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ABSTRACT

ATP-dependent chromatin remodeling factors of
SWI/SNF2 family including ISWI, SNF2, CHD1 and
INO80 subfamilies share a conserved but function-
ally non-interchangeable ATPase domain. Here we re-
port cryo-electron microscopy (cryo-EM) structures
of the nucleosome bound to an ISWI fragment with
deletion of the AutoN and HSS regions in nucleotide-
free conditions and the free nucleosome at ∼ 4 Å
resolution. In the bound conformation, the ATPase
domain interacts with the super helical location 2
(SHL 2) of the nucleosomal DNA, with the N-terminal
tail of H4 and with the �1 helix of H3. Density for
other regions of ISWI is not observed, presumably
due to disorder. Comparison with the structure of the
free nucleosome reveals that although the histone
core remains largely unchanged, remodeler binding
causes perturbations in the nucleosomal DNA result-
ing in a bulge near the SHL2 site. Overall, the struc-
ture of the nucleotide-free ISWI-nucleosome complex
is similar to the corresponding regions of the re-
cently reported ADP bound ISWI-nucleosome struc-
tures, which are significantly different from that ob-
served for the ADP-BeFx bound structure. Our find-
ings are relevant to the initial step of ISWI binding to
the nucleosome and provide additional insights into
the nucleosome remodeling process driven by ISWI.

INTRODUCTION

Genomic DNA of eukaryotic organisms is wrapped around
the histone octamer core forming compact nucleosome

units that in turn are tightly packed into higher-order chro-
matin structures to allow the genetic material to efficiently
fit within the cell nucleus. A highly condensed form of ge-
nomic DNA is important for accurate segregation of the ge-
netic material during cell division, however, the compaction
also limits access to the genetic information by regulatory
proteins that are critical for accomplishing fundamental cel-
lular processes including transcription, repair, replication,
and recombination. For example, in the context of chro-
matin, eukaryotic gene expression is highly regulated and
requires various protein factors that ensure proper temporal
control. Transcription is initiated by DNA-binding factors
that recognize specific sequences in promoters and recruit
multi-subunit coactivator complexes (1). These coactivators
contain enzymes that can post-translationally modify his-
tones and chromatin remodelers that alter the position of
nucleosomes or evict histones from the DNA.

Chromatin remodelers are a family of ATP-dependent
enzymes that utilize energy generated from ATP hydrolysis
to facilitate access to genomic DNA (2). These remodeling
factors are divided into four subfamilies (SWI/SNF:
SWItching defective/Sucrose Non-Fermenting, CHD:
Chromodomain Helicase DNA binding, INO80: INOsitol
requiring 80, and ISWI: Imitation SWItch), all of which
share a catalytic ATPase domain in addition to one or more
accessory domains needed to perform subfamily specific
functions (2,3). Malfunctions in these remodeling factors
are associated with aging and cancer and this class of
proteins has therefore generated great interest as therapeu-
tic targets (3–6). Recent structural studies have provided
molecular insights on how ISWI, SNF2, CHD1 and
INO80/SWR1 interact with nucleosome (7–17) but a
complete understanding of ISWI functional mechanism is
still lacking (18,19). In the present study, we determined
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a cryo-EM structure of the complex formed between
nucleosome and the ATPase domain of the Chaetomium
thermophilum ISWI. We carried out detailed comparisons
with the structure of the free nucleosome (also determined
in the present study), previously available structures of the
free ISWI (14), and the recently reported nucleotide-bound
ISWI-nucleosome complexes (20) to provide a more com-
prehensive understanding of the functional mechanism of
ISWI class of remodeling enzymes.

MATERIALS AND METHODS

Construction of expression plasmids

The codon-optimized DNA fragment encoding the
ATPase fragment ISWI77–134-GSSG-ISWI167–722 of the
Chaetomium thermophilum ISWI (hereafter referred to
as CtISWI77-�-722) was synthesized (GENEWIZ, South
Plainfield, NJ) and cloned into pProEX-Htb expression
vector using restriction enzyme MfeI and BamHI, which
had an N-terminal histidine tag and TEV protease cleavage
site (M-AHHHHHHGHHH-ENLYFQG-SSS-ISWI77–134-
GSSG-ISWI167–722). The flexible ‘GSSG’ linker is used
to replace the L3 loop and �4 helix of the AutoN region
to increase the binding affinity of the remodeler for the
nucleosome (14).

Expression and purification of the CtISWI77-�-722 ATPase
fragment

Escherichia coli BL21-CodonPlus(DE3)-RIPL (Agilent
Technologies, Wilmington, DE, USA) was used for expres-
sion of the recombinant CtISWI77-�-722 ATPase fragment.
Escherichia coli cells harboring the CtISWI77-�-722 ATPase
fragment expression plasmid were grown at 37◦C in 1×
LB Broth (IPM Scientific) with 100 �g ml−1 Ampicillin
until OD600 reached around 1.0. At this point, recombi-
nant protein expression was induced by adding 0.3 mM
IPTG (isopropyl �-D-1-thiogalactopyranoside, final con-
centration) for 18–20 h at 14◦C. The cells were harvested
at 4,000 RPM for 10 min, then washed twice with 40 ml
wash buffer containing 20 mM Tris–HCl pH 8.0, 500 mM
NaCl and 2 mM �-ME. Cells were resuspended in 40 ml
binding buffer containing 20 mM Tris–HCl pH 8.0, 500
mM NaCl, 20 mM imidazole, 5 mM �-ME, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 1 U ml−1 Benzonase Nu-
clease (Sigma-Aldrich, Saint Louis, MO, USA) and 10 �g
ml−1 Ribonuclease A (Sigma-Aldrich, Saint Louis, MO),
followed by sonication on ice for a total of 10 min with a
pulse of 5 s on, and 10 s off, and centrifugation at a speed
of 35,000 RPM for 2 h and at 4◦C. The protein was first
purified using Ni-NTA agarose (QIAGEN, Valencia, CA,
USA) following the protocol provided by the manufacturer
and further purified by one round of size-exclusion chro-
matography (SEC) in a buffer containing 20 mM Tris–HCl
pH 7.4, 200 mM NaCl, and 5 mM �-ME.

Nucleosome preparation

Drosophila melanogaster histones H2A, H2B, H3 and H4,
and 147-mer Widom ‘601’ positioning sequence DNA were
used to reconstitute nucleosome core particle (hereafter re-
ferred to as NCP 147) in vitro as described previously (21).

Preparation of the CtISWI77-�-722-nucleosome complex

A complex of CtISWI77-�-722 with NCP 147 was prepared
by adding 1 ml of 10 �M CtISWI77-�-722 protein, dropwise
into 10 ml of 0.3 �M mononucleosome with a ratio of 3.3:1,
in a buffer containing 10 mM Tris–HCl, pH 7.4, 80 mM
NaCl and 2 mM �-ME, with gentle stirring for 30 min. The
solution was concentrated to a final volume of 1 ml. The
complex was purified by SEC with a Superdex 200 Increase
10/300 GL column (GE Healthcare) controlled by AKTA
FPLC at a flow rate of 1 ml min−1 using a buffer contain-
ing 10 mM Tris–HCl, pH 7.4, 80 mM NaCl and 2 mM �-
ME. Two fractions corresponding to 9.5–10 ml and 10–10.5
ml fractions were collected. They were concentrated to a fi-
nal volume of 100 �l, with a final sample concentration of
9.5 �M and 9.6 �M, respectively.

Cryo-EM specimen preparation and image acquisition

Vitrified samples of CtISWI77-�-722-nucleosome complex
were prepared by first cleaning Quantifoil R1.2/1.3, 200
mesh holey carbon grids (Quantifoil, Jena, Germany) us-
ing H2/O2 gas mixture for 10 s in a Solarus plasma cleaner
(Gatan, Inc., Pleasanton, CA, USA) followed by addition
of 2.8 �l of sample at a concentration of 2.0−2.5 �M. The
sample was allowed to absorb for 5 s prior to blotting for 7 s
followed by plunge freezing into liquid ethane cooled at liq-
uid N2 temperature with a Leica EM GP (Leica Microsys-
tems Inc., Buffalo Grove, IL, USA) operating at 20◦C and
95% humidity. We did not utilize any crosslinking agents
to stabilize the complex formation between the nucleosome
and the ISWI remodeler fragment in our analysis to prevent
any potential artifacts that could result from cross-linking.

Cryo-EM imaging was performed using a Titan Krios
(FEI Company) electron microscope, operated at 300 kV,
aligned for parallel illumination, and operated in zero-
energy-loss mode with a slit width of 20 eV, with the spec-
imen maintained at liquid nitrogen temperature. Images
were recorded on K2 Summit camera equipped with the XP
sensor (Gatan, Pleasanton), operated in super-resolution
counting mode with a defocus range of –0.7 to –2.5 �m, cor-
responding to a pixel size of 0.42 Å at the specimen plane.
Each exposure was recorded using automated data acquisi-
tion in Latitude software (Gatan Inc.) as a 38-frame movie,
with dose rate and exposure time of ∼2.6 e Å−2 s−1 and 15.2
s, respectively.

Image processing

Movie frame alignment from the K2 Summit dataset were
carried out as described previously (22) and the average mi-
crographs were processed in the framework of RELION
2.1 (23). The integrated images were used for CTF esti-
mation with CTFFIND3 as implemented in the RELION
workflow. An initial set of ∼10k particles was selected
manually to generate reference-free 2D class averages for
semi-automated particle picking using RELION. A to-
tal of 570,521 particles were selected and extracted from
the 1948 micrographs. The extracted particles were sub-
jected to multiple rounds of 2D classifications and low-
population or poorly-defined classes were discarded to re-
move junk or inconsistent particles. The 480,472 particles
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remaining after 2D classification were subjected to mul-
tiple rounds of 3D classifications with C1 symmetry to
finally obtain two distinct classes corresponding to the
CtISWI77-�-722-nucleosome complex and the free nucleo-
some. Three-dimensional classification was bootstrapped
using previously determined low-pass filtered map of the
free nucleosome as an initial model (24). The final se-
lected 3D classes were refined within RELION work-
flow until convergence was reached. The refined maps of
the CtISWI77-�-722-nucleosome complex and free nucleo-
some were sharpened using the Post-processing module
within RELION workflow with automatically determined
B-factor values of –144 and –141 Å2, respectively, to pro-
duce the final maps.

Model building and structure analysis

An initial model of the nucleosome core was generated with
a rigid body fit of the histone octamer corresponding to the
X-ray structure of the free nucleosome reconstituted with
Drosophila histone proteins (PDB 4X23) (25), and 147-mer
Widom 601 DNA sequence corresponding to the previously
reported structure of the nucleosome complex (PDB 6BUZ)
(24) into the cryo-EM density map of the free nucleosome
using UCSF Chimera (26). This initial model was optimized
by manual rebuilding in COOT (27), followed by real space
refinement using PHENIX (28), and validation using Mol-
probity (29) and EMRinger (30).

For the CtISWI77-�-722-nucleosome structure, an initial
model for the nucleosome core was built in a similar man-
ner to that of the free nucleosome described above. In ad-
dition, additional residues at the N-terminal tail of his-
tone H4 (A15-R23, Chain B) was modeled based on the
structure of SNF2-nucleosome complex (PDB 5X0Y) (12).
Since the density in the N-terminal tail of histone H4 is
highly disordered these additional residues were pruned
to C� atoms. We next generated a homology model for
the nucleosome-bound CtISWI77-�-722 fragment based on
the crystal structure of the free Myceliophthora thermophila
ISWI (MtISWI81–723, PDB 5JXR) as the template (14) using
SWISS-MODEL server (31). Finally, the nucleosome core
and the individual domains of the CtISWI77-�-722 fragments
were fitted into the CtISWI77-�-722-nucleosome density map
to generate a combined molecular model that was opti-
mized and validated similar to the free nucleosome struc-
ture (28–30). The final model for the bound CtISWI in-
cluded residues F174–I436, and T450–Q640 that roughly
corresponds to the ATPase domain of the remodeler. Sev-
eral residues of the CtISWI77-�-722 fragment with poor or
lack of side-chain density were pruned to C�. Other regions
of the CtISWI construct including the majority of the Au-
toN domain (residues 80–187) and all of the NegC domain
(residues 650–722) were not observed in the density map.

Fourier shell correlation (FSC) curves were generated
based on the Post-processing output from RELION. Lo-
cal resolution calculations were performed using RELION.
Molecular figures were prepared using UCSF Chimera (26)
and PyMol (32). Electrostatic calculations were performed
using APBS (Adaptive Poisson-Boltzmann Solver) (33).
Domain movement was analyzed using DynDom (34).

RESULTS AND DISCUSSION

Structure of the CtISWI77-�-722-nucleosome complex

An important aspect of the ISWI functional mechanism in-
volves specific recognition of the nucleosome substrate that
couples with ATP binding and hydrolysis to facilitate the
translocation step of the remodeling reaction. The ATPase
domain of ISWI alone is sufficient to bind and translo-
cate nucleosomes along the DNA and the binding per se
is not regulated by the presence nucleotide (35,36), suggest-
ing that the initial recognition of the nucleosome substrate
is primarily driven by the remodeler. To determine struc-
tural aspects of the binding between nucleosome and the
remodeling factor ISWI, we carried out cryo-EM analy-
sis of the complex formed between the Chaetomium ther-
mophilum ISWI encoding for residues 77–134 and residues
167–722 connected with a GSSG linker (hereafter referred
to as CtISWI77-�-722) and the canonical nucleosome con-
sisting of Drosophila melanogaster histones and the 147 bp
widom ‘601’ DNA sequence. Residues K135-V166 that in-
cludes the L3 loop and �4 helix of the AutoN region of
the ISWI remodeler were replaced by a GSSG linker from
the present construct to improve its binding to the nucleo-
some (Figure 1) (14). The density maps of the 3D models
revealed two distinct classes at overall resolutions of 4.07 Å
(CtISWI77-�-722-nucleosome complex) and 3.95 Å (free nu-
cleosome) (Figure 1A and B, Supplementary Figure S1 and
Supplementary Table S1). In both classes, the nucleosome
core is resolved at resolutions that are high enough to vi-
sualize side-chain densities for the histone proteins (Sup-
plementary Figures S2 and S3). Although the bound re-
modeler in the CtISWI77-�-722-nucleosome complex is re-
solved at a lower resolution, secondary structural features
and side-chain densities can be observed clearly for several
segments of the remodeler (Supplementary Figure S4).

The density observed for the bound CtISWI77-�-722 is
largely accounted by the core 1 (residues D187–V400) and
core 2 (residues S407-Q640; G641-A651 of core 2 are dis-
ordered) of the ATPase domain of the remodeler (Fig-
ure 1C–E). Density corresponding to other regions of
CtISWI77-�-722 are not observable, suggesting that they are
disordered. The disordering of the remaining region of Au-
toN and NegC in the nucleosome-bound CtISWI77-�-722
is in contrast to the previously reported crystal structure
of the M. thermophila ISWI (containing the catalytic core
consisting of residues H81−S723, hereafter referred to as
MtISWI81–723, PDB 5JXR) determined in the nucleosome-
free form (14), suggesting that these domains become dis-
ordered upon nucleosome binding. It should be noted that
in the present CtISWI77-�-722 construct, the L3 loop and
the �4 helix were replaced by a flexible ‘GSSG’ linker. This
is consistent with the nucleosome-bound conformation of
CtISWI77-�-722 that is incompatible with the AutoN domain
in the similar location as that in free MtISWI81–723 (Sup-
plementary Figure S5A) (14), suggesting that large struc-
tural rearrangements of the AutoN domain occur in ISWI
remodelers upon nucleosome binding. Overall, our struc-
ture allows a detailed structural examination of the molec-
ular determinants responsible for the specific recognition of
nucleosome substrate and the subsequent conformational
changes that are induced upon remodeler binding.
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Figure 1. Structure of the ISWI-nucleosome complex. (A and B) Cryo-EM density maps of the CtISWI77-�-722-nucleosome complex (A) and the free
nucleosome (B). The density corresponding to the bound CtISWI is shown in pink. H2A, H2B and H4 are colored in gray, white and teal respectively.
H3 is shown in shades of purple to illustrate the ∼2-fold symmetry of histone core. The two strands of DNA are shown in cyan and blue. (C) Schematic
representation of the functional domains of CtISWI (top panel), the CtISWI construct used for the present structural analysis (middle panel), and the
regions of the CtISWI whose structure was modeled in the density map of CtISWI77-�-722-nucleosome (bottom panel). The two subdomains of CtISWI
ATPase are labeled as core 1 (yellow) and core 2 (pink). (D and E) Different views of the structural model corresponding to the CtISWI77-�-722-nucleosome
complex.

Interactions with the nucleosomal DNA

In the CtISWI77-�-722-nucleosome complex, the ATPase do-
main of the remodeler binds at the super-helical location 2
(SHL 2) site of the nucleosomal DNA (Figure 1D and E), a
feature consistent with the other members of this family ex-
cept the INO80 that binds at the SHL 6–SHL 7 position (7–
15). The core 1 of the CtISWI ATPase domain intercalates
between the two gyres of nucleosomal DNA while the core
2 domain traverses through the first DNA gyre and reaches
towards the lateral face of the nucleosome core (Figure 2A
and B). Inspection of the CtISWI77-�-722-nucleosome struc-
ture reveals that several positively charged residues includ-
ing K243, K269, R272, H273, R297, H301, K303, K304,
H316, R317 and K319 from core 1 and R460, K461, H541,
R544, R566, K622, R626 and K630 from core 2 of the AT-
Pase domain face the negatively charged backbone phos-
phates of nucleosomal DNA that are largely contributed by

SHL 2 region on the first DNA gyre, and the SHL –5 region
on the second DNA gyre (Figure 2B and C).

To further examine the conservation of the electrostatic
interactions between the nucleosomal DNA and the ISWI
remodeler, we carried out sequence-based comparison us-
ing remodelers from all the four subfamilies. Among the
residues that were identified to interact with the nucleoso-
mal DNA, R272, K319, R460–K461, R544, R566, R626,
K630 were found to be highly conserved. Residues H273,
R297, K304 and H316–R317 also show high conservation
though substitutions were observed at a few of these lo-
cations (Supplementary Figure S6). Intriguingly, residues
K243, K269, K303, H541 and K622 (shown in light green
in Figure 2C) are conserved within the ISWI subfamily but
corresponding substitutions at these locations also show
high conservation within the respective subfamily (Sup-
plementary Figure S6). Altogether, the structure of the
CtISWI77-�-722-nucleosome in conjunction with sequence
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Figure 2. Interaction between ISWI and nucleosomal DNA. (A) Overview of the CtISWI77-�-722-binding to the nucleosomal DNA. Histone core is removed
for clarity. See more details in panel (C). (B) Close-up and ∼90◦ rotated view of the panel (A). CtISWI77-�-722 is shown in surface representation colored
using electrostatic potential (blue – positive, red – negative). (C) Close-up and ∼90◦ rotated view of the panel (A). Positively charged residues at the interface
of the nucleosomal DNA are shown as spheres. Light green represents residues that are highly conserved within the ISWI subfamily.

analysis revealed important interactions that are conserved
among all the remodelers, further reinforcing the idea of
overall mechanistic similarity with family specific substitu-
tions to fine-tune the function of ATP-dependent chromatin
remodelers (2,3).

Interaction with histones

We next examined the CtISWI77-�-722-nucleosome complex
for interactions formed between the remodeler and the his-
tone octamer. The ATPase domain of CtISWI forms a few,
but critical interactions with histones H4 and H3, and no
interactions with histones H2A or H2B (Figure 3). The N-
terminal tail of H4 contains a patch of basic residues (16–
KRHRK–20 of H4) that protrudes out of the nucleosome
core and binds to the acidic patch on the remodeler formed
by residues E470 and E473, D519 (also part of motif IV),
E522 and E523 (Figure 3A and B, and Supplementary Fig-
ure S7). All of the negatively charged residues forming the
acidic patch are highly conserved (Asp or Glu) in all the
remodeler subfamilies beside the exception of G728 in Sc-
Chd1 (in place of E522 of CtISWI). Noticeably, this sub-
stitution of E to G is largely preserved within the Chd1

subfamily, highlighting another subfamily-specific change
in the otherwise conserved feature among all the remod-
elers of this family. Furthermore, in the nucleosome-free
MtISWI81–723 structure, the same acidic patch is occupied
by the L3 loop of AutoN domain that contains a patch of
basic residues (149–RRRR–152 of MtISWI) similar to the
N-terminal tail of histone H4 (Figure 3C) (14,37). This sug-
gests a direct competition between the L3 loop of AutoN
domain in ISWI and the N-terminal tail of H4 to bind to the
common site on the ATPase domain of the remodeler (Sup-
plementary Figure S5B). This is consistent with the role of
N-terminal tail of H4 in the activation of the ATPase do-
main by likely destabilizing or preventing the AutoN bind-
ing to the acidic patch in the nucleosomal environment (38).

In addition to interaction with histone H4, a segment
of CtISWI consisting of residues S421–P466 is located in
close proximity to histone H3 (Figure 3D–F). This seg-
ment includes two antiparallel helices connected by a loop
region and corresponds to a subfamily-specific protru-
sion observed in the ATP-dependent chromatin remodel-
ers (Supplementary Figure S6) (3). In the CtISWI77-�-722-
nucleosome complex, the two antiparallel helices are or-
dered but the loop region is disordered (Figure 3E). How-
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Figure 3. Interaction between ISWI and histones H4 and H3. (A and B) Overall (A) and close-up (B) views of the interactions formed between the acidic
patch of CtISWI and the positively charged segment at the N-terminal tail of the histone H4. (C) Sequence alignment between the N-terminal tail of H4
and the L3 loop of ISWI. The conserved stretch of basic residues is highlighted. (D and E) Overall (D) and close-up (E) views of the proximity between
the protrusion region of ISWI and the �1 helix of histone H3 CtISWI77-�-722-nucleosome complex. The sphere depicts the position of the two residues
that connect the missing loop in the protrusion region. (F) Details of interactions formed between the protrusion region and the �1 helix of H3. The
superimposed ScChd1 of the nucleosome-bound form (PDB 6FTX) is shown in gray. (G) Sequence alignment of the protrusion region from CtISWI and
ScChd1 to indicate conservation of the positively charged residues involved in the interaction with the �1 helix of histone H3.

ever, a comparative structural analysis suggests that it may
occupy a position similar to that observed for the homol-
ogous Saccharomyces cerevisiae Chd1 (ScChd1, residues
S619-P662) in the nucleosome-bound form (PDB 6FTX)
(Figure 3F) (8). In the ScChd1-nucleosome structure,
residues K632, K642, and H645 of the remodeler are in
close proximity to residues E73, D77 and D81 of histone
H3 (Figure 3F). In CtISWI, the equivalent positions corre-
spond to residues K434, R446, and K449, indicating a sim-
ilar set of interactions could be formed between the ISWI
remodeler and the histone H3 (Figure 3F and G). Deletion
of K632–K636 loop in the ScChd1 obliterates the nucleo-
some sliding function of the remodeler (8). Conservation of
these interactions in ISWI suggest a similar functional role.
Thus, our analysis shows that the interactions between the
ATPase domain of ISWI and the histone core are likely to
play important roles in selecting the nucleosome rather than
naked DNA as the substrate by the remodeler.

Conformational transition upon nucleosome binding

We next compared structures of the nucleosome-bound
CtISWI77-�-722 with the nucleosome-free MtISWI81–723

(14), both of which share ∼90% sequence identity, to ex-
amine overall conformational rearrangements that occur in
the remodeler upon nucleosome binding. The structural su-
perpositions, based on residues from either core 1 or core
2 domains, revealed an overall rigid-body motion between
the two cores of the ATPase domain upon nucleosome bind-
ing (Figure 4A). When core 1 is fixed, core 2 rotates by
an angle of ∼137◦ with E405−K406 as the approximate
anchor/bending residues. These two residues are conserved
among the subfamilies with an exception of HsINO80 in
which K406 of CtISWI is substituted by N753 (Supple-
mentary Figure S6) (34). Furthermore, in the nucleosome-
free form of MtISWI81–723 (14), a segment including the he-
lix �5 (residues R187−N203) of core 1 is stacked against
core 2 helices �20 (residues T566−G572, motif V) and �21
(residues P590-R599, arginine fingers or motif VI) (14).
In the CtISWI77-�-722-nucleosome complex, the helices �20
and �21 moved away from the helix �5 subsequently bring-
ing motif I (residues A209−Q219, P-loop) in core 1 closer
to motif V (residues L562−N573) and motif VI (residues
M596−I602, arginine fingers) of core 2 (Figure 4B). The
nucleosome-bound conformation of CtISWI77-�-722 is com-
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Figure 4. Conformational transition of the ISWI ATPase domain upon
nucleosome binding. (A) Superimposition of the nucleosome-free form
of MtISWI81–723 (PDB 5JXR, core 1 – green, core 2 – cyan) on the
nucleosome-bound form of CtISWI77-�-722 (present study, core 1 – yel-
low, core 2 – pink). The superimposition was performed based on core 1
coordinates. For clarity, only the ATPase domain of the nucleosome free
form of MtISWI81–723 (PDB 5JXR) is shown. The residues E405-K406
of CtISWI are shown as spheres. (B) Structure of the nucleosome-bound
CtISWI77-�-722 highlighting positions of the helicase motifs I (light blue),
V (blue), and VI (purple). The view is the same as in the panel (A). (C)
Surface representation of the nucleosome-bound CtISWI77-�-722 colored
by electrostatic potential. Same view as in the panel (A). (D) A rotated
view as in panel (A) to depict the positioning of a loop containing the he-
lical motif II between the two DNA gyre. First and second DNA gyres are
shown as ribbon and surface. Core 2 of the ATPase domain is removed for
clarity. The two spheres depict residues on each side of the disordered loop
in the MtISWI81–723 structure (PDB 5JXR).

patible with the nucleotide binding (Figure 4C), suggesting
that the CtISWI77-�-722-nucleosome complex is primed to
carry out the remodeling reaction.

The structural comparison further provided insights into
a potential mechanism of conformational transition from
the nucleosome free state to nucleosome-bound state of
ATP-dependent chromatin remodelers. As depicted in Fig-
ure 4A, core 1 can directly bind to the nucleosomal DNA in
the nucleosome-free state without requiring any major con-
formational changes. Upon this initial binding, core 2 needs
to undergo a dramatic conformational change to attain the
nucleosome bound state. Although it is not obvious what
may drive this conformational transition, the new set of in-
teractions formed between core 1 and nucleosomal DNA
likely helps shift the equilibrium towards the nucleosome-
bound state (Figure 4D). We propose that AutoN and NegC
in the free enzyme may transiently unfold to allow the
ATPase domain of ISWI to interact with the nucleosome.
Consistent with this hypothesis, the N-terminal tail of H4
can bind to the acidic patch of the remodeler further sta-

Figure 5. Implications of ISWI ATPase binding on DNA remodeling.
(A) Structural superimpositions between the free nucleosome (orange)
and the CtISWI77-�-722-nucleosome complex. The bound remodeler in
the apo CtISWI77-�-722-nucleosome complex is omitted for clarity. (B)
Rotated view to that of panel (A) to highlight the superimposition in
the histone core region. Nucleosomal DNA is omitted for clarity. The
asterisk indicates the position of the N-terminal tail of histone H4. (C
and D) Quality of the density and fitting of the nucleosomal DNA near
the SHL2 site of the free nucleosome (C) or in the apo CtISWI77-�-722-
nucleosome complex (D). (E) Close up view to highlight the deviations
in the path of nucleosomal DNA when compared between the free nucle-
osome (orange) and the CtISWI77-�-722-nucleosome complex. Addition-
ally, hydrophobic/polar residues that are in close proximity of nucleoso-
mal DNA near the SHL 2 region in the apo CtISWI77-�-722-nucleosome
complex are also shown as spheres. The DNA of the free nucleosome was
superimposed on the CtISWI77-�-722-nucleosome structure and the blue
arrow mark highlights the location of DNA bulge near the SHL2 site.

bilizing the nucleosome-bound state (Figures 4A and C).
Intriguingly, we also identified a segment (residues A315-
S324 of CtISWI) which is disordered in the corresponding
nucleosome-free form of MtISWI81–723 (14). However, in
the CtISWI77-�-722-nucleosome complex, this segment be-
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Figure 6. Comparison of the nucleosomal DNA near the SHL2 site of the free nucleosome, and the apo and nucleotide-bound ISWI-nucleosome complexes.
Close up view of structural superimposition between the (A) free nucleosome (shown in shades of orange) and the apo CtISWI77-�-722-nucleosome complex
(shades of blue), (B) free nucleosome and the ADP-BeFx bound ScISWI-nucleosome complex (shades of green, PDB 6IRM) (left panel) and the apo
CtISWI77-�-722-nucleosome complex and ADP-BeFx bound ScISWI-nucleosome complex (right panel), (C) free nucleosome and the ADP bound ScISWI-
nucleosome complex (shades of gray, PDB 6IRO) (left panel) and the apo CtISWI77-�-722-nucleosome complex and the ADP bound ScISWI-nucleosome
complex (right panel), to highlight the changes in the conformation of the nucleosomal DNA at the SHL2 site during different states of remodeling activity
by ISWI. The blue arrow mark highlights the location of DNA bulge around the SHL2 site.

came ordered and formed contacts with the first and second
gyre of the nucleosomal DNA (Figure 4D). Noticeably, this
segment is part of the motif II (Supplementary Figure S6)
and H316, R317 and K319 of this region can form stabiliz-
ing interactions with nucleosomal DNA (Figure 2C), sug-
gesting that the H316-K319 region plays an important role
in the remodeling reaction.

Implications of ATPase binding on DNA remodeling

In the cryo-EM image processing of the CtISWI77-�-722-
nucleosome samples, we were able to computationally
separate the free nucleosome from the CtISWI77-�-722-
nucleosome complex (Figures 1A and B, and Supplemen-
tary Figure S1), allowing a direct comparison between the
two forms derived from the same biochemical preparation.
Most regions of the nucleosome structures in the two forms
are superimposable but significant differences are observ-
able in the region in contact with the CtISWI77-�-722 in-
cluding the H4 tail and the nucleosomal DNA near the
SHL2 (Figure 5). The resolution of the density maps is good
enough to allow us to observe the deviations, in particu-
lar, around the SHL 2 region where the DNA bulges out of
the regular path in the CtISWI77-�-722-nucleosome complex
(Figure 5C–E), consistent with an earlier observation on the
Snf2 remodeler (12). Importantly, since we did not include
any nucleotides (or analogs) in the preparation, our struc-
ture reveals that these structural changes are driven solely
by remodeler binding to the nucleosome.

Interestingly, we also identified several hydrophobic seg-
ments including M294, L296, N320, 323–SSL–325, 452–
LLNIVM–457, M514, W587–N588 that are in close prox-
imity of the nucleosomal DNA (Figure 5E). The deforma-
tion or destabilization of the regular base pairing in the
nucleosomal DNA is a likely prerequisite to carry out the
remodeling reaction which suggests a possibility that the
hydrophobic residues from the remodeler could make sta-
bilizing interactions with the exposed/deformed nucleotide

bases to facilitate the remodeling reaction. Consistent with
this possibility, these residues show a high level of conserva-
tion and are suitably placed around the SHL 2 site (Figure
5E and Supplementary Figure S6).

CONCLUSIONS

The ATPase domain of ISWI is sufficient to bind and
translocate nucleosomes along the DNA while the other do-
mains play an important role in regulation (35). To further
understand the structural mechanism of nucleosome recog-
nition by the ISWI remodeler, we determined the cryo-EM
structures of the apo form of the CtISWI77-�-722 bound to
the nucleosome and the free nucleosome. We carried out
detailed comparisons with the previously available crystal
structure of the nucleosome-free state of MtISWI (14) and
the free nucleosome. Our analysis reveals important inter-
actions formed between the ISWI remodeler and the nucle-
osome and illustrates the role of structural epitopes from
histones H4 and H3 in the activation and regulation of the
ATPase domain. We propose that the disordering of AutoN
and NegC regions of the ISWI remodeler may occur tran-
siently and releases the ATPase domain from its constraints
to undergo a large conformational transition that allows it
to bind to the nucleosome. The binding alone is sufficient to
cause deformation in the nucleosomal DNA near the SHL
2 site to prime the translocation step.

Our structure of the apo ISWI-nucleosome complex cap-
tures the initial step of ISWI binding to the nucleosome
along with the recently reported nucleotide-bound struc-
tures of the ScISWI-nucleosome complexes (20) provides
insights into the processes of nucleosome remodeling by
ISWI. Comparison of these structures reveal the major
differences in the conformation of the nucleosomal DNA
at the SHL 2 region (Figure 6). Intriguingly, the DNA
bulge observed at the SHL 2 site upon binding of the apo
CtISWI77-�-722 is similar to that of the ADP bound confor-
mation of the ScISWI-nucleosome complex (PDB 6IRO)
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while the ADP-BeFx bound ScISWI-nucleosome complex
(PDB 6IRM) shows a conformation that is close to that of
the free nucleosome. Our result is consistent with the re-
cently proposed mechanism for the DNA translocation for
ISWI and SNF2 remodelers (20,39), revealing a remarkable
mechanistic similarity found between the ATP-dependent
chromatin remodelers, which is likely due to the high con-
servation and autonomous nature of the ATPase domain
shared by these remodelers (2,3,35). However, the system-
atic amino acid substitutions in the ATPase domain of
these remodelers, which is likely important for fine-tuning
of the subfamily specific functions, may have caused suffi-
cient divergence to render these enzymatic machineries non-
interchangeable between subfamilies (40,41).
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