomes assembled on the native 5S 
sequence with overall kinetics comparable to those assembled on the 
601 sequence (12). Remodeling was measured using a well­established 
INO80 activity assay that followed the movement of an end­ positioned 
nucleosome toward the center of the DNA (fig. S1A and Fig. 1B) (12). 
In earlier structures of INO80 bound to nucleosomes containing ~80 bp 
of flanking DNA (0/80), the Arp8 module was shown to bind ~40 bp 
of flanking DNA (15, 19). These findings raised the possibility that the 
Arp8 module contributes to flanking DNA length sensing by helping 
the HSA act as a ruler (11). Our more recent structure of S.c INO80 on 
0/80 nucleosomes in the apo state (no nucleotide bound) for Ino80 also 
shows the Arp8 module bound to ~40 bp of flanking DNA (20). To assess 
whether the nucleotide state affected the location of the Arp8 module, 
we determined structures of S.c INO80 on 0/80 and 0/40 nucleosomes 
in the presence of a nonhydrolyzable ATP analog (ADP/BeFx). 

The overall structure of INO80 bound to 0/80 nucleosomes in the 
presence of ADP/BeFx is similar to the previously published structure 
in the apo state (Fig. 1C and fig. S1) (20). The INO80 C­ module is well 
resolved at a resolution of 2.8 Å. The RecA1 lobe is less resolved com­
pared with the RecA2 lobe, presumably adopting an open conformation 
where the ATPase lobes are not stably bound to nucleotide (fig. S2). 
The Arp8 module is resolved as a well­ defined density on the flanking 
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Fig. 1. Structural rearrangement of the Arp8 module switches INO80 from an inactive to an active state. (A) ATPase architecture and module assembly of the INO80 complex. 
(B) Quantification of fraction product from native gel-based remodeling assays of INO80 on 0/80 (black) and 0/40 (dashed gray) nucleosomes shown in fig. S1A. Error bars represent 
SD for three technical replicates. (C) Cryo-EM density composite map of INO80-0/80 X.l nucleosome complex in the presence of ADP/BeFx (left). Atomic model of the map 
shown in the left panel in a 90° rotated view with map outline of Ino80 recA lobes and HSA, Arp5/Ies6, and Arp8 module bound to the nucleosome (right). The Rvb1/2 and Ies2 
subunits are not shown in the right panel for clarity. In the accompanying cartoon, the RecA lobes are denoted as the Ino80 motor. Atomic model of the Arp8 module was docked 
in from a previously determined structure (PDB: 8A5O). (D) Cryo-EM density composite map of INO80-0/40 X.l nucleosome complex in the presence of ADP/BeFx (left). Atomic 
model of the map shown in the left panel in a 90° rotated view with map outline of Ino80 RecA lobes and HSA, Arp5/Ies6, and Arp8 module bound to the nucleosome (right). The 
Rvb1/2 and Ies2 subunits are not shown in the right panel for clarity. Atomic model of the Arp8 was docked in from a previously determined structure (PDB: 8A5O). (E) Surface 
charge distribution of the HSA region in Ino80 that interacts with the flanking DNA on 0/80 nucleosomes (top panel) or is DNA unbound on 0/40 nucleosomes (bottom panel). The 
HSA is colored according to the coulombic electrostatic potential. (F) Bending of the HSA with 0/40 nucleosomes to straightening with 0/80 nucleosomes, both in the ADP/BeFx state. 
The 0/40 state is highlighted in the left panel and the 0/80 state in the right panel. (G) Comparison of the RecA lobe1 and HSA conformation for 0/40 (left panel) and 0/80 
nucleosomes (right panel) in the ADP/BeFx state. 

Science 17 JULY 2025 2 of 12 



D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia San Francisco on July 17, 2025

   

 

 
 

 

 

 
 

 

             
 
 

 
 
 
 
 

 
 

  
   
 

  
 

 

 
 

  

 
 

 

 

 

 
 

 
 

 
  

  
 
 

 
 

 

  

  

  
 

 
   

 

 
 

  
   

RESEARCH ARTICLE 

DNA (~40 bp). Although at a lower resolution (~11.2 Å), we can dock 
the previously published atomic model of the S.c Arp8 module bound 
to the HSA region of the ATPase into this density (15). 

However, the INO80 structure on 0/40 nucleosomes revealed some 
large differences. The overall architecture of the C­ module of INO80 
bound to 0/80 and 0/40 nucleosomes is similar, except that with 0/40 
nucleosomes the RecA lobes are in a closed conformation and stably 
bound to ADP/BeFx (Fig. 1D and fig. S3). The most substantial differ­
ence in the structure is the location of the Arp8 module as detailed 
below. Although the flanking DNA is partially resolved in the same 
orientation as seen on 0/80 nucleosomes, no additional density was 
seen on the flanking DNA. Instead, additional density is observed 
around the Ino80 RecA lobes that is absent in the 0/80 nucleosome 
structure. Further focused classification and local refinement of this 
density (~9.7 Å) revealed a clearly defined structural feature to be 
compatible with the Arp8 module. The previously determined 
atomic model of the Arp8 module bound to the HSA could be docked 
into this density and revealed that the Arp8 module on 0/40 nucleo­
somes rotates ~180° compared to the Arp8 module on 0/80 nucleo­
somes (movie S1). The region that connects the HSA to the RecA lobes 
is termed the post­ HSA and is not well resolved in structures of INO80 
bound to 0/80 or 0/40 nucleosomes. However, this region is predicted 
to include disordered regions and could allow the large rearrangement 
of the Arp8 module (fig. S4) (21). Thus, on 0/40 nucleosomes, the Arp8 
module and HSA no longer contact the flanking DNA (Fig. 1D). The 
HSA region of Ino80 consists of multiple positively charged residues 
that are implicated to play important roles in binding to flanking DNA 
and in nucleosome sliding (10, 15) (Fig. 1E). On the 0/40 nucleosomes, 
the reorientation of the HSA disengages it from DNA, potentially leav­
ing the positively charged interface solvent exposed, which we discuss 
below (Fig. 1E). The overall shape of the Arp8 module is well resolved 
and similar in both the 0/80 and 0/40 cryo­ EM maps. Overlaying the 
Arp8 module reveals that the HSA in the 0/40 structure is bent com­
pared with the 0/80 structure (Fig. 1F). Specifically, a region of the 
HSA undergoes a conformational shift from being near the RecA1 lobe 
in the 0/40 structure to being extended when interacting with the 
flanking DNA in the 0/80 structure (Fig. 1G). 

Enhanced activity on S.c 0/80 nucleosomes correlates with increased 
dynamics of the Arp8 module 
The drastic rearrangement of the Arp8 module suggested that its loca­
tion may correlate with the activity of INO80. We hypothesized that 
on 0/40 nucleosomes, the location of the Arp8 module represents an 
inhibited conformation of INO80. By contrast, on 0/80 nucleosomes, 
where the Arp8 module engages the flanking DNA, this location of the 
Arp8 module potentially represents a sliding­ competent state of 
INO80. Note that all published biochemical and structural studies of 
the S.c INO80 have been performed with nucleosomes containing 
non­ S.c histones. Although histone proteins are highly conserved 
among eukaryotes, S.c histones are the most divergent from X.l and 
Homo sapiens (H.s) histones (fig. S5) (22). To test whether the reori­
entation of the Arp8 module was dependent on the species of histones 
used, we performed biochemical and structural studies of INO80 on 
nucleosomes containing S.c histones assembled on the 601­ nucleosome 
positioning sequence (S.c nucleosomes) with either 80 or 40 bp of 
flanking DNA. 

Generating large amounts of S.c H4 was technically challenging. 
Given the high conservation between S.c and X.l H4, we tested the 
effects of using X.l H4 instead of S.c H4 (fig. S5). We found that the 
remodeling rates of nucleosomes containing all S.c histones were 
within 2­ fold of remodeling rates containing S.c H2A, H2B, H3, and 
X.l H4 (fig. S6, A and B). Therefore, for all experiments except those 
in fig. S6, we used X.l H4 instead of S.c H4 to make S.c nucleosomes as 
generating large amounts of X.l H4 is technically feasible. When re­
modeling reactions were performed at 30°C, our standard remodeling 

conditions and the optimal growth temperature of budding yeast, we 
found that INO80 centered S.c 0/80 nucleosomes rapidly, making it 
difficult to measure the kinetics (fig. S6C). The remodeling of S.c 0/80 
nucleosomes went to near completion (>3 halftimes) within 15 s com­
pared with remodeling of X.l 0/80 nucleosomes that went to near 
completion in 2 min. To more quantitatively compare INO80’s remod­
eling kinetics on S.c 0/80 and X.l 0/80 nucleosomes, the reaction was 
either performed at 10°C or with subsaturating ATP to slow down the 
rate of remodeling. Under these conditions, we found that INO80 
remodeled S.c 0/80 nucleosomes 45­ fold faster compared to X.l nu­
cleosomes (Fig. 2, A and B). Given INO80’s enhanced activity on S.c nu­
cleosomes, we explored whether flanking DNA remains a crucial 
substrate cue for INO80 on S.c nucleosomes. Shortening the flanking 
DNA from 80 to 40 bp for S.c nucleosomes reduced the remodel­
ing rate of INO80 by ~100­ fold (fig. S6, D and E). This suggested that 
length sensing was not dependent on the species of histones but rather 
is a core feature of INO80’s sliding mechanism. 

Our results raised the question of why S.c nucleosomes are better 
substrates than X.l nucleosomes. There are differences in the se­
quences of H2A, H2B, H3, and H4 between S.c and X.l (fig. S5). As 
mentioned above, substituting S.c H4 for X.l H4 does not have a large 
effect on INO80’s remodeling activity (fig. S6, A and B). We therefore 
explored the effects of varying H2A, H2B, and H3. We first tested the 
effects of differences between the H2A and H2B sequences. Replacing 
the X.l H2A­ H2B in X.l nucleosomes with S.c H2A­ H2B resulted in 
7­fold faster remodeling by INO80. Although the overall structure of 
S.c nucleosomes is similar to that of X.l nucleosomes, a key difference 
is the interaction between the two H2A­ H2B dimers (22). In X.l nu­
cleosomes, the two H2A­ H2B dimer copies interact through a series of 
salt­bridges between the H2A histones (fig. S7A). These salt bridges are 
absent in S.c nucleosomes and may contribute to weaker interactions 
between the two copies of the dimer (22). In previous work, subtle 
conformational rearrangements of the H2A­ H2B dimers have been 
suggested to be important for INO80 to achieve a sliding­ competent 
state (20). Thus, the faster remodeling that we observed with replacing 
X.l H2A­ H2B in X.l nucleosomes with S.c H2A­ H2B could arise because 
of the potentially weaker dimer interactions in S.c nucleosomes. How­
ever, this result also implied that not all of the ~50­ fold rate enhance­
ment derives from differences in the H2A­ H2B dimer. We then asked 
if differences between the X.l and S.c H3­ H4 tetramers also played a 
role in differential remodeling by INO80. Replacing X.l H3 with S.c 
H3 led to ~7­ fold faster remodeling by INO80. These results indicated 
that the difference in sequence between X.l H3 and S.c H3 also con­
tributes to faster remodeling by INO80 (fig. S6, F and G). One ex­
planation arises from inspection of the structure of INO80 bound to 
nucleosomes, which implies contacts between specific aspartate resi­
dues of the Arp5 subunit (D547 and D551) and residues 121 and 125 of 
H3 (α3 helix) (fig. S7B). In X.l H3, these residues are P121 and Q125, 
whereas in S.c H3 these are K121 and K125. We speculated that the 
potentially stronger electrostatic interactions made in the con­
text of S.c H3 may enable INO80 to more readily hold on to the nu­
cleosome during the conformational transitions required for 
remodeling. Overall, the effects were additive in terms of free energy 
(7­ fold × 7­ fold = 49­ fold) and indicated that the ~50­ fold rate enhance­
ment requires S.c­specific H2A­ H2B dimer interactions and S.c-specific 
H3 interactions. 

The enhanced remodeling activity of INO80 on S.c 0/80 nucleo­
somes provided an opportunity to test whether and how the conforma­
tion of the Arp8 module changed on these nucleosomes compared with 
X.l 0/80 nucleosomes as a function of nucleotide state. For X.l nucleo­
somes, no major difference is observed between the previously pub­
lished structure in the apo state and the structure determined here 
in the presence of ADP/BeFx (Fig. 2, C and D), suggesting that the 
nucleotide state does not significantly influence the Arp8 module’s 
conformation on X.l nucleosomes. With S.c 0/80 nucleosomes, we 

Science 17 JULY 2025 3 of 12 



Ino80 

0.2 

0.0 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia San Francisco on July 17, 2025

   

   

 
   

     
 
 

   
     

      
 

  
  

 

 
  

  
  

 

 
 

 

 
 

 
 
 

 

 

 

 

 

 

  

 
 

 
 

  

 

 

 

  
  

    
 

  
 

  
  

  
   

RESEARCH ARTICLE 

~ 50-fold 
A B 2.0 

X.l 0/80 S.c 0/80 
- ATP 0.5 1 2  5 10 20 45 - ATP 0.5 1 2 5 10 20 45 (min) 1.0 

X.l 0/80, ADP/BeFx 
Arp8-engaged to flanking DNA 

S.c 0/80, ADP/BeFx 
Arp8- dynamic 

Rvb1/2 

Rvb1/2 Rvb1/2 

Arp5 

Arp5 Arp5 

Ies2 

Ies2 

cryo-EM low-pass filtered 

Arp8 
module 

Ino80 
RecA2 

Ino80 
RecA1 

Ino80 
RecA2 

Ino80 
RecA1 

Ino80 
RecA2 

cryo-EM low-pass filtered 

Ies2 

D 

S.c 0/80, Apo 
Arp8-engaged to flanking DNA 

X.l 0/80, Apo (PDB:8EUJ, 8EUF) 
Arp8-engaged to flanking DNA 

Rvb1/2 

Arp5 

Ies2 

Arp8 module 

RecA1 
Ino80 
RecA1 

S.c 0/80X.l 0/80 

C 

k o
bs

 (m
in

 -1
 ) 

Arp8 module Arp8 module 

Ino80 
RecA2 

Fig. 2. Enhanced activity of INO80 on S.c nucleosomes correlates with increased dynamics of 
the Arp8 module. (A) Native gel-based remodeling assay of INO80 on X.l and S.c 0/80 nucleosomes 
at 10°C. Substrates (end-positioned nucleosomes and center-positioned nucleosomes) are labeled 
by illustrations next to the respective bands in gels. (B) Quantification of rate constants from three 
repeats of data shown in (A). Error bars represent SD for three technical replicates. (C) Cryo-EM 
composite maps of INO80 bound to either X.l 0/80 nucleosomes (left panel) or S.c 0/80 nucleosomes 
(right panel) in the apo state. The X.l 0/80 composite map is from a previously published structure 
(PDB: 8EUJ and 8EUF). (D) Cryo-EM composite maps of INO80 bound to either X.l 0/80 nucleosomes 
(left panel) or S.c 0/80 nucleosomes (right panel) in the ADP/BeFx state. The map resultant of the 
low-pass filter applied to either X.l or S.c 0/80 nucleosomes is shown as transparent. The left panel 
map is the same as shown in Fig. 1C (left panel) and is reshown here for ease of comparison. 

see larger differences between the structures in the apo and ADP/ 
BeFx states. In both states, the C­ module of INO80 bound to S.c nu­
cleosomes adopts an architecture similar to that seen with X.l 0/80 
nucleosomes (Fig. 2, C and D, and figs. S8 and S9). Further, in the ADP/ 
BeFx state, the RecA lobes are in a closed conformation and stably 
bound to ADP/BeFx, whereas in the Apo state, the RecA lobes are in 
an open conformation. However, the major difference between these 
structures is the location of the Arp8 module. In the apo state of INO80 
on S.c 0/80 nucleosomes, we detected well­ defined density for the Arp8 
module on flanking DNA similar to what was detected previously for 
the apo state on X.l 0/80 nucleosomes. By contrast, in the presence 
of ADP/BeFx, the density for the Arp8 module is less distinct, 
suggesting that the engagement of the Arp8 module with flanking 
DNA is more dynamic in this nucleotide­ bound state. In comparison, 

the cryo­ EM structure of INO80 bound to 0/40 S.c nu­
cleosomes in the ADP/BeFx state showed that the 
Arp8 module adopts a conformation similar to that 
observed on 0/40 X.l nucleosomes in the ADP/BeFx 
state (figs. S10 to S12). Two distinct classes were identi­
fied in this dataset for 0/40 S.c nucleosomes, with the 
grappler region of Arp5 adopting either a crossed or 
parallel conformation (fig. S11). These conformations 
have also been observed for INO80 bound to 0/80 nu­
cleosomes, but the functional consequence of these 
conformations has not been identified (19). 

Together these data suggested that on 0/80 nucleo­
somes, INO80 adopts conformational states that range 
from the Arp8 module stably bound to flanking DNA 
to a more dynamic Arp8 module. To better assess this 
range of conformational states and identify the minor 
conformations with few particles that would be missed 
by standard cryo­ EM classification, we performed 
three­ dimensional (3D) classification by mixing data­
sets of INO80 bound to X.l 0/80, S.c 0/80, X.l 0/40, and 
S.c 0/40 in the ADP/BeFx state (fig. S13). This mixed 
dataset also included a dataset of a mutant INO80 com­
plex bound to S.c 0/40 in the ADP/BeFx state, described 
later in the text. Particles of each class were then traced 
back to the original sample to obtain appropriate par­
ticle distributions among different classes in each 
dataset. This approach provided a better chance for 
identifying conformations that are populated to a small 
extent in one dataset but more populated in another 
dataset. This analysis identified four classes based on 
clear or partial density of the Arp8 module: (i) a class 
with clear density for the Arp8 module rotated away 
from the flanking DNA (class 1a); (ii) a class with par­
tial density for the Arp8 module rotated away from the 
flanking DNA (class 1b); (iii) a class with clear density 
for the Arp8 module bound to flanking DNA (class 2a); 
and (iv) a class with partial density for the Arp8 mod­
ule bound to flanking DNA (class 2b). The remaining 
particles did not show any density for the Arp8 module 
and were grouped into a fifth class (class 3). 

This analysis revealed that in the INO80–S.c 0/40 
(ADP/BeFx) and INO80–X.l 0/40 (ADP/BeFx) datasets, 
a majority of the particles showed either clear or par­
tial density for the Arp8 module held away from flank­
ing DNA (classes 1a and 1b) (fig. S13). In comparison, 
for the INO80–S.c 0/80 (ADP/BeFx) and INO80–X.l 
0/80 (ADP/BeFx) datasets, a much smaller proportion 
of particles fell in classes 1a and 1b. It is further infor­
mative that, for the INO80–S.c 0/40 (ADP/BeFx) and 
INO80–X.l 0/40 (ADP/BeFx) complexes, only a small 
proportion of particles have either clear or partial den­

sity for the Arp8 module on the flanking DNA. These results sug­
gest that on 0/40 nucleosomes, the equilibrium of INO80 is more 
biased toward a state in which the Arp8 module is held away from the 
flanking DNA. 

We further find that for the INO80–X.l 0/80 (ADP/BeFx) sample, a 
majority of the particles have clear or partial density for the Arp8 
module on flanking DNA (classes 2a and 2b), and a small proportion 
do not show density for the Arp8 module (class 3) (fig. S12). By con­
trast, for the INO80–S.c.0/80 (ADP/BeFx) dataset, the majority of the 
particles do not show density for the Arp8 module (class 3) and a small 
minority show clear or partial density for the Arp8 module on flanking 
DNA (classes 2a and 2b). These data suggest that on S.c 0/80 nucleo­
somes, as compared to X.l 0/80 nucleosomes, a greater proportion of 
INO80 adopts a state in which the Arp8 module is more dynamic. 
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The Nhp10 and Arp8 module cooperate to impose flanking DNA 
length dependence 
Previous studies have suggested that the Arp8 module activates 
remodeling by stabiliz ing binding of the HSA to flanking DNA 
(10, 11, 15, 17). However, our structures with the S.c 0/80 nucleosomes 
suggested instead that a conformationally dynamic Arp8 module cor­
relates with greater INO80 activity. These findings made us question 
the Arp8 module’s proposed role. To more directly assess the functional 
contribution of the Arp8 module, we tested the effects of deleting 
this module. 

INO80 complexes lacking the Arp8 module (∆Arp8) were purified 
from yeast strains lacking the Arp8 subunit, which results in the ab­
sence of the entire module (fig. S14). The activity of ∆Arp8 INO80 was 
tested on S.c 0/80 and 0/40 nucleosomes. Deletion of the Arp8 module 
resulted in only a moderate decrease (~2­ fold) in sliding of S.c 0/80 
nucleosomes. By contrast, this deletion resulted in a ~75­ fold increase 
in remodeling of S.c 0/40 nucleosomes (Fig. 3, A and B). These results 
indicated that the Arp8 module slows the sliding of nucleosomes with 
shorter flanking DNAs rather than substantially activating sliding of 
nucleosomes with longer flanking DNA length. Thus, the Arp8 module 
plays an autoinhibitory role on 0/40 nucleosomes. As a result, in the 
absence of the Arp8 module, INO80 remodeled both 0/40 and 0/80 
nucleosomes rapidly and with comparable kinetics, and the sliding 
activity of INO80 was not dependent on flanking DNA length. 

Our structures with 0/40 nucleosomes suggest that the Arp8 module 
sequesters the HSA away from flanking DNA, thereby inhibiting its 
ability to bind flanking DNA. This raised the question of how the loca­
tion of the Arp8 module is regulated as a function of flanking DNA 
length. We observed additional density proximal to the Arp8 module 
in a low pass–filtered map of INO80 bound to 0/40 nucleosomes, 
which covers the positively charged residues of the HSA on 0/40 nu­
cleosomes (Fig. 3C). This additional density could be compatible with 
the Nhp10 module, which interacts with the N terminus of Ino80. The 
Nhp10 module, which contains DNA binding domains, has not been 
structurally characterized as it also contains many disordered seg­
ments (23). However, deletion of this module has been shown to in­
crease remodeling of X.l 0/40 nucleosomes by ~100­ fold, a result we 
also observed with S.c 0/40 nucleosomes (fig. S15A) (12). This sug­
gested that the Arp8 and Nhp10 modules both play a role in autoin­
hibition (Fig. 3D). To test whether these two modules cooperate, we 
investigated the effects of deleting both modules on INO80’s sliding 
activity. The ∆Arp8/Nhp10 complex displayed a slight decrease (~3­ fold) 
in sliding of 0/80 nucleosomes but increased the remodeling of 0/40 
nucleosomes by ~60­ fold (Fig. 3, A and B). Because deleting both mod­
ules had an effect comparable to that of deleting either module, we 
concluded that the Nhp10 and Arp8 modules cooperate to sequester 
the HSA from flanking DNA on 0/40 nucleosomes. 

How might these two modules cooperate? We hypothesized that the 
cooperation occurs through the N terminus of Arp8. This region of 
Arp8 contains several negatively charged residues that could substitute 
for the interactions made by the flanking DNA with the HSA. Inter­
actions by these negatively charged residues could be distributed be­
tween the positively charged HSA, sequestering it from binding DNA 
and the DNA binding regions of the Nhp10 module, resulting in a 
stably inhibited state (Fig. 3E). To test this model, we generated INO80 
complexes that lacked the N terminus of Arp8 (1–197) while retaining 
the rest of the Arp8 module as previously reported (fig. S14) (17). 
Similar to the results with ΔArp8 INO80, an ~100­ fold increase in the 
remodeling rate of 0/40 nucleosomes was observed using ΔN­ Arp8 
INO80 (Fig. 3, F and G). However, in contrast to ΔArp8 INO80, which 
exhibited a slight decrease (~2­ fold) in the remodeling rate of 0/80 
nucleosomes, ΔN­ Arp8 INO80 remodeled 0/80 nucleosomes with a 
rate similar to that of WT INO80. These results indicated that delet­
ing the Arp8 N terminus more specifically removed the autoinhibitory 
role of the Arp8 module as this did not affect remodeling of 0/80 

nucleosomes. To more directly test the effect of the negatively charged 
residues in the N terminus of Arp8, we mutated the aspartic and 
glutamic acid residues highlighted in Fig. 3E to glycine and serine 
residues. We refer to this mutant as Arp8­ acidic mutant (Arp8­ AM). 
Similar to ΔN­ Arp8 INO80, Arp8­ AM INO80 retained all of the sub­
units in the Arp8 module (fig. S14). Arp8­ AM INO80 also displayed an 
~100­ fold increase in the remodeling rate of 0/40 nucleosomes without 
significantly affecting the remodeling rate of 0/80 nucleosomes (Fig. 3, 
F and G). These experiments highlighted the benefits of targeted muta­
tions compared to whole gene deletions for understanding the mecha­
nisms of multisubunit remodelers such as INO80. Overall, the results 
were consistent with the model that the negatively charged residues 
in the N terminus of Arp8 sequester the HSA from binding flanking 
DNA on 0/40 nucleosomes. 

The data above were also consistent with the N terminus of Arp8 
cooperating with the Nhp10 module to impose autoinhibition. To ex­
plore this possibility from a structural perspective, we determined the 
cryo­ EM structure of ∆Nhp10 INO80 bound to 0/40 S.c nucleosomes 
in the presence of ADP/BeFx (fig. S15). The overall architecture of the 
C­ module of ∆Nhp10 INO80 bound to S.c 0/40 nucleosomes is again 
similar to that with S.c 0/40 and 0/80 nucleosomes (Fig. 3H, left panel). 
Through further cryo­ EM processing, we find that the majority of 
particles show undefined density for the Arp8 module similar to the 
INO80 bound to S.c 0/80 nucleosome data set in the ADP/BeFx state. 
Additionally, we identified a small subset of particles showing the Arp8 
module on the flanking DNA (~5%) and another small subset of par­
ticles showing the Arp8 module rotated away from the flanking DNA 
(~4%) (Fig. 3H, center and right panel, respectively). Thus, deleting 
the Nhp10 module substantially decreased the proportion of INO80 
molecules in the inhibited state. These data suggested that without 
the Nhp10 module, the Arp8 module is released from the inactive 
conformation and adopts more than one conformation. Our biochemi­
cal data further suggested that without the Arp8 module, the Nhp10 
module does not play a large role in inhibiting the HSA. To test this 
possibility structurally, we determined the cryo­ EM structure of ∆Arp8 
INO80 bound to S.c 0/40 nucleosomes in the presence of ADP/BeFx 
(fig. S16). The overall architecture of the C­ module of ∆Arp8 INO80 
bound to 0/40 nucleosomes is again similar to that observed with WT 
INO80 bound to S.c 0/40 and 0/80. However, the density correspond­
ing to the HSA around the Ino80 motor domain that was observed 
with the Arp8 module in WT INO80 is no longer detectable (fig. S17). 
This is likely because, without the Arp8 module, the HSA region is 
either poorly structured or highly dynamic. We interpret the absence 
of HSA density as indicative of an activated state, in which the HSA is 
no longer held in an inactive conformation by the Arp8 module. These 
results are consistent with the hypothesis that the Nhp10 and Arp8 
modules cooperatively inhibit the HSA from contacting flanking DNA 
on 0/40 nucleosomes. 

DISCUSSION 
How INO80 achieves its distinctive switch­ like response to flanking 
DNA length has been unclear. Here, through a collection of structures, 
we have uncovered a large conformational change of INO80 that con­
verts INO80 from an inhibited conformation to an active conformation 
when flanking DNA increases to 80 bp. Below we discuss the biochemi­
cal model rising from these studies (Fig. 4) and its implications for the 
biological roles of INO80. 

Regulatory role of the Arp8 module in INO80’s mechanism 
Previous data have suggested that the Arp8 module senses flanking 
DNA length to drive nucleosome sliding (10, 16, 17). However, our re­
sults suggest a different role for the Arp8 module. In contrast to the 
Arp8 module being required for rapid nucleosome sliding, we find 
that it plays an autoinhibitory role to tune INO80’s flanking DNA 
length dependence. Specifically, we find that deletion of the Arp8 
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Fig. 3. The Arp8 and Nhp10 modules collaborate to play an autoinhibitory role in nucleosome remodeling. (A) Native gel-based remodeling assay of WT INO80, ΔArp8 
INO80, and ΔArp8/Nhp10 INO80 on S.c 0/80 (top panel) and S.c 0/40 (bottom panel). Substrates (end-positioned nucleosomes and center-positioned nucleosomes) are 
labeled by illustrations next to the respective bands in gels. (B) Quantification of rate constants from three repeats of data shown in (A). Error bars represent SD for three 
technical replicates. (C) Cryo-EM map of INO80 bound to S.c 0/40 nucleosomes only displaying the Ino80 RecA lobes, HSA, and Arp8 module. The other subunits are not shown 
for clarity. The cryo-EM low pass–filtered map is shown in gray and outlined in black. (D) Model depicting potential cooperation of the Nhp10 and Arp8 module to inhibit sliding 
of INO80 on 0/40 nucleosomes. The N-terminal region of Arp8 is shown as interacting with the HSA and with the Nhp10 module in the context of 0/40 nucleosomes. In the 
context of 0/80 nucleosomes, this region of Arp8 is not shown as it is unclear what it may interact with. (E) Domain architecture of Arp8 showing the N-extension region that 
contains two major acidic patches of glutamic and aspartic acids. The residues highlighted in salmon are the ones mutated to serines and glycines to generate the Arp8-AM 
INO80 complex. Single-letter abbreviations for the amino acid residues are as follows: A, Ala; D, Asp; E, Glu; G, Gly; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; 
T, Thr; V, Val; and Y, Tyr. (F) Native gel-based remodeling assay of WT INO80, ΔN-Arp8 INO80, and Arp8-AM INO80 on S.c 0/80 (top panel) and 0/40 (bottom panel). Substrates 
(end-positioned nucleosomes and center-positioned nucleosomes) are labeled by illustrations next to the respective bands in gels. (G) Quantification of rate constants from 
three repeats of data shown in (F). Error bars represent SD for three technical replicates. (H) Cryo-EM map of ΔNhp10 INO80 bound to S.c 0/40 nucleosomes in the ADP/BeFx 

state. Most of the particles (~84%, left panel) lack defined density of the Arp8 module. A small population of particles were identified in either the state where the Arp8 module is 
on the flanking DNA (~5%, middle panel) or where the Arp8 module has rotated away from the flanking DNA (~4%, right panel). 
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Fig. 4. Model for flanking DNA length sensing by INO80. (A) INO80 binds 0/40 nucleosomes in an autoinhibited state through cooperation of the Arp8 and Nhp10 modules. 
When flanking DNA is >40 bp, the Arp8 module and HSA are released from the inhibited state, and the HSA interacts with the flanking DNA representing the ground state. The 
ground state is in equilibrium with an intermediate state in which the Arp8 module is conformationally dynamic and nucleosomal DNA is unwrapped. The conformationally 
dynamic Arp8 module allows reorientation of the INO80 complex to a sliding-competent state. (B) This model is also depicted in the form of a free energy profile. (C) Depiction 
of INO80’s switch-like response to flanking DNA, which is gated by a large conformational change of the Arp8 module. Ino80, Arp5, Arp8, Actin, Arp4, and Ies4 are show in red, 
green, blue, gold, cyan, and dark gray, respectively. 

module greatly (~75­ fold) increased the rate of remodeling on 0/40 
nucleosomes, with a modest decrease (~ 2­ fold) in remodeling of 0/80 
nucleosomes. Thus, without the Arp8 module, nucleosome sliding was 
still rapid and no longer required greater than 40 bp of flanking DNA. 
On the basis of the structures obtained here, we propose that the 
Nhp10 and Arp8 modules are in an equilibrium between two states, 
(i) a state in which the Nhp10 module and Arp8 module interact to 
inhibit binding of the HSA to flanking DNA and (ii) a state in which 
the Nhp10 module interacts with additional flanking DNA, releasing 
the HSA from its inhibited conformation (Fig. 4). On nucleosomes with 
longer flanking DNA the equilibrium would shift toward the second 
state and release the HSA from the autoinhibited state. Specifically, our 
data are consistent with a model in which the negatively charged resi­
dues in the N terminus of Arp8 sequester the positively charged HSA 
from binding flanking DNA. In this model the inhibitory interaction is 
further stabilized by the Nhp10 module, which carries DNA binding 
domains. Although the Nhp10 module and the N terminus of Arp8 are 
not conserved between S.c and H.s (fig. S18), it is possible that in H.s, 
their roles are served by other, yet to be characterized INO80 subunits. 

Implications of a dynamic Arp8 module in INO80’s nucleosome 
sliding mechanism 
The interaction of the Arp8 module and HSA with flanking DNA seen 
on X.l 0/80 nucleosomes is consistent with prior studies implicating 
the HSA in nucleosome sliding (15–17). However, the conformational 
heterogeneity of the Arp8 module on S.c 0/80 nucleosomes, which are 
remodeled ~45­ fold faster than X.l 0/80 nucleosomes, provides an 
additional snapshot into INO80’s sliding mechanism. We propose that 
a dynamic and rearranged Arp8 module with DNA unwrapping at the 
entry site is required for efficient nucleosome sliding by INO80. By 
this model, the stably bound Arp8 module with the HSA interacting 
with flanking DNA as seen for S.c 0/80 nucleosomes in the Apo state 

RESEARCH ARTICLE 

represents a ground state conformation. The activated state is repre­
sented by the structure of INO80 on S.c 0/80 nucleosomes with ADP/ 
BeFx where more DNA is unwrapped, the Arp8 module adopts addi­
tional conformational states, and the RecA lobes are closed. Recently, 
it has been proposed that INO80 may undergo an ATP­ dependent rota­
tion that relocates the Ino80 ATPase from SHL­6 to SHL­2 on a nucleo­
some to achieve a sliding­ competent conformation (20). We speculate 
that such a rotation may require the Arp8 module to be released from 
flanking DNA, resulting in DNA unwrapping and allowing the move­
ment of the Ino80 ATPase toward SHL­2. The model presented here 
thus proposes three key steps to initiate nucleosome sliding by INO80: 
(i) The Arp8 module needs to release the HSA from the inhibited 
conformation where it cannot access DNA, (ii) the HSA needs to con­
tact the flanking DNA, and (iii) the Arp8 module needs to be confor­
mationally dynamic to allow reorientation of the INO80 complex to a 
sliding­ competent state (Fig. 4). This model can explain why S.c nu­
cleosomes are remodeled faster than X.l nucleosomes. With X.l. 0/80 
nucleosomes, the equilibrium is shifted toward the ground state, 
whereas with S.c 0/80 nucleosomes, the equilibrium is shifted toward 
the activated state. As a result, the overall activation barrier for re­
modeling of S.c nucleosomes is reduced compared to that for X.l 
nucleosomes. 

Flanking DNA length sensing is also a feature of remodelers from 
the ISWI family (24). For these remodelers, the rate of remodeling and 
ATP hydrolysis are both regulated by flanking DNA length (25, 26). By 
contrast, whereas INO80’s remodeling activity is dependent on flank­
ing DNA length, its ATPase activity is independent of flanking DNA 
length (12, 13). Furthermore, previous data have shown that deletion 
of the Arp8 or Nhp10 module or mutations in the HSA only affect 
remodeling activity and not ATPase activity (10, 12, 15). Thus, unlike 
ISWI remodelers, the ATPase activity of INO80 is not directly coupled to 
sensing flanking DNA length. Our model (Fig. 4) provides a framework 
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to explain this difference. We propose that the Arp8 and Nhp10 mod­
ules regulate how well the ATPase activity of Ino80 is coupled to nu­
cleosome sliding in response to flanking DNA length. By doing so, 
these modules gate the early steps of movement of the Ino80 ATPase 
from SHL­6 to SHL­2 and make the overall reaction dependent on 
flanking DNA length. 

It is further informative to compare the autoinhibition mechanism 
uncovered here to autoinhibition mechanisms found in other chroma­
tin remodelers. For ISWI, CHD1, and ALC1 remodelers, the ATPase 
subunit has been shown to be in the autoinhibited state, and recogni­
tion of the appropriate substrate cues on a nucleosome such as the H4 
tail for ISWI and CHD1 and polyADP­ ribosylation for ALC1 relieve this 
autoinhibition (27–35). Having the autoinhibition mechanism within 
the core ATPase may ensure that all complexes containing the ATPase 
subunit are subject to this regulation. By contrast, having the autoin­
hibition mechanism regulated by accessory subunits such as the Arp8 
and Nhp10 modules may allow additional regulation of autoinhibition 
by the formation of subcomplexes. 

Implications for INO80’s biological role in chromatin accessibility 
The tight regulation of INO80 by flanking DNA length raises the ques­
tion of why INO80 needs to be inhibited in sliding nucleosomes with 
≤40 bp of DNA. Previous data have shown that once INO80 starts 
sliding nucleosomes, it rapidly moves nucleosomes by ~20 bp without 
re­sensing flanking DNA (12). This behavior contrasts with that of ISWI 
family remodelers that rapidly and bidirectionally move nucleosomes 
and re­sense flanking DNA after sliding nucleosomes by only ~3 bp (36). 
Therefore, the large conformational change identified here may repre­
sent a critical gating step, which ensures that rapid sliding only occurs 
when the flanking DNA is >40 bp. In the context of transcription, such 
regulation may be used to ensure that any movement of the +1 nucleo­
some into the gene body caused by other remodelers is rapidly reversed 
by moving the nucleosome toward the NDR (37). Consistent with this 
possibility, deletion of the Arp8 module perturbs spacing of the +1 
nucleosome and other nucleosomes in the gene body (38). Deletion of 
the Arp8 module also exhibits defects in INO80­ dependent regulation 
of transcription (15, 17, 38). These in vivo findings showcase the critical 
role of the Arp8 module in INO80’s nucleosome positioning activity 
and provide a mechanistic explanation for why INO80 is essential for 
maintaining the positioning of the +1 nucleosome. 

In addition to transcription, INO80 also plays important roles in DNA 
repair and replication (37). In the context of DNA repair, we propose 
that INO80’s switch­ like response ensures that the remodeler rapidly 
decreases nucleosome crowding to make DNA damage sites accessible. 
Deletions of the Arp8 module or the N terminus of Arp8 in yeast show 
sensitivity to replication stress and DNA damage (15, 17). Additionally, 
another subunit of the Arp8 module, Ies4, has been shown to be 
phosphorylated by the Mec1/Tel1 kinases during exposure to DNA 
damage agents (39). These phosphorylation marks influence the DNA 
damage response, particularly when initiated by replicative stress. 
Although this region of Ies4 has not been observed by cryo­ EM to date, 
it is possible that the interactions within the Arp8 module or with the 
rest of the complex are regulated by phosphorylation of Ies4. In com­
parison, phosphorylation of Arp8 has been shown to have larger effects 
on replication than transcription (40). Specifically, Arp8 is phosphoryl­
ated by the Dbf4­ dependent kinase (DDK) within its unstructured N 
terminus at residues S65 and S233 (40). These phosphorylation sites 
lie in the negatively charged N terminus of Arp8 that we propose in­
teracts with HSA to inhibit INO80’s activity in a flanking DNA length– 
dependent manner. Disrupting phosphorylation of the N terminus of 
Arp8 widened the linker lengths between nucleosomes at replication 
origins, leading to replication defects with minimal changes in tran­
scription (40). It is possible that phosphorylation of these sites in the 
N terminus of Arp8 tunes the interaction with Nhp10, and in turn the 
extent of autoinhibition as a function of flanking DNA length. It is also 

possible that phosphorylation of Arp8 more strongly tunes INO80’s 
interactions with other factors at replication and not transcription 
sites. Overall, differential posttranslational modifications of the Arp8 
module may regulate INO80’s response to flanking DNA length in a 
context­ dependent manner in yeast. 

Most broadly, our findings showcase how a primitive nucleosome 
mobilization enzyme may have evolved into a sophisticated remodeler 
by the acquisition of modules that use nucleosome cues to impose 
restrictions on the remodeling output. 

Materials and methods 
Purification of INO80 complexes 
To generate the ΔArp8 INO80 construct, the gene was deleted by 
knock­in at the endogenous locus in the S. cerevisiae: INO80­FLAG: 
S288C strain using a KanMX marker. The mutation was verified by 
colony polymerase chain reaction (PCR). The ΔArp8/Nhp10, ΔN – Arp8, 
and Arp8­ AM constructs were cloned through a CRISPR­Cas9 system 
for S. cerevisiae. Briefly, guide RNAs (gRNAs, listed below) that tar­
geted the N terminus of Arp8 were cloned into a plasmid carrying 
Cas9. The repair template was designed to have 100 bp of homology 
both upstream and downstream of the insert and ordered from TWIST 
biosciences. The guide RNA containing plasmid and repair template 
were transformed into the INO80­FLAG: S288C strain. The mutants 
were verified by PCR and sequencing of the locus. 

gRNAs used to target the N terminus of Arp8: 
1: 5′­GAGACACCCAGAAGTGTAAC­3′ 
2: 5′­ ACAACTACTTTACCTGCCAC­3′ 
3: 5′­TAGCGTACCTTTAAGCAGCC­3′ 
The endogenous INO80 complexes were purified as previously 

reported (12). Briefly, 2x­FLAG tagged INO80 strains were grown 
at 30°C in YPD to saturation and harvested for purification. INO80 
was purified by FLAG immunoprecipitation. The elution from FLAG 
immunoprecipitation was loaded onto a Mono Q 5/50 GL column 
and eluted by a linear salt gradient (100 mM KCl to 1 M KCl) over 
20 column volumes. Peak fractions were dialyzed into storage buffer 
[25 mM Hepes (pH 7.5), 100 mM KCl, 10% glycerol, 1 mM EDTA, 1 mM 
DTT, and 0.02% NP­40]. 

Nucleosome reconstitution 
Recombinant X. laevis and S. cerevisiae histones were expressed in 
BL21(DE3) plysS cells and purified as previously described (41, 42). 
601 DNA was amplified from a plasmid containing the Widom 601 
sequence and labeled with either a Cy3 or Cy5 fluorophore modified 
primer. The PCR products were separated on a 5% polyacrylamide gel 
and the desired band was cut out. The gel slice containing the DNA was 
crushed and soaked in 1X TE overnight and filtered through a 0.22­ μm 
filer. The DNA was ethanol precipitated and dissolved in 1X TE. Refold­
ing of histone octamers was performed as described previously. 
Nucleosomes were assembled using salt gradient dialysis and purified 
using a 10 to 30% glycerol gradient (41, 42). 

Native gel-based remodeling assay 
All remodeling reactions were done under single turnover conditions 
(enzyme in excess of nucleosomes) with saturating INO80. The reac­
tions were carried out at either 10° or 30°C. Briefly, 40 nM WT INO80 
was incubated with 10 nM nucleosomes in reaction buffer [26.5 mM 
Tris (pH 7.5), 13.5 mM Hepes (pH 7.5), 50 mM KCl, 7% glycerol, 0.01% 
NP­40, 1.1 mM MgCl2] for 10 min. All remodeling reactions expect the 
ones shown in Fig. 3F were started with 1 mM ATP·MgCl2. The remod­
eling reactions shown in Fig. 3F were started with 80 μM ATP· MgCl2 
to slow down S.c nucleosome remodeling at 30°C. The no ATP control 
was taken at the last time point of the reaction. The reaction samples 
taken at specific time points were quenched with excess plasmid DNA 
and ADP. Samples were resolved on a native PAGE gel (6% acrylamide, 
0.5X TBE) ran for 3 to 4 hours at 125 V. Gels were scanned on a 
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Typhoon Imager (GE Life Sciences) and quantified by densitometry 
using ImageJ. All kinetics were performed in triplicates with more 
than one biological replicate. Using Prism 7 (GraphPad), data were fit 
to a single­ phase exponential decay model (Eq. 1), where y0 is the 
initial fraction product, kobs is the observed rate constant, and p is the 
fraction product at the plateau. 

˜ ° 
−kobst y = y

0 −p e + p 

Amine-functionalized GO grids preparation 
Graphene oxide (GO) grids were prepared as previously described 
(43, 44). Briefly, in a glass petri dish (60 mm in diameter, 15 mm in 
height) an epoxy coated stainless steel mesh stand was placed at the 
bottom and DI water was filled to the top. 300 Mesh, R1.2/1.3 Au 
Quantifoil grids were placed on the mesh stand with carbon side facing 
upward. Using a syringe, the GO solution (230 μl in total volume) was 
spread onto the water surface. After draining the water, the GO­ coated 
grids were dried at room temperature for use. GO­ covered grids were 
then submerged in 10 mM ethylenediamine solution diluted in 
dimethyl sulfoxide (DMSO) and incubated for 5 hours at room tem­
perature. The grids were washed twice with DMSO without ethylene­
diamine, twice with autoclaved water, twice with ethanol, and dried 
under ambient conditions. Amino modified grids were stored dry 
at −20°C until use. 

Electron microscopy sample preparation and data collection 
WT INO80 and nucleosomes (X.l 0/80, X.l 0/80, S.c 0/80, and S.c 0/40) 
were mixed in a 2:1 ratio and buffer exchanged into remodeling buffer 
[26.5 mM Tris (pH 7.5), 13.5 mM Hepes (pH 7.5), 50 mM KCl, 1.1 mM 
MgCl2, and 1% glycerol] for 2 hours. After dialysis, the complex was 
incubated with 1 mM ADP, 1 mM MgCl2, 1 mM BeCl2, and 5 mM NaF at 
room temperature for 10 min. For the WT INO80–S.c 0/80 nucleosome 
sample in the apo state no nucleotide was added. ΔArp8 and ΔNhp10 
INO80 were mixed in a 3:1 ratio with S.c 0/40 nucleosomes. All sam­
ples were prepared using functionalized GO­ amine cryo­ EM grids. 
Plunge freezing of the grids was carried out by applying 3 μL of sample 
at 8°C and 100% humidity on FEI Vitrobot IV with a wait time of 4 s, blot 
force of 0 using ø 55/20 mm blotting filter paper from TED PELLA. 

All cryo­ EM datasets were collected using SerialEM (45). Defocus 
range was set from ­0.8 μm to −1.8 μm. For the dataset of WT INO80 
bound to X.l 0/80 nucleosomes (ADP/BeFx), 16,215 images were ac­
quired with a nominal magnification of 105 K, resulting in a pixel size 
of 0.8189 Å. For the dataset of WT INO80 bound to X.l 0/40 nucleo­
somes (ADP/BeFx), 8796 images were acquired with a nominal mag­
nification of 105 K, resulting in a pixel size of 0.4155 Å. Each image was 
dose­ fractionated to 50 frames, resulting in a total fluence of ~50 elec­
trons per Å2. Each image was dose­ fractionated to 80 frames, resulting 
in a total fluence of ~47.7 electrons per Å2. For the dataset of WT INO80 
bound to S.c 0/80 nucleosomes (ADP/BeFx), 11,890 images were ac­
quired with a nominal magnification of 105 K, resulting in a pixel size 
of 0.835 Å. Each image was dose­ fractionated to 80 frames, resulting 
in a total fluence of ~45.8 electrons per Å2. For the dataset of WT 
INO80 bound to S.c 0/40 nucleosomes (ADP/BeFx), 22,362 images were 
acquired with a nominal magnification of 105 K, resulting in a pixel 
size of 0.835 Å. Each image was dose­ fractionated to 80 frames, result­
ing in a total fluence of ~45.8 electrons per Å2. For the dataset of 
ΔNhp10 INO80 bound to S.c 0/40 nucleosomes (ADP/BeFx), 8,740 im­
ages were acquired with a nominal magnification of 130 K, resulting 
in a pixel size of 0.940 Å. Each image was dose­ fractionated to 2110 
frames, resulting in a total fluence of ~60 electrons per Å2. For the 
dataset of ΔArp8 INO80 bound to S.c 0/40 nucleosomes (ADP/BeFx), 
11,809 images were acquired with a nominal magnification of 105 K, 
resulting in a pixel size of 0.8189 Å. Each image was dose­ fractionated 
to 80 frames, resulting in a total fluence of ~47.7 electrons per Å2. For 
the dataset of WT INO80 bound to S.c 0/80 nucleosomes (Apo state), 
9375 images were acquired with a nominal magnification of 105 K, 

resulting in a pixel size of 0.8189 Å. Each image was dose­ fractionated 
to 80 frames, resulting in a total fluence of ~47.7 electrons per Å2. 

Image processing 
All datasets were processed using the same initial pipeline. In brief, movie 
stacks were motion­ corrected and dose­ weighted with MotionCor2 
(46). The CTF parameters were estimated, and all subsequent 2D clas­
sification, heterogeneous refinement, and 3D classification were per­
formed in cryoSPARC (47). The previously published cryo­ EM map of 
the INO80 nucleosome complex (EMDB:28613) was used in cryoSPARC 
as a reference for template picking (20). 

For the dataset of the WT INO80 X.l­0/80 sample in the ADP/BeFx 
state, a total of 2,385,551 particles were picked and extracted with 
a box size of 448x448 pixels centered at the middle of the particles. 
After 2D classification, heterogeneous refinement, and 3D classifica­
tion, 109,876 particles with well­ defined features of both the INO80 
C­module and nucleosome were selected. Subsequent 3D volume 
analysis revealed density near the flanking DNA. To resolve this den­
sity, the selected particles were exported into RELION (48) and further 
auto­ refined. These particles were then re­ extracted with a box size of 
360x360 pixels from the motion corrected micrographs centered at 
the flanking DNA. Further 3D classification identified a subset of 
32,683 particles containing clear Arp8 module densities; focused re­
finement of Arp8 module yielded a 11.2 Å map. The same subset was 
extracted again with a box size of 448x448 pixels centered at the 
INO80 C­ module. This subset of particles was imported back into
cryoSPARC for nonuniform refinement, yielding a 2.6 Å map of the 
INO80 C­ module and nucleosome. After, particle subtraction was ap­
plied to the same subset of particles to isolate the nucleosome with a 
box size of 240x240 pixels. Subsequent refinement using RELION and 
cisTEM yielded a nucleosome map with a resolution of 2.8 Å (49). Fi­
nally, the cryoSPARC map of the INO80 C­ module, cisTEM map of the 
nucleosome and the RELION map of Arp8 module were assembled to 
generate a composite map. 

For the dataset of WT INO80 bound to X.l 0/40 nucleosomes in the 
ADP/BeFx state, 1,543,010 particles were initially picked and extracted 
with a box size of 448x448 pixels centered at the middle of the par­
ticles. Following 2D classification, heterogeneous refinement, and 
3D classification, a total of 30,914 particles with well­ defined INO80 
C­ module and nucleosome features were selected. Subsequent 3D vol­
ume analysis revealed previously uncharacterized densities near the 
Ino80 RecA­ lobes. To resolve this density, the selected particles were 
exported into RELION (48) and further auto­ refined. These particles 
were then re­ extracted with a box size of 320x320 pixels from the mo­
tion corrected micrographs centered at the Ino80 RecA­ lobes. Further 
3D classification identified a subset of 10,256 particles containing clear 
Arp8 module densities; focused refinement of Arp8 module yielded a 
9.7 Å map. The same subset was extracted again with a box size of 
448x448 pixels centered at the INO80 C­ module. This subset of par­
ticles was imported back into cryoSPARC for nonuniform refinement, 
yielding a 3.3 Å map of the INO80 C­ module and nucleosome. 
Finally, the cryoSPARC map of the INO80 C­ module: nucleosome and 
the RELION map of Arp8 module were assembled to generate a com­
posite map. 

For the dataset of WT INO80 bound to the S.c 0/80 nucleosome in 
the apo state, a total of 1,721,659 particles were picked and extracted 
with a box size of 448x448 pixels centered at the middle of the par­
ticles. After 2D classification, heterogeneous refinement, and 3D clas­
sification, 41,849 particles with well­ defined features of both the 
INO80 C­ module and nucleosome were selected. Subsequent 3D vol­
ume analysis revealed density near the flanking DNA. To resolve this 
density, the selected particles were exported into RELION (48) and 
further auto­ refined. These particles were then re­ extracted with a box 
size of 360x360 pixels from the motion corrected micrographs cen­
tered at the flanking DNA. Further 3D classification identified a subset 
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of 17,836 particles containing clear Arp8 module densities; focused 
refinement of Arp8 module yielded a 14.7 Å map. The same subset was 
extracted again with a box size of 448x448 pixels centered at the 
INO80 C­ module. This subset of particles was imported back into 
cryoSPARC for non­uniform refinement, yielding a 3.2 Å map of the 
INO80 C­ module and nucleosome. Finally, the cryoSPARC map of the 
INO80 C­ module: nucleosome and the RELION map of Arp8 module 
were assembled to generate a composite map. 

For the dataset of WT INO80 bound to the S.c 0/80 nucleosome in 
the ADP/BeFx state, a total of 2,365,714 particles were picked and ex­
tracted with a box size of 448x448 pixels centered at the middle of the 
particles. After 2D classification and heterogeneous refinement, 
721,488 particles were obtained with the INO80 C­ module and nucleo­
some. To further improve the resolution, 3D classification was per­
formed, yielding a final set of 138,910 particles that were subjected 
to non­uniform refinement in cryoSPARC to reconstruct the INO80 
C­ module and nucleosome complex with a global resolution of 2.9 Å. 

For the dataset of WT INO80 bound to S.c 0/40 nucleosomes in the 
ADP/BeFx state, 3,625,796 particles were picked and extracted with a 
box size of 448x448 pixels centered at the middle of the particles. After 
2D classification and heterogeneous refinement, 251,389 particles were 
selected. Subsequent 3D volume analysis revealed density near the 
Ino80 RecA­ lobes and Arp5. To resolve these densities, the selected 
particles were exported to RELION (48) and further auto­ refined. A 
mask containing the Arp5 module and the nucleosome was generated, 
followed by particle subtraction. Further 3D classification identified 
two well­ defined classes that differed primarily in the grappler of Arp5: 
74,790 particles in class 1 (the “parallel grappler”) and 73,064 particles 
in class 2 (the “cross grappler”). The subtracted particles were reverted 
to their original form. These particles were then re­ extracted with a 
box size of 320x320 pixels from the motion corrected micrographs 
centered at the Ino80 RecA­ lobes. Further 3D classification identified 
a subset 32,763 particles in class 1 and 30,162 particles in class 2 con­
taining clear Arp8 module densities; focused refinement of Arp8 mod­
ule yielded a 8.4 Å and 8.6 Å map, respectively. The same subset was 
extracted again with a box size of 448x448 pixels centered at the 
INO80 C­ module. This subset of particles was imported back into 
cryoSPARC for non­uniform refinement, yielding a 3.1 Å (class 1) and 
3.2 Å (class 2) map of the INO80 C­ module and nucleosome. Finally, the 
cryoSPARC map of the INO80 C­ module: nucleosome and the RELION 
map of Arp8 module were assembled to generate a composite map. 

For the dataset of ΔNhp10 INO80 bound to S.c 0/40 nucleosomes in 
the ADP/BeFx state, a total of 1,502,039 particles were picked and ex­
tracted with a box size of 480x480 pixels centered at the middle of the 
particles. After 2D classification and heterogeneous refinement, a final 
101,622 particles with the INO80 C­ module were obtained. Next, we im­
ported this particle stack to RELION and performed particle subtrac­
tion to only contain the Ino80 RecA­ lobes, Arp5, and the nucleosome 
with a box size of 240x240 pixels. Further 3D classification on the 
subtracted particles identified 40,107 particles with clear density for 
the Ino80 RecA­lobes, Arp5, and the nucleosome. These particles were 
refined in RELION and resulted in a 4.2 Å nucleosome map. The sub­
tracted particles were then reverted to the original particles, and im­
ported into cryoSPARC to preform nonuniform refinement, which
resulted in 3.0 Å global map. We also re­ extracted the particles with 
the Ino80 RecA­ lobes as the center with a box size of 448x448 pixels. 
After 3D classification, 3,786 particles were identified with density that 
could partially contain the Arp8 module. 

For the dataset of ΔArp8 INO80 bound to S.c 0/40 nucleosomes in 
the ADP/BeFx state, a total of 2,914,719 particles were picked and ex­
tracted with a box size of 448x448 pixels centered at the middle of the 
particles. After 2D classification and heterogeneous refinement, a final 
159,734 particles were obtained for the INO80 C­ module. Next, we im­
ported this particle stack to RELION and performed particle subtrac­
tion to only include the nucleosome and Ino80 RecA­ lobes with a box 

size of 240x240 pixels. Further 3D classification identified 36,091 par­
ticles with clear nucleosome density, resulting in a 4.2 Å nucleosome 
map. The subtracted particles were then reverted to the original par­
ticles, and imported into cryoSPARC to preform nonuniform refine­
ment, which resulted in 2.9 Å global map. 

To reduce classification bias, particles from all samples in the ADP/ 
BeFx state (WT INO80–X.l­0/40, WT INO80–X.l­0/80, WT INO80– 
S.c­0/40, WT INO80–S.c­0/80, and ∆Nhp10 INO80–S.c­0/40) were 
combined after initial particle selection in cryoSPARC. The combined 
dataset was then exported to RELION for global refinement, which 
revealed densities around both the Ino80 RecA­ lobes and the flanking 
DNA. To resolve the density around the RecA­ lobes or the flanking 
DNA, the particles were re­ extracted with the center of the box shifted 
to RecA­ lobes (320x320 pixels) or flanking DNA (360x360 pixels). 
These two sets of re­ exacted particles are identical but centered differ­
ently. These particles were then subjected to 3D classification sepa­
rately. The classification of particles centered at the RecA­ lobes 
revealed two distinct classes: (i) clear density of the Arp8 module 
rotated ~180° away from the flanking DNA, and (ii) particles that did 
not contain clear density of the Arp8 module. The classification of 
particles centered at flanking DNA also revealed two distinct classes: 
(i) clear density of the Arp8 module bound to flanking DNA, and (ii) par­
ticles that did not contain clear density of the Arp8 module. Note that 
there is no overlap of particles in the classes with clearly defined Arp8 
density from these two classifications. Together, this yielded three 
classes of particles: (i) the Arp8 module rotated away from flanking 
DNA, (ii) the Arp8 module bound to the flanking DNA, and (iii) un­
defined density for the Arp8 module. Particles of each class were then 
traced back to the original sample to calculate the ratio of particles 
between class 1 and 2. Subsequently, the particle sets corresponding 
to each sample were processed in RELION for 3D reconstruction. This 
confirmed that the distinct densities near the Ino80 RecA­ lobes or 
bound to the flanking DNA remained after particles were reclassified 
into their respective datasets. 

Model building 
For the model building, the initial model was generated by fitting the 
available coordinates into our cryo­ EM density maps by using Chimera 
(50). These coordinates include the INO80 core (with its sequence 
changed to that of S. cerevisiae by Alphafold (21) and ccp4em), the model 
of the Arp8 module, the model of the X.l nucleosome, and the model of 
the S.c nucleosome (PDB: 6FML, 8A5O, 1KX5, and 1ID3) (15, 19, 22, 51). 
The inconsistent parts were then manually built and refined in coot (52). 
The structures were refined using Phenix (53) with secondary struc­
ture constraints. 

Summary of parameters used in data collection and model building 
are in tables S1 and S2. 
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