
The past decade of research has revolutionized our under-
standing of chromatin. Early research focused on the 
packaging and compaction of DNA by nucleosomes, 
the primary repeating unit of chromatin, which led to the 
notion of chromatin as a relatively static packaging mate-
rial. Although DNA packaging and occlusion are indeed 
attributes of nucleosome function, nucleosomes are now 
recognized as dynamic and instructive participants in 
virtually all chromosomal processes, including transcrip-
tion, replication, DNA repair, kinetochore and centromere 
construction, and telomere maintenance1.

However, nucleosomes themselves are stable and show 
limited mobility, and their dynamic properties are due to 
the action of nucleosome-modifying and -remodelling 
complexes. Modifying complexes add or remove cova-
lent modifications at particular residues on the histone 
proteins, marks that are subsequently recognized by 
transcriptional regulators and other factors2,3. Modifying 
complexes work in concert with chromatin-remodelling 
complexes, which restructure, mobilize and eject nucleo-
somes to regulate access to the DNA4. Remodellers have 
evolved into several families that specialize in particular 
chromatin tasks. Together, these specialized modifying 
and remodelling complexes guide the ordered recruit-
ment of transcriptional regulators to particular loci, and 
give chromatin its dynamic character5.

In keeping with their specialization in vivo, each 
remodeller affects the structure of nucleosomes and 
nucleosome arrays in a distinct manner. These differ-
ences might be interpreted as evidence that different 
remodellers use unrelated mechanisms to restructure 
the nucleosome6. However, all remodellers require 
ATP hydrolysis for their remodelling functions, and all 
remodellers contain an ATPase domain that is highly 

similar to those that are present in known DNA trans-
locases. Therefore, an alternative view is that DNA 
translocation might be employed by all remodellers7. 
Supporting this notion, several remodellers possess 
DNA-translocation activity7–11.

In this review, we will explore the basis of remodeller 
specialization by discussing their numerous functions 
in vivo, and their different effects on nucleosome posi-
tioning and structure in vitro. We then explore how the 
process of DNA translocation might be used by remodel-
lers in various capacities to execute specific remodelling 
tasks. We begin with a brief description of the dynamic 
properties of nucleosomes.

Dynamic properties of nucleosomes
Nucleosomes exhibit at least three dynamic properties 
in vivo: compositional alteration, covalent modifica-
tion and translational repositioning (that is, altering 
the position of the histone octamer to a new position 
along the DNA) (FIG. 1). Nucleosomes are constructed 
from the four canonical histones12 (H2A, H2B, H3 and 
H4) or, alternatively, from histone variants that specialize 
chromatin at particular regions13–15. Whereas canonical 
nucleosomes are deposited during DNA replication, 
histone variants are deposited actively in a replica-
tion-independent manner16. For example, nucleosomes 
that contain the histone H2A variant H2A.Z (Htz1 in 
yeast) are highly enriched at gene promoters, and are 
deposited by the chromatin-remodelling complex SWR1 
(REFS 14,17,18) to help promote gene activation19.

In addition, nucleosomes can be covalently modified 
(for example, by acetylation or methylation) on lysine 
residues that reside in their amino-terminal ‘tails’, which 
extend from the octamer core. The repertoire of histone 
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Kinetochore
A large multi-protein complex 
that assembles onto the 
centromere of the mitotic 
chromosome. It links the 
chromosome to the 
microtubules of the mitotic 
spindle to segregate sister 
chromatids towards the spindle 
poles.

Centromere
The region of a mitotic 
chromosome on which the 
kinetochore assembles.

Telomere
The end of a normal 
chromosome, which consists of 
a repeating sequence that is 
extended by a telomerase to 
prevent the shortening of DNA 
that accompanies replication.
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Abstract | Chromatin remodellers are specialized multi-protein machines that enable access 
to nucleosomal DNA by altering the structure, composition and positioning of nucleosomes. 
All remodellers have a catalytic ATPase subunit that is similar to known DNA-translocating 
motor proteins, suggesting DNA translocation as a unifying aspect of their mechanism. Here, 
we explore the diversity and specialization of chromatin remodellers, discuss how 
nucleosome modifications regulate remodeller activity and consider a model for the 
exposure of nucleosomal DNA that involves the use of directional DNA translocation to 
pump ‘DNA waves’ around the nucleosome.
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Bromodomain
A motif that is common in 
chromatin factors and that 
binds to acetylated lysine 
residues in histone tails and 
other proteins.

SANT domain
An evolutionarily conserved 
protein domain so named 
because it is commonly found 
in Swi3, Ada2, N-CoR and 
TFIIIB. It is important for DNA 
and histone-tail binding.

SLIDE domain
A SANT-like ISWI domain that 
interacts with DNA.

modifications and their locations has been reviewed 
elsewhere3. Histone-modifying enzymes are targeted to 
particular loci through their interaction with site-specific 
DNA-binding proteins — transcriptional activators will 
recruit enzymes that provide ‘activating’ histone modi-
fications, such as acetylation, whereas transcriptional 
repressors recruit enzymes that catalyse ‘repressive’ mod-
ifications, such as deacetylation. Activating modifica-
tions attract remodellers and basal transcription factors 
to promote transcription, whereas repressive modifica-
tions generally deter basal transcription factors and 
attract proteins that promote chromatin packaging 
and compaction.

Finally, nucleosomes are mobilized to alternative posi-
tions along the DNA, or at times are ejected, by remod-
ellers to provide regulated access to DNA sequences. 
Nucleosome repositioning and ejection are important for 
many chromatin functions: to space nucleosomes prop-
erly during chromatin assembly, to enable the ordered 
access of transcription factors to specific genes during 
transcriptional regulation and to regulate the access of 
DNA-repair factors to DNA lesions in chromatin4. All 
three of these dynamic processes (composition, modi-
fication and repositioning) work in concert to establish 
or alter the regional properties of chromatin, although 
the relative importance and order of these processes vary 
when individual loci are examined.

Remodeller diversity and specialization
All eukaryotes contain at least five families of chromatin 
remodellers: SWI/SNF, ISWI, NURD/Mi-2/CHD, INO80 
and SWR1. The remodeller designation might also extend to 
relatives of the RAD54 protein, which can alter nucleosome 
structure in vitro8,10 and might reposition nucleosomes 
during DNA repair. Together, remodellers mediate a 
remarkable number of biological processes (TABLE 1). To 
understand their specialized roles, their mechanism of 
action must be understood. Here, we focus on the two 
best-studied families of chromatin remodellers, SWI/
SNF and ISWI, which have together provided consider-
able insight into the remodelling process; we then briefly 
discuss the SWR1 family in light of these studies.

Remodeller specialization. Remodellers of the SWI/SNF 
and ISWI families execute different tasks in vivo and have 
unique protein compositions (FIG. 2). SWI/SNF remodel-
lers all contain a conserved ATPase subunit and a set of 
five additional, conserved core members that together 
define the family20 (FIG. 2). For example, the yeast SWI/
SNF-family remodeller RSC contains the ATPase Sth1 
and the core proteins Rsc8, Rsc6, Sfh1, Arp7 and Arp9 
(REF. 21). ISWI remodellers share an identical ATPase 
subunit, ISWI, whereas unique associated proteins spe-
cialize each ISWI-containing complex (NURF, CHRAC 
and ACF)20. For example, the ACF complex contains the 
ISWI ATPase and the protein Acf1 (REF. 22). How unique 
subunits specialize ISWI complex function or activity 
is an interesting topic, but is beyond the scope of this 
review. Instead, we will focus on the function of the 
ATPase subunits of SWI/SNF and ISWI remodellers, and 
explore their similarities and differences. Importantly, 
the ATPase domain that is present in SWI/SNF ATPases 
is highly similar to the ATPase domain in ISWI and 
other remodellers23,24, raising the possibility that these 
ATPases share a similar fundamental mechanism.

In addition to a conserved ATPase domain, the cata-
lytic subunits of SWI/SNF and ISWI remodellers also 
contain unique domains that are near their C termini and 
help target and/or regulate the complex. For example, 
SWI/SNF-remodeller ATPases contain a bromodomain 
that is near their C termini, a motif that binds acetylated 
histone tails25 (FIG. 2). The bromodomain that is present 
in the catalytic ATPase (the Snf2/Swi2 subunit) of the 
yeast SWI/SNF complex is important for the association 
of yeast SWI/SNF with acetylated chromatin26, which 
indicates a role in the targeting or retention of SWI/SNF 
at certain loci. Certain SWI/SNF-remodeller subunits 
contain multiple bromodomains with a preference for 
particular acetylated residues in the histone tails27, which 
might help specify the targeting of the remodelling com-
plex to particular nucleosomes. Likewise, the C terminus 
of the ISWI protein contains two domains, known as 
SANT and SLIDE (FIG. 2), that might help ISWI in recog-
nizing two nucleosome determinants: the histone tails 
and the linker DNA that emits from the nucleosome28, 
respectively (see below).

ISWI complexes have central roles in chromatin 
assembly29, which involves the ordering and spacing 
(that is, the translational phasing) of nucleosomes 

Figure 1 | Dynamic properties of nucleosomes. a | Remodelling complexes of the 
SWR1 family can remove the canonical H2A–H2B dimers and replace them with Htz1–
H2B dimers (indicated in green), forming a variant nucleosome with unique tails that 
might bind unique regulatory proteins (Reg). b | Nucleosome modification (only 
acetylation (Ac) is depicted for simplicity) allows the binding of regulatory factors, which 
have specialized domains (bromodomains) that recognize acetylated histone tails. 
c | Nucleosome repositioning allows the binding of a regulatory factor to its site on 
nucleosomal DNA (light-blue segment). Remodellers are necessary to provide rapid 
access to nucleosomal DNA by sliding of the octamer along the DNA. Alternatively, the 
site might be accessed on the surface through the generation of a DNA wave or through 
histone-octamer ejection (not shown; see main text).
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Translational position 
The precise 146-bp region on 
which the nucleosome resides 
in a DNA molecule.

following DNA replication30. By contrast, SWI/SNF 
remodellers lack this function. For their role in trans-
criptional regulation, ISWI remodellers primarily 
organize and order nucleosome positioning to promote 
repression, as shown by the Tsukiyama, Becker, 
Kadonaga and Tamkun groups31,32. By contrast, SWI/SNF 

remodellers primarily disorder and reorganize nucleo-
some positioning to promote transcription-factor 
binding and activation33. However, there are reported 
chromatin loci where ISWI remodellers organize gene 
chromatin to promote transcriptional elongation34, and 
loci where SWI/SNF remodellers promote the bind-
ing of transcriptional repressors35. So, although these 
complexes conduct specific tasks, it is the particular 
chromatin context that determines the precise outcome 
of their action.

A series of elegant in vitro biochemical experiments 
by the Becker, Owen-Hughes, Wu and Kadonaga labora-
tories have shown that ISWI remodellers effect nucleo-
some ordering, whereas SWI/SNF remodellers disorder 
nucleosomes. ISWI complexes such as ACF promote the 
ordered and equal spacing between nucleosomes along 
a DNA template22,36 (FIG. 3a, right panel). By contrast, 
SWI/SNF remodellers generally disorder nucleosomes 
that were initially equally spaced37,38 (FIG. 3a, left panel), 
although the SWI/SNF complex from Drosophila melano-
gaster can exhibit limited spacing activity39. Another 
distinction between ISWI and SWI/SNF remodellers 
involves their action on mononucleosomes, which 
has provided several insights into their mechanistic 
differences. SWI/SNF remodellers generate numerous 
nucleosome products, with the DNA at many different 
translational positions along the octamer surface40 (FIG. 3b). 
However, a prominent nucleosome product is one in 
which the DNA is recessed by ~50 bp, which results 
in a nucleosome species that lacks 4–5 histone–DNA con-
tacts37,41. By contrast, this product is not observed with 
ISWI remodellers, which instead generate nucleosomes 
with a uniform translational position.

Interestingly, the particular translational product that 
is created depends on the protein factor(s) that is associ-
ated with the ISWI ATPase. For example, the ISWI pro-
tein in isolation preferentially slides mononucleosomes 
that are positioned in the centre of the DNA fragment 
towards the end, whereas the ISWI protein that is within 
the CHRAC or ACF complexes moves octamers that are 
positioned at the end towards the centre42 (FIG. 3b), which 
implies that the associated proteins influence the reac-
tion. Although the free DNA ends that are present on 
mononucleosomes are not present in chromatin in vivo, 
these different properties have proved useful for building 
mechanistic models, as described below.

Taken together, nucleosome sliding is a property 
that is common to both SWI/SNF and ISWI remodel-
lers, but the different translational products that are 
generated indicate that each uses a unique mechanism. 
Alternatively, these remodellers might share a similar 
underlying mechanism, but apply and regulate this 
mechanism differently to tailor the remodeller for spe-
cific functions in vivo. Indeed, over the past few years, 
several mechanisms have been proposed for increas-
ing access to DNA on the nucleosome surface and for 
nucleosome sliding (BOX 1). In the following section, we 
consider ATP-dependent DNA translocation as a pos-
sible unifying property of remodellers, and suggest that 
their mechanistic differences lie in the regulation of this 
fundamental property.

Table 1 | Biological functions of remodellers

Remodelling complex Biological functions References

SWI/SNF-family remodellers

Sc SWI/SNF Pol II activation
Elongation
DSB repair
Targeting by activators

84,85
86
87

88,89

Sc RSC Pol II regulation
Pol III regulation
Cell signalling
Spindle-assembly checkpoint
Chromosome/plasmid segregation
Cohesion
DSB repair (homologous recombination)
Cell-cycle progression
Targeting by activators
Octamer transfer/ejection

90–92
90

91,93
91

94,95
96
87
97
88

73,74

Dm Brahma Pol II regulation
Development
Elongation

98
99,100

101

Hs SWI/SNF Tumour suppressor
Differentiation
Development
Elongation
Signalling
Splicing

102–104
105–107
108–110

111
112
113

ISWI-family remodellers

ISWI* Elongation
Pol II repression
Replication
X-chromosome regulation
Cohesion
Embryonic development and 
differentiation

34
32,114

115,116
31

117
118

Dm ACF and CHRAC Chromatin assembly
Nucleosome spacing

22,36,68
36

Dm NURF Transcriptional activation 119

INO80-family remodellers

Sc INO80 DNA repair
Pol II activation

120–122
123

At INO80 Homologous recombination
Gene transcription

124
124

SWR1-family remodellers

Sc SWR1
Dm SWR1

Htz1 deposition
DNA repair

14,17,18
125

NURD/Mi-2/CHD-family remodellers

Hs NURD
Ce NURD

Transcriptional repression and silencing
Development 

126,127
128,129

*Based on data from many species. ACF, ATP-utilizing chromatin-assembly and remodelling 
factor; At, Arabidopsis thaliana; CHRAC, chromatin-accessibility factor; Dm, Drosophila 
melanogaster; DSB, DNA double-strand break; Hs, Homo sapiens; ISWI, imitation switch; NURD, 
nucleosome remodelling and deacetylation; NURF, nucleosome-remodelling factor; 
Pol II, RNA polymerase II; RSC, remodels the structure of chromatin; Sc, Saccharomyces cerevisiae.

R E V I E W S

NATURE REVIEWS | MOLECULAR CELL BIOLOGY  VOLUME 7 | JUNE 2006 | 439



ATPase domain Bromodomain ATPase domain
SANT
domain

SLIDE
domain

a  SWI/SNF family b  ISWI family

Catalytic ATPase
Core conserved
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Organism specific
Unique ISWI-associated subunits

ATPase
ATPase

DEAD/H-box ATPase 
domain
An evolutionarily conserved 
protein domain that is present 
in DEAD/H-box proteins with 
ATP-dependent helicase/
translocase activity and that 
contains seven characteristic 
motifs.

Helicase
A motor protein that uses the 
energy of ATP hydrolysis to 
unwind nucleic-acid duplexes.

Remodellers as DNA-translocating machines
Remodeller ATPases resemble SF2 DNA translocases. 
The key to understanding remodeller mechanisms is to 
understand how the hydrolysis of ATP is converted into 
a mechanical force that alters histone–DNA contacts. 
Importantly, all remodelling reactions are ATP depend-
ent and the isolated catalytic ATPase subunit of SWI/
SNF or ISWI remodellers can achieve modest levels of 
remodelling, as shown first by the Kingston and Becker 
laboratories43,44. Importantly, all remodeller ATPases 
belong to the superfamily II (SF2) of DEAD/H-box heli-
cases and translocases. SF2-family members include 
both DNA and RNA translocases, some of which have 
associated helicase activity45, as well as type I restriction 
enzymes, which lack helicase activity but exhibit DNA-
translocation activity46. The SF2-family members RecG 
and NS3 are structurally and mechanistically similar to 
the SF1-family translocase PcrA, and together these 
proteins have been extensively studied47–49.

SF1 and SF2 helicases contain two domains, a wedge-
like DNA-duplex-destabilizing domain that is coupled to 
a DNA-translocating motor domain; helicase activity is 
provided by their combined and coupled action to form 
a moving DNA wedge that separates duplex DNA45. 
However, chromatin remodellers are not helicases, and 
both sequence alignments and structural studies indicate 
that the remodeller ATPases contain the translocation 
domain but lack a wedge domain. Taken together, a 
consistent property of SF1- and SF2-family enzymes is 
the ATP-dependent translocation on DNA or RNA, a 
versatile property that can be used in different capacities 
in nucleic-acid biology. So, a key question is whether 
remodellers share this translocation property and use it 
for remodelling.

Remodellers translocate DNA. Over the past few 
years, a series of studies with the yeast remodellers 
SWI/SNF, RSC, ISWI and Rad54 has established that 
their ATPase subunits are indeed ATP-dependent 

DNA translocases7–11. Initial evidence for DNA trans-
location included: first, remodeller ATPase activity is 
proportional to the length of the linear DNA molecule 
provided, which indicates that ATP is turned over 
continuously during translocation until the end of 
the DNA is reached; second, extremely small DNA 
minicircles elicit maximal ATPase activity, as they 
mimic DNA of infinite length; and third, the ability of 
remodellers to remove a physical barrier that is present 
on the DNA — for example, the displacement of the 
third strand of a DNA triple helix in an ATP-dependent 
manner7,9. Furthermore, the remodellers SWI/SNF, 
RSC and ISWI seem to track in a 3′→5′ direction 
along one strand of the DNA duplex, which indicates 
that remodellers couple the energy of ATP hydrolysis 
to directional DNA translocation along the backbone 
of one strand of the DNA duplex9,50.

Very recently, single-molecule approaches have pro-
vided direct measurements of translocation by the RSC 
complex along naked DNA. By combining atomic-force 
microscopy with a magnetic trap, Owen-Hughes and 
colleagues have observed that the RSC complex forms 
loops on otherwise-naked DNA. These loops grow in 
an ATP-dependent manner, which is consistent with 
RSC using DNA translocation to extend loop size51. 
Interestingly, following their extrusion, a fraction of the 
loops shortened in an ATP-dependent manner, raising 
the possibility that translocation might switch direction 
under certain circumstances.

DNA translocation on nucleosomes. To understand 
how DNA translocation might be applied to remodel 
nucleosomes, we must first understand how the 
remodeller engages the nucleosome substrate, and 
how it determines the position on the nucleosome from 
which translocation will occur. For most remodellers, 
the standard enzyme–substrate unit of remodelling 
involves a single remodeller that is bound to a single 
nucleosome52,53, although certain remodellers can bind 

Figure 2 | Composition of SWI/SNF and ISWI remodelling complexes. SWI/SNF and ISWI remodellers share a similar 
ATPase domain, but differ in all other associated subunits. The catalytic subunit of both remodellers contains a conserved 
ATPase domain that belongs to the DEAD/H-box helicases. a | SWI/SNF remodellers typically contain 8–15 subunits, with 
the core and actin-related subunits conserved among all the members. The ATPase subunit of all SWI/SNF remodellers also 
contains a bromodomain. b | The ATPase subunit of ISWI remodellers contains a C-terminal SANT and a SLIDE domain, 
which probably bind histone tails and linker DNA. In addition, ISWI remodellers typically contain a further 2–4 subunits 
that help to specialize the remodeller for particular tasks.
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to the nucleosome as a dimer54. ISWI remodellers bind 
the nucleosome at two separate locations: an internal 
location ~2 turns from the nucleosomal dyad, and an 
external site that involves a DNA linker that is near 
the nucleosome-entry site55,56 (FIG. 4b). This external 
interaction with the linker DNA is functionally impor-
tant, as linker DNA is required to fully activate ISWI 
ATPase activity9,56. The internal binding site is adjacent 
to the location where the histone H4 tails emit from the 
nucleosome, and residues 16–19 of the histone H4 tail 
are crucial for activating ISWI ATPase activity57,58.

The SWI/SNF-family remodeller RSC and the ISWI 
remodellers have notable similarities and differences. 
Similar to ISWI, the ATPase domain of Sth1 seems to 
engage nucleosomal DNA at a fixed internal site ~2 
turns from the nucleosomal dyad50. However, definitive 
proof in the form of structural or crosslinking studies 
is still needed. In contrast to ISWI, RSC binds to the 
nucleosome core independent of linker DNA50, and the 
ATPase activity of RSC is not significantly affected by 
linker DNA or the H4 tail. The interaction of the RSC 
ATPase subunit, Sth1, with the nucleosome (Kd ~100 
nM) is much weaker than that observed with the RSC 
complex (Kd ~7 nM), which indicates that other compo-
nents of RSC confer high-affinity binding to help anchor 
the remodeller to the nucleosome50. Taken together, the 
catalytic ATPase of both SWI/SNF and ISWI remodel-
lers seem to engage the nucleosome near the dyad, but 
these two complexes differ in their interaction with other 
determinants on the nucleosome.

Two recent papers provide evidence that the ATPase 
domains of RSC, SWI/SNF and ISWI mobilize nucleo-
somes through directional DNA translocation that 
initiates from an internal nucleosomal site50,59. With 
RSC, the ATPase Sth1 binds at a position ~2 turns from 
the nucleosomal dyad, from which it draws DNA from the 
proximal linker into the nucleosome and pumps it 
towards the dyad, around the nucleosome and into 
the distal linker50. To establish this principle, a series of 
nucleosome substrates were prepared. One set bore gaps 
in one of the two DNA strands at particular positions 
along the nucleosomal DNA, which stopped transloca-
tion once they were encountered by the translocation 
domain. Another set of nucleosomes contained DNA 
linkers of varying lengths that emitted from one side of 
the nucleosome. Remarkably, the length of intact DNA 
that is present on one side of the nucleosome determined 
the length of DNA that is emitted from the opposite 
side of the nucleosome, and all substrates predicted an 
origin of DNA translocation initiation and, ultimately, 
termination that was located ~2 turns from the nucleo-
somal dyad. Furthermore, gaps that are present ~2 turns 
from the dyad greatly reduced the binding of Sth1 to 
the nucleosome. These observations and interpretations 
are in agreement with an earlier observation with RSC 
and SWI/SNF by the Owen-Hughes and Bartholomew 
laboratories, as mentioned above: following chromatin 
remodelling, DNA is recessed up to ~50 bp within the 
nucleosome (to a position ~2 turns from the dyad), 
thereby disrupting 4–5 histone–DNA contacts37,41.

Figure 3 | Sliding properties of SWI/SNF and ISWI remodelling complexes. a | The SWI/SNF and ISWI remodellers 
(such as ACF and CHRAC) have contrasting nucleosome-sliding properties on nucleosome arrays. SWI/SNF remodellers 
disorder the positions of an initially phased array of nucleosomes, whereas many ISWI remodellers translationally phase an 
initially random array. b | The SWI/SNF and ISWI remodellers have contrasting effects on mononucleosomes. Nucleosomes 
are depicted in a two-dimensional projection, with the histone-octamer position on the DNA depicted by the beige oval. 
The solid dark blue lines indicate the translational position of DNA, whereas the dotted lines signify DNA at different 
translational positions along the octamer. Remodelling by SWI/SNF complexes results in different translational positions, 
and generates a nucleosome species in which the DNA is recessed by ~50 bp. ISWI remodellers, such as ACF and CHRAC, 
do not produce recessed nucleosomes, but instead generate nucleosomes that have a uniform translation position that is 
either centred or end-positioned, depending on the protein partners of the particular ISWI complex.
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RecA-like domain
A structurally conserved 
domain that is found in 
helicases, which probably 
evolved from the Escherichia 
coli RecA protein that couples 
cycles of nucleotide binding 
and hydrolysis to nucleic-acid 
translocation.

One-dimensional diffusion
A random walk with one 
degree of freedom. In this 
context, it refers to movement 
of the torsional strain that is 
imposed on histone–DNA 
contacts along the length of 
DNA in the nucleosome.

A recent study used a creative approach that involved 
the placement of a small (2-base) DNA gap in random 
positions along nucleosomal DNA to determine the 
locations in the nucleosome where a small (2-base) 
DNA gap would prevent efficient nucleosome sliding 
by the yeast SWI/SNF complex and the yeast Isw2 com-
plex59. Remarkably, for both remodellers, gaps within 
a region ~2 turns from the dyad greatly interfered 
with sliding. With the SWI/SNF complex, interference 
was DNA-strand specific, indicating a 3′→5′ polarity 
of DNA translocation on the nucleosome, which is 
consistent with the polarity of RSC translocation along 
naked DNA50. Together, these studies have established 
directional DNA translocation from an internal site as a 
feature of the remodelling mechanism. Next, we explore 
the mechanics of translocation by SF1- and SF2-family 
members, and then apply these principles to remodeller 
action on nucleosomes.

Building a remodeller using an SF1/SF2 blueprint. 
Crystal structures and biochemical studies of four 
proteins (PcrA, RecG, NS3 and Rad54) have provided 
important insights into the mechanism of DNA trans-
location11,47–49,60. Studies of all four translocases indicate 
that the translocation domain can be divided into two 
subdomains, a DNA-torsion subdomain and a DNA-
tracking subdomain. For PcrA, several co-structures 
have been determined: in the absence of ATP, both 
subdomains interact with the DNA, with the interven-
ing DNA residing in a small cleft between the two sub-
domains. On ATP binding, the torsion subdomain pulls 
and twists the DNA duplex, which places an extra base 
pair of DNA in the cleft between the two subdomains. 
The tracking subdomain includes two tandemly 
arranged RecA-like motifs, between which lies a pocket 
for ATP binding as well as a platform for DNA interac-
tion. ATP hydrolysis induces a conformational change 

between the two RecA-like motifs, which results in the net 
movement of the DNA-tracking subdomain by one base 
pair in the 3′→5′ direction along one of the two strands, 
termed the tracking strand. Put simply, the torsion sub-
domain feeds the tracking subdomain one base pair of 
DNA, which then ratchets forward one base following 
ATP hydrolysis. Once the torsion subdomain resets one 
base pair forward, the cycle of movement is completed, 
and results in an ‘inchworm-like’ movement along the 
DNA with an efficiency of 1 bp/ATP hydrolysed48,61 
(this is known as the step size).

Recent single-molecule approaches with the SF2-family 
RNA helicase NS3 support a related inchworm-like 
mechanism62, with a slightly more complex mechanism. 
Analogous to PcrA, NS3 can be considered to have two 
tethered RNA-binding domains: a forward domain 
followed by a tracking domain. NS3 tracks in a 3′→5′ 
direction along RNA by using an inchworm-like mecha-
nism that involves increments of ~11 bp. Remarkably, 
this movement can be divided into three ATP-dependent 
sub-steps, which involve the tracking domain ratcheting 
along the tracking strand (using step sizes of ~3.6 bp/
ATP), moving ever closer to the forward domain. Once 
the tracking domain encounters the forward domain, 
the forward domain then steps forward ~11 bp to 
complete the cycle. So, SF1 and SF2 translocases seem 
to share an inchworm-like mechanism, but might differ 
in the number of base pairs that are tracked per ATP 
hydrolysed, and/or the number of tracking sub-steps 
that occur in each translocation cycle. Next, we apply 
these principles to DNA translocation on nucleosomes.

The wave–ratchet–wave model
Here, we apply the data and principles that are discussed 
above to generate models for the SWI/SNF and ISWI 
remodellers. These are not the only modes by which 
histone–DNA contacts can be broken (BOX 1), and we 
note that DNA translocation has not been tested for all 
remodellers, or all members of the SWI/SNF and ISWI 
families. These models are based on data that have been 
obtained so far, and provide a framework for further 
testing and discussion.

SWI/SNF and ISWI remodellers are proposed to share 
four features (FIG. 4): first, their binding to the nucleo-
some at a defined position; second, an ATP-dependent 
conformational change in the remodeller that is initiated 
by the torsion/forward subdomain that breaks proximal 
histone–DNA contacts and creates a DNA wave on the 
octamer surface; third, the movement of the DNA wave 
through the tracking subdomain that is located near 
the dyad, which enforces directional DNA movement 
in a manner that is analogous to a directional ratchet; 
and fourth, the propagation of the DNA wave around 
the nucleosome by one-dimensional diffusion. However, 
SWI/SNF and ISWI remodellers are proposed to differ 
in their regulation of these steps, which can result in 
unique remodelling products.

Applying the model to SWI/SNF. We first apply the 
model to SWI/SNF (FIG. 4a), which binds the nucleo-
some core and uses its translocation domain (which is 

Box 1 | Strategies for accessing nucleosomal DNA

A central question in chromatin biology is how factors gain access to nucleosomal DNA. 
Such strategies for access include: first, unwrapping the DNA from the octamer surface, 
starting at the nucleosome edge53; second, lifting the DNA off the internal surface of 
the nucleosome, possibly through a conformational change in the octamer70; third, 
ejecting the entire nucleosome73,74; or fourth, through the translational movement of 
the octamer along the DNA40,42,78. Widom and colleagues have shown that nucleosomes 
exist in a dynamic equilibrium between fully-wrapped and partially-unwrapped states, 
in which DNA unwrapping initiates from the edge of the nucleosome and moves 
progressively towards the dyad79,80. However, DNA accessibility is transient and 
localized — nucleosomes are fully wrapped for ~250 ms and partially unwrapped near 
the edge for only ~10–50 ms, whereas the dyad remains essentially wrapped, largely 
limiting DNA exposure to the edge of the nucleosome81. Internal lifting and 
conformational changes have not been explored in detail, but remain a possible 
alternative mechanism for remodellers70. Studies by the Kornberg and Kingston 
laboratories have demonstrated that SWI/SNF remodellers catalyse octamer ejection 
(or transfer) in vitro76,77. Although this reaction clearly occurs, it is much less efficient 
than translational repositioning (sliding) under in vitro conditions. Sliding involves the 
breakage and reformation of all histone–DNA contacts, and nucleosomes alone show 
slow translational movement in vitro by thermal diffusion37,78. However, certain 
remodellers enable rapid nucleosome repositioning and access to nucleosomal DNA. 
Much of this article examines the notion that remodellers catalyse and enhance sliding 
by providing a DNA-translocation force.
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composed of the torsion and tracking subdomains) to 
engage the DNA ~2 turns from the nucleosomal dyad. 
We emphasize that the tracking subdomain remains 
fixed at this position on the histone octamer, with the 
DNA moving through it during translocation — that 
is, inchworming from a fixed position. Next, the tor-
sion subdomain undergoes a conformational change 
that pulls and twists the DNA. Evidence for torsional 
stress during remodelling was first obtained by the 
Owen-Hughes and Peterson laboratories63,64. We note 
that torsional stress is an integral component of the pro-
posed DNA-translocation mechanism, as translocation 
of a helical substrate creates torsion. This pulling and 
twisting component causes the histone–DNA contacts 
between this site and the proximal nucleosomal entry 
site to be transiently broken, which draws in DNA from 
the linker (see BOX 2 for a more detailed discussion of 
histone–DNA contacts). This disruption is followed by 
the rapid reformation of histone–DNA contacts at a new 
translational position.

This motion by the torsion domain provides the 
tracking domain with a DNA wave — a segment of DNA 
that is longer than is normally accommodated between 
two histone–DNA contacts, and that is undertwisted 
relative to standard B-form DNA. In principle, the mini-
mum length of the DNA wave is the length of DNA that 
is translocated in one round of ATP hydrolysis (the step 
size). This length is not known for remodellers; however, 
a length of 1–2 base pairs is consistent with the step size 
for PcrA, is near the length of the sub-steps that are 
used by NS3 and is consistent with the tracking require-
ment that is observed for RSC50,61. This action creates a 
DNA wave on the surface of the nucleosome in the cleft 
between the torsion and tracking subdomains. As the 
tracking subdomain is committed to movement along 
the tracking strand, this segment of DNA passes through 
it unidirectionally, in the 3′→5′ direction.

This action places the strained DNA wave on the 
opposite side of the translocase domain, which forms 
a DNA wave that is both undertwisted and longer than 
is typically accommodated within a standard histone–
DNA contact. In principle, a 1-bp wave could contain 
sufficient energy to strain and break the proximal 
histone–DNA contact. However, further rounds of 
ATP hydrolysis might be used to create waves of larger 
size and successively higher energy to ensure wave 
propagation. As histone–DNA contacts are of similar 
potential energy, the wave might then propagate by one-
dimensional diffusion, with histone–DNA contacts 
broken at the leading edge of the wave and replaced at 
the lagging edge. Although these waves can, in principle, 
move in either direction, the tracking domain (that 
functions as a molecular ratchet) prevents backward 
movement. The placement of the ratchet at this position 
might help to improve the efficiency of wave movement 
through the dyad region, where histone–DNA contacts 
are strongest. Following its passage through the dyad, 
the wave can then propagate around the nucleosome by 
one-dimensional diffusion to the linker to provide reso-
lution. At the end of the cycle, the torsion domain resets 
to its initial extended conformation, resulting in the net 

Figure 4 | The wave–ratchet–wave model for DNA translocation. The remodeller 
ATPase subunit is divided into torsion and tracking subdomains that go through a series 
of movements (inchworm-like) to break histone–DNA contacts (blue numbered circles, 
intact; red numbered circles, broken) and enable directional sliding (see main text for 
details). Four steps are proposed. First, the remodeller binds the nucleosome core with 
its ATPase domain engaging the DNA ~2 turns from the dyad (step 1). In addition, the 
C terminus of ISWI (but not SWI/SNF) remodellers contacts the DNA linker at the 
nucleosome entry site (see part b). Next, an ATP-dependent conformational change 
within the translocation domain causes the torsion subdomain to pull DNA from the 
linker region into the nucleosome. This pulling places more DNA into the cleft between 
the torsion and tracking subdomains, which creates a DNA wave (step 2). Subsequently, 
the tracking subdomain uses one of the two strands of the DNA as the tracking strand 
and allows the DNA wave to pass through it in a 3′→5′ direction (step 3). Finally, the DNA 
wave propagates around the nucleosome by one-dimensional diffusion, breaking 
histone–DNA contacts at the leading edge and reforming at the lagging edge (step 4). 
Following these steps, the torsion domain then resets for another round of translocation. 
a | Adaptation of the model to SWI/SNF remodellers. b | Adaptation of the model to ISWI 
remodellers. We note that the binding of the ISWI remodeller ACF to the nucleosome, 
without ATP hydrolysis, perturbs histone–DNA contacts that are located just inside the 
nucleosome, but does not cause sliding54. Part a is modified with permission from REF. 50 
© (2006) Macmillan Publishers Ltd.
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The process of equalizing the 
gene dosage of the 
X chromosome in males with 
the two X chromosomes in 
females.

translational movement of the octamer. We term this 
speculative model ‘wave–ratchet–wave’: a DNA wave is 
generated by pulling DNA into the nucleosome, is then 
passed through a directional ratchet near the dyad and 
is propagated to the distal linker by diffusion.

Applying the model to ISWI. In principle, a similar 
mechanistic framework might be used by ISWI to 
slide nucleosomes, but with distinct regulatory modes 
to explain their unique functions in vitro and in vivo65 
(FIG. 4b). ISWI has a unique SLIDE domain near its 
C terminus that interacts with the DNA linker at the 
nucleosome entry site28,56. The binding of the ISWI 
remodeller ACF to the nucleosome (in the absence of 
ATP) is known to perturb histone–DNA contacts near 
the nucleosome entry site (FIG. 4b, top left); this binding 
does not result in sliding, but the binding energy might 
be used, in part, to perturb histone–DNA contacts in this 
region54. Interestingly, on ATP binding, ISWI undergoes 
a significant conformational change66, and we speculate 
that this might involve the movement of the C-terminal 
region in a type of motion that is similar to a lever arm, 
which results in the full disruption of histone–DNA con-
tacts at the nucleosomal entry site to provide an initial 
DNA wave.

Important work from many laboratories on ISWI and 
SWI/SNF remodellers has contributed to this notion of a 
DNA wave within the nucleosome7,50,52–55,59,67. This con-
formational change might be caused by and coupled to 
the pulling of DNA by the torsion domain at the internal 
site near the dyad, which provides a concerted mecha-
nism for drawing DNA into the nucleosome (FIG. 4b). 
We note that SWI/SNF enzymes might not require an 
extended lever arm to break the proximal histone–DNA 
contacts, as the SWI/SNF complex generates higher 
levels of torsional force than does the ISWI complex64. 
Unlike SWI/SNF, ISWI remodellers require linker 
DNA for full ATPase activity9, which indicates that the 
C-terminal lever arm might activate the ATPase when 
it binds linker DNA. This can explain why ISWI does 
not generate a nucleosome product with 50 bp of DNA 

recessed into the nucleosome: linker DNA regulates 
ISWI ATPase/translocase activity but not SWI/SNF, 
which prevents ISWI from translocating free DNA 
ends beyond the nucleosomal entry site. By contrast, as 
SWI/SNF enzymes are not regulated by the presence 
of linker DNA, they can continue to translocate DNA 
until the free end reaches the translocase domain that is 
located ~50 bp inside the nucleosome.

The ability of the linker DNA to regulate ISWI 
translocation activity provides a mechanism for the 
ordered and processive spacing of nucleosomes dur-
ing chromatin assembly68. As a nucleosome undergoes 
sliding, it moves closer to the neighbouring nucleosome. 
As proposed by Bartholomew and colleagues, the linker 
will shorten until the neighbouring nucleosome inter-
feres with the ability of ISWI or its associated subunits 
to bind linker DNA, which would halt translocation and 
place the neighbouring nucleosome at the same fixed 
distance each time56. This might help create the consist-
ent, tight nucleosome spacing that is seen in compacted 
regions of silent chromatin.

Remarkably, ISWI remodellers have another mode of 
regulation; ISWI ATPase activity requires the presence 
of the histone H4 tail (residues 16–19) and the lack of 
acetylation at histone H4 at residue K16 (H4K16)57,58. 
As the acetylation of H4K16 is correlated with active 
transcription, this might negatively regulate ISWI asso-
ciation and/or activity at transcriptionally active regions, 
and therefore largely restrict the nucleosome-spacing/
chromatin-compaction activity of ISWI to non-acetylated 
chromatin. Studies on dosage compensation in flies pro-
vides an interesting biological application of these princi-
ples. Only the male X chromosome is hyperacetylated at 
H4K16, whereas the two female X chromosomes contain 
normal acetylation levels. This modification excludes 
ISWI from the male X chromosome, which compro-
mises chromatin compaction and might promote the 
average two-fold increase in gene expression from this 
chromosome that defines dosage compensation57,58,69. 
So, ISWI complexes might also conform to a DNA-
translocation model that uses the ‘wave–ratchet–wave’ 
principle, with the binding and/or activity of ISWI also 
regulated by linker DNA and the lack of acetylation at 
histone H4K16.

Nucleosome remodelling — catch the wave? One impor-
tant unresolved issue is whether remodellers render 
nucleosomal DNA accessible to regulatory factors by 
sliding the DNA into the linker50, by transient access to 
the DNA on the surface of the octamer53,70 or through a 
combination of the two (BOX 1). Although these modes 
are not mutually exclusive, certain physical parameters 
must be satisfied for DNA access on the octamer, includ-
ing a DNA wave of sufficient size to expose the entire 
DNA-binding site. Currently, wave sizes during remod-
elling are not known and remain to be tested, although 
waves of 1 bp have been detected on the nucleosome 
surface by structural studies71,72. Furthermore, if large 
waves can be accommodated on the nucleosome sur-
face, these waves must persist on the nucleosome surface 
for a sufficient length of time to enable factor binding. 

Box 2 | The economics of nucleosome movement

To move the nucleosome, remodellers must disrupt the 14 histone–DNA contacts on the 
nucleosome. These contacts involve mainly the sugar–phosphate backbone of the DNA, 
allowing broad sequence accommodation12,82. So, the nucleosome might be considered 
a cylindrical protein disk that is wrapped by 146 bp of DNA in ~1.7 superhelical turns, 
and functions as a large, loaded spring that is held in place by 14 contacts with the 
histone octamer. Each histone–DNA contact stores ~1 kcal/mole of energy, and 
remodellers use ATP hydrolysis (~7.3 kcal/mole of free energy) to break these contacts. 
For translational movement of the octamer to occur, all histone–DNA contacts must be 
broken, and if breakage occurs all at once, it would require ~12–14 kcal/mole83. 
However, the ‘wave–ratchet–wave’ model (see main text) indicates that remodellers 
disrupt a subset of histone–DNA contacts by pulling a DNA ‘wave’ — a segment of DNA 
that is too long to be accommodated within a standard histone–DNA contact — onto 
the nucleosome surface. This DNA wave is proposed to strain and break proximal 
histone–DNA contacts and to propagate around the nucleosome by one-dimensional 
diffusion. This mechanism enables histone–DNA contacts to sequentially break and 
reform along the length of the nucleosome, while maintaining most of the contacts at 
any given time, thereby lowering the total energy that is required for translational 
repositioning.
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In principle, wave propagation should be exceptionally 
fast, on the order of one-dimensional diffusion. However, 
remodellers might, in principle, have the ability to con-
strain waves on the surface of the nucleosome, which 
would enable transcription factors sufficient time to 
access their binding site.

This principle of constraining a DNA wave on the 
nucleosome surface could also be used by nucleosome-
restructuring factors. SWR1 has the remarkable ability 
to remove H2A–H2B dimers from a nucleosome and 
replace them with Htz1–H2B dimers, creating a variant 
nucleosome that contains the histone H2A variant Htz1 
(REFS 14,17,18) (FIG. 1, bottom row). The wave–ratchet–
wave model involves both a conformational change in 
the remodeller and an initial DNA-translocation event 
that disrupts the outer four histone–DNA contacts, 
which involve H2A–H2B. In principle, the disruption 
of histone–DNA contacts could be constrained to this 
area and assist in the replacement of H2A–H2B dimers 
with Htz1–H2B variant dimers.

Furthermore, the ability of a remodeller to create and 
constrain waves might enable the remodeller to break a 
sufficient number of histone–DNA contacts to eject the 
octamer from the DNA73,74. Many promoters are slightly 
histone deficient, and become more deficient following 
activation, which raises the possibility that the ejection 
of histones helps to regulate transcription by enabling 
promoter access75. Consistent with this principle, SWI/
SNF remodellers can transfer a nucleosome from one 
piece of DNA to another, which resembles a type of ejec-
tion76,77. Considering its important role in transcriptional 
regulation, a better understanding of the nucleosome 
ejection/transfer mechanism will be an active area of 
future research.

Conclusions and future directions
Here, we have explored the dynamic properties of 
nucleosomes and summarized evidence from many 
laboratories that chromatin-remodelling ATPases 
function as DNA translocases. On the basis of these 

studies, we presented a basic model for nucleosome 
remodelling, termed wave–ratchet–wave: a DNA wave 
is generated on the nucleosome surface by pulling DNA 
from the linker into the nucleosome, passing the 
DNA wave through a directional ratchet located near 
the nucleosomal dyad and then propagating the DNA 
wave to the distal linker by diffusion. As different chro-
matin remodellers affect nucleosome structure in dif-
ferent ways, we considered how this basic model might 
be adapted to accommodate the different products that 
are generated by SWI/SNF and ISWI remodellers by 
imposing unique regulatory factors on each complex. 
This basic model includes features that are not promi-
nent in previous models, including the principle that 
the catalytic ATPase binds at a site near the nucleosomal 
dyad and initiates directional translocation from that 
location. Furthermore, the model can accommodate, 
at least in principle, a wide range of observed remodel-
ling activities that include sliding, transcription-factor 
access, nucleosome ejection and nucleosome restructur-
ing. Undoubtedly, more information will be gained with 
regard to the mechanism of individual remodellers, and 
it will be of interest to determine whether these new 
insights support this basic model or whether entirely 
new models need to be constructed to better explain 
the observations.

This concept of remodellers as octamer-bound 
directional DNA translocases is currently being tested 
through various approaches in many laboratories. For 
example, proteins that are associated with the ATPase 
subunit, as well as determinants on the nucleosome, are 
being examined for their effects on DNA-translocation 
properties. In addition, single-molecule approaches will 
be important for examining parameters such as trans-
location force, speed and processivity on nucleosomes. 
Furthermore, structural studies of remodellers will be 
invaluable for understanding the translocation mecha-
nism and its regulation. In the coming years, biophysical, 
biochemical and molecular approaches will all contribute 
to our understanding of these remarkable machines.
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