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Abstract

A large family of chromatin remodelers that noncovalently modify chromatin are crucial in cell 
development and differentiation. They are often the targets of cancer, neurological disorders, and 
other human diseases. These complexes alter nucleosome positioning, higher-order chromatin 
structure, and nuclear organization. They also assemble chromatin, exchange out histone variants, 
and disassemble chromatin at defined locations. We review aspects of the structural organization 
of these complexes, the functional properties of their protein domains, and variation between 
complexes. We also address the mechanistic details of these complexes in mobilizing nucleosomes 
and altering chromatin structure. A better understanding of these issues will be vital for further 
analyses of subunits of these chromatin remodelers, which are being identified as targets in human 
diseases by NGS (next-generation sequencing).
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INTRODUCTION

Although the genetic information in DNA determines a cell’s identity, other underlying 
factors have long been considered crucial for the determination of developmental fate and 
can be as important as the genetic information. The effects of these factors, although distinct 
from the coding sequence of DNA, can nonetheless be inherited from one generation to the 
next, like patterns of DNA sequence. They control the regions of DNA that are “read” by the 
transcriptional machinery. One family of chromain regulators that is important in regulating 
the epigenome uses ATP to change the physical state of chromatin without modifying 
histones. These remodelers can change the position of nucleosomes on DNA or the histone 
variants present in nucleosomes, or they may entirely disassemble nucleosomes in an ATP-
dependent manner.
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MULTIPLICITY OF CHROMATIN REMODELERS: COMPOSITION AND 

FUNCTION

ATP-dependent chromatin remodelers belong to the SF2 superfamily and the Snf2 family of 
ATP-dependent DNA and RNA helicases. Each subfamily of Snf2 is generally named after 
the first complex discovered in that subfamily. The different subfamilies can be 
distinguished on the basis of the sequence homology of the ATPase domain and the 
presence of other domains within the catalytic subunit (Figure 1a). Sequence analysis of the 
helicase domain alone is sufficient to classify remodelers appropriately and illustrates that 
the helicase domain of these different chromatin remodeler complexes is specifically tuned 
for its varied functional roles (1). The five major subfamilies of chromatin remodelers are 
SWI/SNF, ISWI, INO80 or SWR1, CHD, and α-thalassemia mental retardation syndrome 
X-linked (ATRX) (Figure 1a). In addition to the five major subfamilies of ATP-dependent 
chromatin remodelers, at least 20 more subfamilies belong to the Snf2 family. Some of them 
probably do not target chromatin but instead function to remove different factors from DNA 
(as observed for example with Mot1 and Rad54). The number of complexes belonging to a 
single subfamily multiplies with increased organism complexity. For example, in 
Saccharomyces cerevisiae there exist only the SWI/SNF and RSC complexes, which belong 
to the SWI/SNF subfamily, but in humans there are an estimated 100 or more different 
versions of SWI/SNF that vary in one of two catalytic subunits and in the assortment of 
accessory subunits assembled into the complex (2, 3). In the CHD subfamily in 
Saccharomyces cerevisiae there is only one type of CHD complexes, namely CHD1, but in 
humans there are nine different CHD catalytic subunits that exist either as single subunits or 
as large multisubunit complexes (4). This additional diversity in chromatin remodelers tends 
to correlate to the existence of tissue-specific forms of these complexes. Particular 
remodeler subunits are expressed in specific cell types and probably confer a unique 
property to the complex needed in that cell type (5–7). As investigators identify tissue-
specific subunits and mutations of particular subunits associated with different diseases, it 
will be crucial to understand how changes in subunit function and composition alter the 
biological activities of these complexes.

α-Thalassemia mental retardation syndrome X-linked (ATRX): a Snf2-related 
protein that binds to DAXX and, together with DAXX, catalyses the deposition of 
H3.3-containing nucleosomes

There are fundamental differences in the basic enzymology of the various subfamilies. Most 
remodelers change the position of nucleosomes on DNA in an ATP-dependent manner, 
referred to as mobilizing nucleosomes; however the outcomes of nucleosome mobilization 
can be varied depending on the type of remodeler. A remodeler can move nucleosomes until 
the length of linker DNA separating it from the adjacent nucleosome is too short to support 
further movement and is referred to as nucleosome spacing (Figure 1b). In this case, the 
remodeler can sense the length of DNA between the nucleosomes to determine when to stop 
mobilizing nucleosomes and is typical of members of the ISWI and CHD subfamilies. Some 
remodelers do not require a minimal length of linker DNA to move nucleosomes and 
displace adjacent nucleosomes when moved into their vicinity (Figure 1b). The SWI/SNF 
subfamily can disassemble nucleosomes in this manner and create nucleosome-deficient 
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regions (8–10). Another possibility is the preferential exchange of particular H2A histone 
variants without disrupting or mobilizing nucleosomes as seen with INO80/SWRI 
complexes and H2A (H2AZ)/H2B dimers (11–13). Some remodelers facilitate the de novo 
assembly of nucleosomes onto DNA and may be involved in the formation of specialized 

chromatin structures. ATRX and members of the ISWI and CHD families assemble 
nucleosomes with histone chaperones or without any additional factors (14–21). These 
remodelers are important for genomic stability and are involved in chromatin formation at 
telomeric and centromeric regions (22–25).

STRUCTURE OF REMODELERS AND THEIR INTERACTIONS WITH 

NUCLEOSOMES

Because of the size and complexity of these complexes, determining their structural 
properties and the physical interactions between remodelers and chromatin can be daunting. 
Frequently, it is important to dissect the complex and look at individual components 
separately. In the following sections, we describe the functional characteristics of the parts 
of the complex separately, but first we discuss ways to examine the fully assembled native 
complex.

Figure 2 shows a select combination of ensemble and single-molecule techniques that are 
effective for examining the interactions of remodelers and the dynamics of chromatin 
remodeling. The four single-molecule approaches depicted in Figure 2a–d have revealed 
important mechanistic details of nucleosome dynamics and movement, which is discussed 
further below. A combination of three site-directed cross-linking techniques has tracked 
changes in histone--DNA interactions that occur during remodeling and has mapped 
remodeler interactions with DNA and histones (Figure 2e–g).

Cross-linking specific sites in DNA to the remodeler has revealed the binding locations of 
the helicase domain and the C terminus of Isw2, the catalytic subunit of the ISW2 complex, 
when the entire complex was recruited to nucleosomes (26). The sequence homology 
between the helicase domains of Isw2 and Rad54, and that of the C-terminus of Isw2 and 
ISWI from Drosophila, enabled investigators to create a model of the helicase, HAND, 

SANT, and SLIDE domains engaging nucleosomes based on the crystal structures of Rad54 
and ISWI (Figure 3a). Certain detailed interactions (e.g., that of the SLIDE domain), as 
predicted from this model, have been proven correct (27). Cryo--electron microscopy (cryo-
EM) in combination with site-directed cross-linking and peptide mapping can also provide 
specific details at a larger scale. The low-resolution structure of yeast SWI/SNF obtained by 
cryo-EM revealed large-scale features such as a trough roughly the size of a single 
nucleosome (Figure 3c). DNA footprinting of nucleosome-bound SWI/SNF showed that one 
DNA gyre of the nucleosome was protected by SWI/SNF. Together, these data indicate that 
the nucleosome probably binds in the trough region and leans against one side of the trough 
(Figure 3d–f) (28). This model, in combination with site-directed DNA and histone cross-
linking, implicates a region in the cryo-EM structure as the likely location of the helicase 
domain, as well as the high-wall region of SWI/SNF as the probable location of different 
subunits of SWI/SNF (Figure 3g–h).
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SANT domain: a domain named after Swi3/Ada2/N-Cor/TFIIIB, where the SANT 
domain was first identified. It is structurally similar to the Myb DNA binding 
domain

THE HELICASE DOMAIN OF CHROMATIN REMODELERS

X-ray crystallography of helicase domains from several Snf2-type enzymes has identified 
two lobes that resemble the RecA protein structure and is similar to that observed for other 
ATP-dependent DNA and RNA helicases (Figure 1a) (29–32). Both lobes in the Snf2 family 
have additional extensions protruding (protrusions 1 and 2) from each lobe that consist of 
two antiparallel α-helices and a structured linker connecting the two lobes. A triangular 
shaped brace binding to lobe 2 is located at the C terminus of the ATPase domain.

The helicase domain has signature motifs that are typical of the Snf2 family and SF2 
superfamily. The seven helicase SF2 motifs found in all chromatin remodelers and which 
appear primarily in the RecA-like regions are motifs I, Ia, II, and III (in lobe 1) and motifs 
IV, V, and VI (in lobe 2) (1, 33–35). The Q motif binds to the surface of lobe 1 and is the 
eighth helicase motif. Additional motifs that are unique to the Snf2 family are motifs A--N. 
The Snf2 motifs in the RecA-like regions are generally closely juxtaposed to the helicase 
motifs and appear to extend them further. Several of the Snf2-specific motifs are in 
protrusions 1 and 2 proximal to sites where insertions are commonly found in Snf2 family 
members. Much of the subfamily-specific variation observed between Snf2 subfamilies 
resides in the protrusion regions and suggests that these regions play important roles. A 
major insertion of 280 to 484 amino acids is in the helicase domains of INO80 and SWR1 
between motifs C and K (Figure 1a). The insertions in Ino80 and Swr1 probably add extra 
structure to the opposite side of the helicase domain from that of the DNA binding site. 
Changes at a minor insertion site are predicted to retain and extend this α-helical region (1). 
The protrusions are relatively conserved in sequence and length among subfamily members 
but vary between different subfamilies. The conservative nature of the protrusions suggests 
that they have an important role in fine-tuning the enzyme for its particular functional 
specificity. Genetic and biochemical data suggest that protrusion 1 regulates the ATPase 
activity of RSC, a SWI/SNF-type remodeler found in yeast (36).

Chromatin remodelers move on DNA a specific distance as one molecule of ATP is 
hydrolyzed and released; and this distance is known as the step size. SF2 helicases unwind 
DNA or RNA duplexes several base pairs at a time while translocating 1 bp along an 
oligonucleotide (37–39). The translocation step size of SF1 helicases is 1 bp (40–42). 
Experiments performed with the RSC chromatin remodeler have identified a step size of ~ 2 
bp on free DNA. ACF, an ISWI-type remodeler, moves DNA out of nucleosomes in ~3-and 
~7-bp steps. The 1-bp discrepancy between the step sizes of DNA and RNA helicases and 
those of chromatin remodelers may be due to the difference between an inherent step size 
and a kinetic step size. Kinetic step sizes are generally caused by inherent pauses or specific 
steps being rate-limiting in translocation. Recent experiments performed with ISW2, another 
ISWI-type chromatin remodeler, with higher resolution than previous experiments suggest 
the kinetic step sizes of ~3 and ~7 bp are composed of faster single-nucleotide translocations 
(43).
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Structural analyses of the SF1 helicases PcrA and Rep with DNA, in the presence and 
absence of a nonhydrolyzable ATP analog and ADP, have provided insights into the 
potential mechanism of single-nucleotide translocation on a polynucleotide chain. The two 
RecA portions of lobes 1 and 2 constitute the ATP binding pocket, and the non-RecA 
portion of lobe 2 moves when DNA is present to create a DNA binding interface composed 
of both lobes (44). Binding of ATP further closes the RecA regions around DNA and causes 
a conformational change that flips the binding of one nucleotide to another position in lobe 
1, essentially twisting the DNA (45, 46). In Figure 1c, the model with single stranded-DNA 
has been adapted to one with double-stranded DNA in order to better reflect the likely 
events occurring in nucleosome remodeling. New contacts between the RecA region of lobe 
2 and DNA occurred with ATP binding thereby further tightening binding of the RecA 
regions to DNA (Figure 1c). The release of ADP and inorganic phosphate relaxed the 
contacts with key nucleotides, thereby allowing the release of DNA torsional strain by the 
movement of DNA toward the site of DNA twist. This mechanism is an inchworm-type 
model for DNA translocation that may readily explain the observed 1-bp translocation steps 
that are typical of chromatin remodelers and of DNA and RNA helicases.

NUCLEOSOME RECOGNITION: HISTONE BINDING DOMAINS

The helicase domains in ISWI and SWI/SNF complexes dock onto nucleosomal DNA at 
superhelical location 2 (SHL2), located two helical turns from the dyad axis (47–51). 
Binding of the helicase domain requires a multiprong interface between the remodeler 
complex and nucleosomes that involves other domains. Generally, recognition modules can 
be divided into those that bind histones and those that bind DNA. Some histone recognition 
modules bind to particular modified histone tails and are found within the catalytic subunit 

which include such examples like the bromodomain for the SWI/SNF family and the 

chromodomain in the CHD family (Figure 2b). Other histone recognition modules, such as 
the plant homeodomain (PHD) finger in the bromodomain PHD finger transcription factor 
(BPTF) subunit of NURF (52, 53), a member of the ISWI subfamily, and the PBRM1 
(BAF180) subunit of human SWI/SNF, with its multiple bromodomains (54–56), are found 
in the auxiliary subunits. These recognition modules are “readers” of histone modifications 
such as acetylated or methylated lysines. Much has been written about the modules that 
recognize histone modifications (57, 58), so we provide only a few examples of how these 
recognition domains contribute to nucleosome remodeling.

Bromodomain: a protein domain that binds acetylated lysines often located in 
histone tails

Chromodomain: a chromatin organization modifier; a structural domain of ~40 to 
50 amino acids used to bind methylated lysines

Plant homedomain (PHD) finger: binds to trimethylated lysine at position 4 in 
histone H3 and is often associated with active transcription

Bromodomain PHD finger transcription factor (BPTF): the largest subunit of the 
NURF chromatin remodeling complex

Bartholomew Page 5

Annu Rev Biochem. Author manuscript; available in PMC 2015 June 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Remodelers with appropriate histone recognition modules are recruited by binding to 
genomic sites containing the correct corresponding modified histones. For example, the 
mammalian NURF complex has, in addition to the ISWI catalytic subunit SNF2L, a large 

auxiliary subunit termed BPTF. The PHD finger in BPTF promotes binding of the NURF 
complex to chromatin with trimethylation of histone H3 lysine 4 or H3K4me3 (52, 53). The 
binding of NURF is adversely affected when global levels of H3K4me3 are reduced by loss 
of the histone methyltransferase WDR5. The bromodomain of BPTF binds to acetylated 
lysine 16 in histone H4, which together with the PHD finger helps selectively target BPTF 

to chromatin that contains both markers. BPTF increases its selectivity in a combinatorial 

manner. ATRX has a similar dual-readout mechanism in the ADD domain, which has two 
pockets: one that binds unmodified Lys4 and the other that binds di- or trimethylated Lys9 
in histone H3 (59, 60). HP1, which also binds H3K9me3, interacts with ATRX through the 
HP1 ID domain shown in Figure 1a and can form a multivalent interaction to recruit the 
complex, presumably through HP1 binding to either the other H3 histone tail or an adjacent 
nucleosome. Efficient recruitment of ATRX in vivo requires HP1, unmodified H3K4, and 
H3K9me3. The yeast ISW1b complex is recruited to the coding regions of actively 
transcribed genes by a recognition domain in its auxiliary subunit Ioc4 that binds to 

trimethylated lysine 36 in histone H3 or H3K36me3 (61, 62). The PWWP domain of Ioc4 
binds to H3K36me3 both in vitro and in vivo and helps ISW1b maintain nucleosomes over 
the coding region and prevent histone exchange.

PWWP: named after a conserved Pro/Trp/Trp/Pro motif, this structural motif is 
composed of 100 to 130 amino acids and may be involved in protein--protein 
interactions

The bromodomains in SWI/SNF-type complexes contribute to the selective binding of 
SWI/SNF to acetylated regions of chromatin, as well as to the efficiency of the remodeling 
reaction. Acetylation of histone H3 tails increases the affinity of SWI/SNF and RSC for 
nucleosomes by a factor of seven to nine and enhances recruitment of SWI/SNF in 
combination with transcription activators (63). Multiple bromodomains such as those in 
RSC do not enhance the affinity further than that of SWI/SNF with a single bromodomain, 
and the extra bromodomains in RSC may directly enhance nucleosome movement. The rate 
of nucleosome movement by SWI/SNF and RSC is accelerated by H3 tail acetylation under 
conditions in which binding is not limiting (63). This rate increase is not caused merely by 
histone acetylation helping to loosen the histone--DNA interactions in the nucleosome so 
that it can move more freely; rather, it specifically requires the bromodomain in conjunction 
with H3 acetylation. Even more compelling evidence is that the number of bromodomains 
determines the degree to which H3 acetylation increases the rate of nucleosome movement. 
Thus, nucleosome movement by RSC is enhanced more by acetylation than is nucleosome 
movement by SWI/SNF. Preliminary data suggest that these interactions cause significant 
changes in remodeler conformations (64). Site-directed cross-linking of specific sites in 
acetylated and unacetylated histone H3 tails of nucleosomes with SWI/SNF are consistent 
with important structural changes in the interactions of SWI/SNF with H3 tails that are 
induced by acetylation (63). Histone acetylation also stabilizes the interactions between 
SWI/SNF and nucleosomes, making it more difficult for them to dissociate from their bound 
sites (65, 66).
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The crystal structure of truncated Chd1 revealed that a histone recognition domain such as 
the chromodomain may regulate the activity of the helicase domain. The tandem 
chromodomains of Chd1 in the crystal structure bind to the two helicase lobes of Chd1 in a 
way that precludes DNA binding (29). These findings suggest that chromodomains may act 
as gatekeepers of the helicase domain and block its binding to DNA until chromodomains 
switch to binding to H3K9me3. The interplay among histone recognition domains can be 
quite involved, with various competing reactions, and may serve as a regulatory control in 
remodeling. Rsc4, an auxiliary subunit of RSC that belongs to the SWI/SNF subfamily, has 
two bromodomains that bind acetylated histone H3 lysine 14 or H3K14ac (67). The second 
tandem bromodomain directly binds to H3K14ac; the first bromodomain does not bind to 
histones at all, but rather to an acetylated lysine at residue 25 within Rsc4 (68). Acetylation 
of lysine 25 of Rsc4 inhibits binding of the second bromodomain to H3K14ac and 
implicates an autoregulatory mechanism for Rsc4 activity.

Some histone recognition modules in remodelers [e.g., the Snf2 ATP coupling (SnAC) 
domain in the catalytic subunit of SWI/SNF (Figure 2b)] may bind more globular regions of 
the nucleosome and have roles other than recruitment, such as actively promoting 
nucleosome remodeling. Deletion of the SnAC domain does not alter complex assembly, the 
affinity of SWI/SNF for nucleosomes, SWI/SNF recruitment by transcription activators, or 
binding to nucleosomal DNA (69). The SnAC domain is not required for efficient DNA 
translocation, as observed in single-molecule experiments with magnetic tweezers (Figure 
2b) (70), yet SWI/SNF nucleosome remodeling activity strongly depends on the SnAC 
domain. The SnAC domain interacts with histones as shown by mapping the contacts of the 
catalytic subunit with histones when SWI/SNF is bound to nucleosomes (70). Three contact 
sites, two in the helicase domain and a third within the SnAC domain, have been observed. 
Other data from mammalian SWI/SNF studies suggest that the SnAC domain probably 
binds to histone H3 in GST (glutathione S-transferase) pulldown experiments (71). The 
SnAC domain enhances the ATPase activity of the helicase domain, but the effect of the 
SnAC domain on nucleosome mobilization is an order of magnitude greater than that of 
ATP hydrolysis(70). The most crucial role for the SnAC domain is facilitating the 
movement of nucleosomal DNA and is separate from effects on ATP hydrolysis. The SnAC 
domain is presently considered to be a critical histone anchor requires to adequately anchor 
the helicase domain to nucleosomes and prevent it from slipping when translocating on 
DNA.

Snf2 ATP coupling (SnAC) domain: an evolutionarily conserved domain found in 
the catalytic subunit of SWI/SNF that is believed to anchor the helicase domain to 
histones

Histone interactions are also mediated through accessory subunits for the ATRX and SWR1 
complexes to assemble new chromatin or exchange histone dimers of specific histone 
variants. ATRX binds to the histone chaperone death domain--associated protein (DAXX) 
and associates with chromatin containing the histone H3.3 variant (20, 21). Recombinant 
DAXX alone assembles H3.3/H4 tetramers onto DNA, and the DAXX/ATRX complex can 
deposit and remodel H3.3 nucleosomes. The highly conserved N terminus of DAXX is the 
region responsible for binding the globular region of histone H3.3 (21). In the SWR1 
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complex, the Swc2 subunit and the N terminus of Swr1 bind to H2AZ and suggest that 
SWR1 might bind two H2AZ/H2B dimers (72, 73).

Death domain--associated protein (DAXX): a histone chaperone responsible for 
replication-independent incorporation of histone H3.3 variant

NUCLEOSOME RECOGNITION: DNA BINDING DOMAINS

Nucleosome recognition by remodelers entails interactions not only with histones but also 
with DNA. Several domains in different remodelers are known to bind DNA, but in general, 
we do not know much about their roles in remodeling. ISW2 and ISW1a make extensive 
contact with extranucleosomal DNA, as demonstrated by DNA footprinting with hydroxyl 
radical and exonuclease III (74, 75). The large accessory subunits of these two complexes 
are extensively engaged with extranucleosomal DNA and, in the case of ISW2, reach at least 
as far as 50 to 60 bp from the entry site of nucleosomes. The C terminus of Isw2 contains 

three well-conserved domains (SANT, SLIDE, and HAND). The ~50--amino acid SANT 
domain is found in many chromatin regulators, such as SWI/SNF and SAGA, as well as in 
some transcription factors, such as TFIIIB and N-Cor (76). DNA cross-linking studies 
performed with ISW2 found that the SLIDE domain binds near DNA that is 19 bp from the 
entry side of nucleosomes and that the the HAND domain binds to DNA that is ~10 bp 
inside nucleosomes (Figures 2e and 3a) (26). The crystal structure of the C terminus of 
ISWI from Drosophila (dIswi) revealed that SLIDE and SANT domains are structurally 
related to one another and resemble the DNA binding module of c-Myb (77). The SANT 
and SLIDE domains have three α-helices that are organized in a manner that is spatially 
similar to c-Myb. The SLIDE domain alone binds DNA, a finding that is consistent with the 
positively charged residues on the presumed recognition helix, but the SANT domain does 
not bind, presumably because of a lack of positively charged residues in the recognition 
helix.

The crystal structure of Ioc3 and the C terminus of Isw1 with 48 bp of DNA and of the DNA 
binding domain of CHD1 with DNA showed the SLIDE domain bound to DNA (Figure 3b) 
(78) (79, 80). Two distinct regions of Ioc3, referred to as the CLB (coil-linker-DNA-
binding) and the HLB (helical-linker-DNA-binding) domains, were found to contact DNA. 
The CLB domain is made from two random coils, one at the N terminus (amino acids 160–
167) and the other at the C terminus (amino acids 691–696), which contacts primarily the 
DNA phosphate backbone. The HLB domain contacts DNA upstream of the SLIDE and 
SANT domains’ binding sites. In a current model of ISW1a binding to a dinucleosome, the 
CLB binds to the flanking extranucleosomal DNA, while the HLB, SANT, and SLIDE 
domains bind to the linker DNA connecting the two nucleosomes (78).

One role of the SLIDE domain is to recruit the complex by binding linker DNA, and 
deletion of the C termini of dIswi and Chd1 reduces the remodeling activities of these 
catalytic subunits (79, 81, 82). Investigators restored the activity of Chd1 in the absence of 
the SLIDE and SANT domains by substituting it with another DNA binding domain(83, 84). 
This finding suggests the SLIDE and SANT domains recruit the complex by binding to 
linker DNA. One study showed that the C terminus confers primarily increased affinity and 
specificity of the helicase domain for nucleosomes (81). Another study indicated that the C 
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terminus of dIswi is required for efficient DNA translocation by the helicase domain but not 
for ATP hydrolysis (82). These studies are limited because the catalytic subunit in isolation 
was used, rather than in association with its accessory subunit(s), and is considerably less 
active than the intact complex. Also, deleting the entire C terminus may not be an effective 
way to decipher the different functions of the SLIDE, SANT, and HAND domains. Toward 
this objective, others have studied the SLIDE domain in the ISW2 complex by mutating 
several of the basic residues that are important for DNA binding to alanine. Reduced binding 
of the SLIDE domain did not interfere with normal recruitment of the complex or binding of 
the helicase domain to the correct location inside of nucleosomes, but it did negatively affect 
the nucleosome remodeling activities of ISW2. These data suggest that the SLIDE domain 
does more than merely recruit the complex to DNA, because its binding to DNA has an 
important role in the mobilization of nucleosomal DNA (discussed in more detail below in 
the Operation of the Helicase Domain Inside Nucleosomes Section).

INO80 binds to linker DNA, spaces nucleosomes, and requires an optimal length of 70 bp of 
extranucleosomal DNA to mobilize nucleosomes similar to ISWI (85). In yeast, INO80 and 
SWR1 are unique among chromatin remodelers because they contain actin as a subunit. 
Unlike cytoplasmic actin, the nuclear actin associated with INO80 is monomeric and does 
not associate with actin filaments (86). Investigators recently showed that actin has an 
important role in the interactions between INO80 and extranucleosomal DNA (86). 
Although actin alone has no particular affinity for DNA, actin in complex with two actin-
related proteins (Arp4 and Arp8) binds DNA and forms part of the INO80 complex (87, 88).

The known DNA binding domains residing in SWI/SNF are (a) one (in higher eukaryotes) 
or two (in yeast) AT hook domains in its catalytic subunit (89, 90) and (b) ARID (AT-rich 
interaction domain) (91–94) and SWIRM (95–97) domains in the accessory subunits. ARID, 
a conserved feature of SWI/SNF, can be found in the Swi1 subunit of yeast SWI/SNF and in 
the ARID1a and ARID1b subunits of human SWI/SNF or BAF complexes. Recent data 
showed that ARID in human SWI/SNF is required for binding to promoters (98). Although 
the SWIRM domain in SWI/SNF binds to DNA, some SWIRM domains in other complexes 
appear to have lost this ability (99). The functional role of the AT hook, ARID, and the 
SWIRM domain in SWI/SNF recruitment and remodeling have not yet been well defined.

PROTEIN--PROTEIN INTERACTIONS INVOLVED IN COMPLEX ASSEMBLY 

AND REMODELING

Some domains are important for complex assembly and are involved in subunit-subunit 
interactions. The SLIDE and SWIRM domains have a dual role, because they bind DNA and 
are also required for complex integrity. The ~75--amino acid helicase/SANT-associated 

(HSA) domain is found associated with bromo-, SANT, and helicase domains and is located 
next to the N terminus of the helicase domains of INO80, SWR1, and SWI/SNF (100). The 
protein targets for the HSA domain are actin and actin-related proteins (ARPs). Specific 
pairs or triplets of ARPs and actin associate with the HSA domain, and the particular set 
varies depending on the specific HSA domain. The HSA domain of Snf2 and Sth1, the two 
catalytic subunits of yeast SWI/SNF and RSC, binds to a dimer of Arp7 and Arp9 (36). The 
HSA domain in Ino80 binds to subcomplex of Arp4, Arp8, and actin (101), and in Swr1, the 
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HSA domain binds only Arp4 and actin. Deletion of HSA from Sth1 and the subsequent loss 
of Arp7 and Arp9 only slightly reduced the ATPase activity of RSC (36). Gain-of-function 
mutation studies have demonstrated that the Arps and the HSA domain, appear to have a 
modest role in regulating the activity of the helicase domain, presumably in concert with 
protusion region 1 and a region next to the HSA domain, termed the post-HSA domain. The 
structures have recently been solved of Arp8 and Arp4 in their ATP-bound form found in 
INO80 and SWR1, and the subcomplex of Arp7, Arp9, the HSA domain, and Rtt102 in 
SWI/SNF (87, 102, 103). The actin fold regions of Arp4 and Arp8 contain large insertions 
that block the polymerization domains of these proteins and prevents them from 
polymerizing like free actin. Arp7 and Arp9 do not have the conserved actin active site and 
cannot bind or hydrolyze ATP, whereas Arp4 and Arp8 do have an active ATPase site (104). 
The HSA domain forms a 95--amino acid--long helix that Arp7 and Arp9 straddle as a 
heterodimer, and a highly extended form of Rtt102 interacts with and stabilizes the 
association of both ARPs. The Arp7/Arp9/HSA/Rtt102 complex binds to free DNA but not 
to a 147-bp core nucleosome particle and resembles the DNA binding properties of the 
Arp8/Arp4/actin complex (87, 102).

Helicase/SANT-associated (HSA) domain: 75--amino acid domain predicted to 
bind DNA

The large insertion located in the helicase domains of INO80 and SWR1 between protusion 
2 and the second recA-like domain is another interaction module that recruits Rvb1 and 
Rvb2 (in yeast) or Tip49a and Tip49b (in humans) into these complexes. Rvb1 and Rvb2 are 
ATP-dependent DNA helicases that belong to the AAA+ superfamily and are highly 
conserved in archaea and eukaryotes (105, 106). The role of DNA helicase activity in 
nucleosome remodeling is unclear, but Rvb1 and Rvb2 also bind Arp5, thereby bringing a 
third distinct Arp member into the INO80 complex (107). Arp5 is required for the 
remodeling activity of INO80; consequently, deletion of this insertion and loss of Rvb1/
Rvb2/Arp5 inactivate the INO80 complex (101).

Protein--protein interactions are probably involved in regulation of the helicase domain, as 

has been observed with the HSA and SnAC domains of SWI/SNF and the chromodomains 
of CHD1. Two additional domains, known as AutoN and NegC, are found in the catalytic 
subunit of dIswi that regulate the activity of the helicase domain (Figure 1a). The AutoN 
motif negatively regulates the ATPase activity of ISWI and at the protein sequence level 
resembles the histone H4 N-terminal tail and its basic patch (82). The explanation for this 
finding is tied to the addition of the H4 tail peptide to ISWI and DNA enhancing both the 
ATPase and DNA tranlocation activities of ISWI. The AutoN motif appears to block or 
interfere with the helicase domain, and AutoN is probably competed from its binding target 
by the H4 tail. This model is supported by the observation that the ATPase activity of ISWI 
increases after two arginines in the AutoN region are changed to alanine that could mimic 
the basic patch of H4. The increased activity of the mutant is not stimulated further by the 
addition of the H4 peptide. ISWI with mutated AutoN also translocates along DNA and 
mobilizes nucleosomes more efficiently than does wild-type ISWI. Investigators identified 
the NegC domain by serially truncating dIswi from its C terminus. The NegC domain is 
located near the C-terminal end of the helicase domain. Deletion of NegC restored most of 
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the DNA translocation activity of dIswi that was lost when the HAND, SANT, and SLIDE 
domains were removed. Modeling of the NegC domain suggests that it may traverse both 
lobes of the helicase domain and interfere with the DNA binding surface of the helicase 
domain.

MECHANISM OF NUCLEOSOME MOVEMENT: NUCLEOSOME DYNAMICS

An important question is how translocation by the helicase domain is converted into 
nucleosome movement and nucleosome rearrangements, such as displacement and histone 
exchange. Many histone--DNA interactions contribute to the stability of nucleosomes and 
present a considerable barrier to the movement of DNA through nucleosomes (108, 109). 
Fourteen distinct helical turns of DNA contact the histone octamer, and the most central 
position is referred to as the dyad axis or superhelical location 0 (SHL0). Each helical turn 
from the dyad axis is numbered based on the number of helical turns from the dyad axis; 
superhelical location 1/−1, 2/−2 (SHL1/−1, 2/−2), and so on. One hundred twenty-one 
histone--DNA interactions in the nucleosome are mediated through hydrogen bounding with 
water molecules, and 116 hydrogen bonds are formed directly between histones and DNA. 
The two types of interactions should equally contribute to the stability of nucleosomes. Two 
basic models of nucleosome remodeling have dominated investigations into this process 
during the past decade: the DNA twist model and the bulge propagation model (110–112).

The DNA twist model requires the least amount of energy with a proposed 1-bp twist in 
DNA propagating through the entire nucleosome thereby changing the nucleosome 
translational position by 1 bp. This model is more energetically favorable because it requires 
only minor changes in the nucleosome structure. Some of these changes seem to be readily 
accommodated, as seen in the nucleosome crystal structure, where overwound DNA has 
been observed (109, 113). Experimental data tend to rule out twist diffusion as the exclusive 
mechanism of nucleosome mobilization because DNA hairpins and biotin cross-links do not 
inhibit remodeling even though they do not allow rotation of the DNA duplex caused by 
twisting (114, 115). Also DNA nicks which would interfere with propagation of DNA twist 
have been shown not to interfere with nucleosome remodeling by RSC (116) and ISWI 
(117), The DNA bulge propagation model initially requires a greater expenditure of energy 
to displace a segment of DNA from the surface of the nucleosome and a different segment 
of DNA rebinds the site to create a bulge on the surface of the nucleosome. The bulge 
should be able to move around the histone octamer in a wavelike fashion until it exits. 
Consistent with the bulge propagation model, restriction enzyme and DNase I cleavage 
patterns of nucleosomes remodeled with SWI/SNF suggest that transient DNA displacement 
occurs from histone octamer during remodeling (118, 119). Other evidence comes from the 
use of nucleosomes of which both molecules of H2A are covalently linked through a 
disulfide bond to constrain DNA near the dyad axis. DNA is trapped near the dyad axis and 
presumably a DNA bulge would not be able to move through this location. In these modified 
nucleosomes, the bulge on the surface was apparently able to form but, because of the cross-
link, was unable to propagate efficiently through the dyad axis region and around the histone 
octamer to promote nucleosome movement (120).
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MECHANISM OF NUCLEOSOME MOVEMENT: HELICASE DOMAIN 

WORKING FROM INSIDE

The helicase domain does not start translocating at the more vulnerable entry site of 
nucleosomes as first postulated; but rather initiates inside of nucleosomes at SHL2, ~50 bp 
from the entry site (49–51). The earliest evidence that remodelers contact DNA at SHL2 
came from DNA footprinting of the yeast ISW2 complex. The catalytic subunit Isw2 was 
found by site-directed DNA cross-linking to be bound near the SHL2 site (75). RSC appears 
to bind to SHL2 and SHL–2 sites as shown by the creation of two DNase I hypersensitivity 
sites following binding, presumably due to two populations of bound RSC at alternative 
positions on nucleosomes (49). Investigators observed a similar effect with NURF by DNA 
footprinting with hydroxyl radical (50).

The role of DNA translocation in nucleosome remodeling has been investigated by blocking 
translocation with DNA gaps. The location where DNA translocation is required in the first 
stages of remodeling was identified by placing gaps at random positions in nucleosomes and 
finding which gaps blocked the start of remodeling. DNA gaps at SHL2 interfered with the 
mobilization of nucleosomes by NURF, ISW2, and SWI/SNF (Figure 4a) (50, 51). Besides 
blocking translocation, DNA gaps could also interfere with binding of particular domains of 
the remodeler to DNA and gaps at SHL2 could interfere with binding of the helicase 
domain. For ISW2, there were also gaps in one strand ~10 bp outside the ISW2 protection 
site near SHL3. These gaps interfered with the movement of the nucleosomes and are likely 
to be independent of interferring with binding (Figure 4a) (51). The gaps near SHL3 
probably preferentially interfered with DNA translocation and suggests the helicase domain 
tracks on DNA away from the dyad axis, toward the entry site, and pulls DNA into 
nucleosomes, which would be consistent with the known direction of nucleosome 
movement. The gaps that interfered with nucleosome mobilization by SWI/SNF were in 
only 1 strand at the SHL2 position and in an additional 20 bp from SHL2 toward the entry 
site (Figure 4a). Most of these gaps probably interfere with DNA translocation rather than 
with SWI/SNF binding. Other experiments have directly shown the helicase domains of 
ISW2 and SWI/SNF are bound to DNA at SHL2 by finding them cross-linked to DNA 17 
and 18 bp from the dyad axis (26, 47).

OPERATION OF THE HELICASE DOMAIN INSIDE NUCLEOSOMES

The pulling force of the helicase domain should be dependent on how the helicase domain is 
tethered to the nucleosomes. The helicase domain tether has to be strong enough to counter 
the resistance to DNA being moved due to the histone-DNA contacts and prevent the 
helicase domain from slipping on DNA. In the face of opposing forces like that found in 
nucleosomes, RSC and SWI/SNF tend to slip on DNA and cannot processively translocate 
on DNA (121). RSC translocation on free DNA was found in magnetic tweezer experiments 
to shorten DNA and was eliminated when an opposing force greater than 1 pN was applied, 
which is considerably lower than the 10–30 pN force required to disrupt the nucleosome 
structure (122). A minimal version of the RSC complex, containing Arp7 and Arp9 and a 
truncated Sth1 catalytic subunit with the helicase domain fused to a Tet repressor dimer, 
moved along DNA against opposing forces of up to 30 pN(123). The Tet repressor protein 
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provided the necessary strong anchor by binding to a Tet site engineered into the DNA 
template. This artificial remodeler demonstrates a tightly fixed anchor is required in addition 
to the helicase domain to create a pulling force that would be sufficient to disrupt histone--
DNA interactions.

Anchors for the helicase domain can be contacts with the histone octamer and 

extranucleosomal and nucleosomal DNA. SnAC domain in the catalytic subunit of 
SWI/SNF seems to be a histone anchor required for nucleosome movement. Nucleosome 
movement is down regulated more than a factor of 100 by the absence of the SnAC domain 
under conditions in which both WT and SnAC minus SWI/SNF hydrolyze ATP equally 
(70). The anchor activity of the SnAC domain is not required for the efficient translocation 
of SWI/SNF on free DNA as seen in molecular tweezer experiments. Consistent with these 
data, studies with optical tweezers have found that the pulling force of RSC and SWI/SNF 
increases dramatically when remodeling nucleosomes compared to free DNA (124).

Not only do SWI/SNF and RSC mobilize nucleosomes, they tend to partially unravel 
mononucleosomes by pushing them off the ends of DNA and induce changes in the 
nucleosome canonical structure that are retained after remodeling (125 126). After changing 
nucleosome translational positions on DNA, ISWI retains more of the canonical nucleosome 
structure than does SWI/SNF type complexes (127). This difference may be connected to 
differences in the binding of the helicase domains of yeast SWI/SNF and ISW2 to 
nucleosomal DNA (47). The region of the helicase domain of Isw2 that is cross-linked to 
DNA 17 and 18 bp from the dyad axis coincides with the region of the helicase domain that 
is expected to contact DNA on the basis of sequence similarity with the Rad54 and its 
crystal structure when bound to DNA (26, 31). The region of the helicase domain of Snf2 
switches from the same conserved cleft region as ISW2 when binding free DNA to a region 
orthogonal to the cleft region when bound to nucleosomes (47). Isw2 binds to the exposed 
part of DNA that faces away from the histone octamer at SHL2, whereas Snf2 wedges itself 
between the histone octamer and DNA gyre, as shown by studies that track their rotational 
positioning on DNA by site-directed cross-linking (47). Snf2 wedged between the octamer 
and DNA is expected to have a greater tendency to disrupt the DNA-octamer interface than 
ISW2 when it starts to translocate on DNA (pull and wedge) (Figure 4b). Isw2 bound on the 
outside (pull only) will not have the same strategic advantage for working as a wedge to pry 
off histone--DNA interactions.

Another variation of how helicase domains might engage nucleosomes comes from the 
human ACF complex potentially acting as dimer. Investigators have suggested that an ACF 
dimer binds to nucleosomes in which two helicase domains are bound at opposing sites on 
nucleosomes and are attempting to move nucleosomes in opposite directions (127–130). The 
dominant or more stably bound helicase domain is on the side with the longer linker DNA. 
As linker DNA is shortened by remodeling on the active side and lengthened on the other, 
the other helicase domain becomes the dominant one and reverses the direction of 
nucleosome movement (Figure 4c). The dimer model provides one explanation of how ISWI 
can center nucleosomes on DNA and space nucleosomal arrays in a linker DNA--dependent 
manner.
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The binding of the helicase domain at SHL2 is advantageous because it begins at one of the 
weaker histone--DNA contact regions in the nucleosome surrounded by higher energy 
barriers at the dyad axis and SHL4. As the DNA begins to move through the helicase 
domain, it underwinds, tries to pull DNA in on the SHL4 side, and pushes DNA through the 
dyad axis side. Single-molecule studies performed with ISW2 show that DNA begins to exit 
the nucleosome before there is significant movement at the entry side (Figure 4d) (43). Such 
movement strains the DNA between the helicase domain and the entry site of the 
nucleosomes. This strain persists and increases while the helicase domain takes seven 
consecutive 1-bp, steps pushing the DNA out through the exit site (Figure 4d). When a 
sufficient DNA strain is generated, approximately 3 bp of DNA is drawn into the space 
between the entry site and the helicase domain. This process repeats after an additional 3 bp 
of DNA are pushed through the exit site, again triggering events at the entry site. Additional 
evidence for the requirement of torsional strain between the helicase domain and the entry 
site for remodeling is seen with DNA nicks ~10 bp to the side of the helicase binding site 
interfering (Figure 4a). The break in the DNA phosphate backbone can prematurely release 
the DNA torsional strain and avoid formation of significant torsional strain.

Other domains in remodelers may have active roles in mobilizing nucleosomes in addition to 
being anchors for the helicase domain, as illustrated by the case of ISW2. Interactions 
between ISW2 and nucleosomes expand on ATP hydrolysis, protecting an additional ~40 bp 
of nucleosomal DNA, and form a template-committed complex that is resistant to 
competitor DNA (131). The additional contacts occur between the helicase domain at SHL2 
and the HAND domain at SHL6 and may facilitate the entry of DNA into nucleosomes 
(Figure 4e). The SLIDE domain contributes significantly to pushing DNA into the entry site. 
If SLIDE binding to linker DNA is reduced through mutation, then DNA moving into 
nucleosomes by ISW2 is uncoupled from DNA moving out the exit side (27). Part of ISW2 
binds to linker DNA and, through a conformational switch, may push DNA into 
nucleosomes. This model would require the domain(s) involved to release and reset on a 
new position of linker DNA to perform multiple steps of pushing DNA into nucleosomes as 
needed (Figure 4e).

NUCLEOSOME SPACING VERSUS DISASSEMBLY

The linker DNA length--dependent regulation of nucleosome movement by ISWI to evenly 
space nucleosomes has several possible explanations. One is that the affinity of ISWI is 
reduced as the linker DNA length is shortened, causing the complex to fall off and search for 
new substrates with more appropriate lengths of linker DNA. This model is supported by 
measurements showing that ISWI binding affinity varies with linker DNA length and 
transiently samples nucleosomes (75, 132, 133). The interactions between the remodeler and 
linker DNA largely contribute to the affinity and stability of the complex with nucleosomes. 
Another explanation is that the rate at which the helicase domain translocates along 
nucleosomal DNA is regulated by the length of the linker DNA (134). This model accords 
with the ACF dimer model, in which the helicase domain that is most engaged with 
nucleosomal DNA is on the side with the longer linker DNA. In other studies in which 
ISW2 behaves as a monomer, DNA footprinting demonstrated that the stable binding of the 
helicase domain to SHL2 varied with the length of extranucleosomal DNA (135). Although 
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ISW2 binds to nucleosomes with 20 bp of extranucleosomal DNA, there is no protection at 
the SHL2 site, in contrast to the situation with 30 bp of extranucleosomal DNA. It seems 
plausible that the parts of the complex interacting with linker DNA (C terminus of ISWI/
auxiliary subunit--like Itc1) can stimulate or inhibit the helicase domain depending on the 
extent of their interactions with linker DNA (82). Not only do the interactions between the C 
terminus of ISWI and linker DNA regulate the activity of the helicase domain; they may 
also push DNA from the linker DNA into nucleosomes (27). In vitro ISW2 does not appear 
to space nucleosomes in arrays as uniformly as does ISW1a, a finding that suggests that 
ISW1a senses linker DNA length in a manner different than ISW2 (136, 137). Structural 
studies of Isw1 and Ioc3 suggest that the enhanced ability to uniformly space nucleosomes 
may be tied to simultaneous binding to both linker DNA (78). More research is needed to 
understand how these two interactions could regulate the activities of the helicase domain 
and nucleosome mobilization, which may be mediated through the C terminus of Isw1 and 
the auxiliary subunit Ioc3.

The discovery of nucleosome disassembly by SWI/SNF requiring a minimum of two 
nucleosomes on the same DNA template (8) highlights the importance of dinucleosome 
substrates. This study revealed that one nucleosome is retained and the other displaced and 
that the nucleosome retained is bound by SWI/SNF. As the SWI/SNF complex moves one 
nucleosome on DNA toward the second nucleosome, it pushes against the second 
nucleosome until the DNA is displaced and spooled into the mobilized nucleosome. The 
second nucleosome is eventually displaced as more DNA is actively displaced from its 
surface and spooled into the other. As might be expected, the temporal changes are first a 
rapid release of one H2A/H2B dimer and a second slower release of the remaining 
hexasome. Another study showed that RSC tends to form overlapping nucleosomes, a 
finding that is consistent with this model (138). Structural aspects of RSC binding to 
nucleosomes had prompted suggestions of RSC being able to disassemble nucleosomes 
(139, 140). In vivo data support the idea that the SWI/SNF and RSC complexes displace 
nucleosomes, thereby creating nucleosome-deficient regions often at promoter regions 
which may potentially be assisted by histone chaperones such as Asf1 (9, 10, 141, 142, 143, 
144). [3, 4] The situation may be more complicated, given that data suggest RSC may have a 
major role in determining the in vivo spacing pattern of nucleosomes and have other 
functions than displacing nucleosomes (145).

REGULATION OF ATP-DEPENDENT CHROMATIN REMODELERS

Three ways to regulate the activity of an ATP-dependent chromatin remodeler are by (a) 
recruiting to the correct target site, (b) adjusting the activities of the helicase and other 
crucial domains, and (c) changing the subunits associated with the catalytic subunit to confer 
different activities onto the complex. One can regulate targeting by changing the degree to 
which certain histone modifications occur and targeting is discussed above in terms of 
known histone readers. Other than targeting, histone modification can regulate the activities 
of remodelers such as the example of the N-terminal tail of H4 and ISWI. Although the H4 
tail does not necessarily target ISW2 to particular genomic sites, the H4 tail does promote 
the stable binding of the helicase domain to the SHL2 position (135). Acetylation of the H4 
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tail inhibits the stimulatory activity of H4 tails (146, 147) probably by destabilizing the 
binding of the helicase domain to nucleosomal DNA.

Other ways of regulating the activity of the helicase domain is to affect the affinity for DNA 
and consequently the enzyme’s processivity or directly change the instrinsic ATPase 
activity. The ATPase activity can be reduced by altering the orientation of the two lobes 
such that the critical residues are not in close proximity for proper binding and catalysis of 
ATP. Alternatively DNA binding that enhances the proper placement of the two lobes can 

be blocked by other domains (e.g., the chromodomain) to negatively regulate the ATPase 
activity. The DNA affinity of the helicase domain is reduced by mutations within the 
STRAGGLG amino acid sequence of motif V of Snf2, which decreases the DNA 
translocation properties of SWI/SNF without adversely affecting ATP hydrolysis (148). 
Similar effects of mutations in motif V have been observed in other DNA helicases (149, 
150). Other domains or elements outside the helicase domain, such as that identified in 
Chd1, may also be important for effective DNA translocation (151).

The particular accessory subunits associated with the catalytic subunit can strongly influence 
the remodeling activity and recruitment of the complex. The accessory subunits have been 
shown biochemically to be required for targeting, enhancing nucleosome affinity and 
remodeling activities of the catalytic subunits Brg1 (152, 153), human SNF2H (154, 155), 
and ISW2 (27). ISW1a and ISW1b, which both have the same catalytic subunit, show the 
importance of the accessory subunit because (a) ISW1a spaces nucleosomes and ISW1b 
does not and (b) ISW1b, but not ISW1a, is recruited to chromatin with H3K36me3 present 
(61, 62, 137). Human SWI/SNF has a great deal of compositional variation that gives rise to 
different functional properties and tissue specificity (2). As neuronal progenitor cells 
differentiate into neurons SWI/SNF switches out two subunits (BAF45a and BAF53a) for 
neuron-specific subunits (BAF45b/c and BAF53b) (5, 6, 156, 157). Clearly, in human 
SWI/SNF a frequently used method for regulating the complex in a tissue-specific manner is 
to switch particular subunits. Recent cancer genomic surveys have also demonstrated that 
certain subunits of human SWI/SNF are associated with different cancers. The Polybromo/
PBRM1/BAF180 subunit of the pBAF or human SWI/SNF complex is a frequent target 
associated with pancreatic, kidney, and breast cancer, whereas mutations in ARID1a, a 
subunit of BAF or another form of human SWI/SNF, is found in many other cancers, such 
as gastric cancer, medulloblastoma, and lung cancer (158, 159). The increasing number of 
publications showing particular diseases linked to different mutated subunits of the human 
SWI/SNF is compelling evidence that complex specificity strongly depends on the accessory 
subunits assembled into the complex.

Posttranslational modifications of domains or accessory subunits may be important switches 
for regulating the activities of these complexes. Most of the evidence for this hypothesis 
comes from the SWI/SNF family of remodelers, (a) the first shown was inactivation of the 
catalytic subunits Brg1 and hBRM by phosphorylation, and (b) later phosphorylation of the 
human homolog of Swi3 upon mitosis (160, 161). In addition to the autoregulation of Rsc4 
by acetylation (mentioned above), acetylation also targets the catalytic subunit of SWI/SNF. 
In yeast SWI/SNF, two lysine residues between the two AT hooks are acetylated which can 

bind to the bromodomain in Snf2 and in turn compete for binding to acetylated 
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nucleosomes (162). Interferon-γ activation causes hBRM to be acetylated by p300 and 
causes hBRM to dissociate from the mSin3/HDAC corepressor (163). Although Gcn5 is 
known to acetylate the HAND domain in ISWI, the effect of this modification on the 
activity of the ISWI complex is unknown (164).

CONCLUSIONS

ATP-dependent chromatin remodelers are vital gatekeepers of the epigenome, and as such, 
they are often the targets in many human diseases or developmental disorders. We are only 
beginning to find evidence of the importance of these chromatin regulators in differentiation 
and developmental control. Although the particular subunits involved in various diseases 
will continue to be identified by NGS-based approaches, it will become increasingly 
important to better understand the structural and functional properties not only of the 
helicase domain but also of the other domains involved in remodeling and the various roles 
of the accessory subunits in reorganizing chromatin.
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Summary Points

1. The helicase domains in chromatin remodelers are distinct between one 
subfamily and another and probably reflect the finely tuned properties that are 
unique to each subfamily. Many subfamily-specific features reside in the 
protusion regions of the helicase domain.

2. Helicase domains of several remodelers begin to translocate on DNA near the 
center of nucleosomes, and their orientation on nucleosomes can help determine 
their effects on nucleosome structure.

3. Many remodelers are recruited to chromatin by domains that recognize histone 
modifications and can be combined to target their binding. The interactions of 
the histone recognition domain also appear to contribute to the catalytic 
efficiency of remodeling, independently of recruitment effects such as those 
observed with H3 tail acetylation, RSC and SWI/SNF. Domains that bind to 
globular histone regions can serve as crucial anchors for the helicase domain 
and probably help create a sufficient pulling force to disrupt histone--DNA 
interactions (one example is the SnAC domain).

4. Protein--protein interactions with the helicase domain regulate substrate 
binding, ATP hydrolysis, and/or DNA translocation. An example of this is the 
two domains in the catalytic subunit of ISWI (AutoN and NegC).

5. In addition to structural determination by X-ray crystallography, cryo-EM, and 
modeling, site-directed cross-linking approaches effectively map the subunits 
and domains of remodelers that are associated with specific sites in DNA and 
histone octamer when remodelers are bound to nucleosomes.

6. Some protein domains such as SLIDE in Isw2 can be important for complex 
assembly, binding to linker DNA, and facilitating DNA entering into 
nucleosomes during remodeling. Some amount of DNA torsional strain is 
required to trigger the entry of DNA into nucleosomes and accounts for the ~7- 
and ~3-bp kinetic step sizes of the ISW2 and ACF complexes.

7. The combinatorial arrangement of accessory subunits can have significant 
effects on the remodeling activities of these complexes and their diverse 
operations. The accessory subunits may have histone or DNA recognition 
modules for changing recruitment patterns or may modify the ability to mobilize 
or space nucleosomes.

8. Mutations in accessory subunits or in conserved domains of the catalytic 
subunits of chromatin remodelers are often associated with neurological and 
development disorders and diseases such as cancer.
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Future Issues

1. We need a better understanding of the functional roles of many accessory 
subunits and proteins domains in reorganizing chromatin. Investigators should 
focus on their effects on recruitment, regulation of the helicase domain 
activities, mobilization of nucleosomes, exchange of histone variants, and 
displacement.

2. Further research with a combination of ensemble and single-molecule 
techniques will be crucial to improving our understanding of the mechanics of 
chromatin remodeling. Nucleosome mobilization is a complex process, and 
there are more autoregulation and feedback mechanisms than originally 
envisioned.

3. It will be important to investigate the effects of chromatin structure on 
nucleosome remodeling at a higher level than that of mononucleosomes, as has 
been done in a few studies of model dinucleosome substrates. More research is 
needed to understand how subunit interactions with different linker DNAs in a 
dinucleosome can contribute to the remodeling and spacing activities of such 
complexes as ISW1a.

4. The contributions of ATP-dependent chromatin remodelers to nucleosome 
assembly, and how they collaborate with histone chaperones, should be further 
studied. It will be imperative to understand the interplay between remodelers 
and histone chaperones, the balance between them, and the potential importance 
of context. In particular, the role of chromatin remodelers in heterochromatin 
formation at centromeres and telomeres needs to be further investigated.

5. Recent genomic studies that have found mutations in chromatin remodeler 
subunits to be potential drivers in various cancers and neurological disorders 
have highlighted the need to understand (a) the roles of subunits such as 
PBRM1/polybromo1 and ARID1a/1b in SWI/SNF remodeling and (b) how 
mutations in these subunits could alter their functions.
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Figure 1. 
Properties and domain organization of ATP-dependent chromatin remodelers. (a) The SF2 
(top) and Snf2 (bottom) motifs found in the helicase domain, along with the insertion sites. 
The purple and light blue regions correspond to the two RecA-like regions, and the magenta 
regions correspond to the protusion and linker regions. The domain organization of the 
catalytic subunit for each of the five major classes of remodelers is shown. (b) Remodelers 
have four distinct properties. In the exchange reaction, the different H2A variant containing 
dimers are represented in gold and blue. The red oval in the assembly reaction represents the 
newly assembled nucleosome. (c) This model for the ATP-dependent movement of the 
helicase domain along DNA is based on crystal structures of PcrA. The purple and blue 
ovals represent the protein contacts with DNA from lobes 1 and 2, respectively. 
Abbreviations: ATRX, α-thalassemia mental retardation syndrome X-linked; HSA, helicase/
SANT-associated; PHD, plant homeodomain; Pi, inorganic phosphate; SnAC, SNF ATP 
coupling.
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Figure 2. 
Approaches for studying the dynamics of nucleosome remodeling and the interactions of 
remodelers with nucleosomes. (a–d) Single-molecule approaches. (a) DNA unzipping is 
used to precisely measure the strength of histone--DNA interactions throughout 
nucleosomes with near-base-pair resolution (159). (b) The magnetic tweezer and (c) dual 
optical trap techniques are used to measure the DNA translocation properties of nucleosome 
remodelers such as rates, processivity, and the ability to move against an opposing force. (d) 
Single-molecule fluorescence resonance energy transfer (smFRET) tracks the movement of 
DNA relative to the histone octamer by measuring the rate at which a modified site in the 
histone octamer (Cy3) is moved from a different modified site in DNA (Cy5) by changes in 
FRET efficiencies. Individual nucleosomes are observed through the technique of total 
internal reflection fluorescence (TIRF). (e–g) Site-directed cross-linking approaches. (e) In 
the first approach, photoreactive groups are incorporated at specific locations in DNA 
through either a nucleotide base or the phosphate backbone, and a DNA radiolabel is 
transferred to its protein target following cross-linking. The two other approaches 
incorporate different types of photoreactive groups into the histone octamer. (f) The 
photoreactive group is radioiodinated and is designed to cleave and transfer the radiolabel to 
the target by disulfide bond reduction. (g) This approach incorporates the photoreactive 
group at a histone site that is close to DNA and is intended to covalently link histone to 
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DNA. Such cross-links can be used to cleave the DNA at the cross-linked site to determine 
the location of the cross-link. Abbreviation: PEG, polyethylene glycol.
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Figure 3. 
Structural aspects of the ISW2, ISW1a, and SWI/SNF complexes. (a) This model of the 
interactions between the C terminus (gray) and helicase domain (blue) of Isw2 and the 
nucleosome is based on site-directed cross-linking between DNA and a remodeler, as 
depicted in Figure 2e (26). The HAND, SLIDE, and helicase domains are cross-linked to 
three regions in DNA. The cross-linked regions are colored magneta, and the red dots in the 
DNA indicate the sites of the DNA cross-linker. Because of the orientation, the region of the 
helicase domain cross-linked to DNA 17 and 18 bp from the dyad axis is not visible. (b) 
Two DNA molecules bind Ioc3 (purple) and the C terminus of Isw1 (pink). This binding is 
the basis for the suggestions that ISW1a binds external and internal linker DNA in a 
dinucleosome. (c) As demonstrated by cryo--electron microscopy yeast SWI/SNF contains a 
trough region (TB) flanked by a high wall (HW) and a low wall (LW), and blocked at one 
end by another wall (BW). (d–f) This model of a nucleosome bound into the trough region 
of SWI/SNF is based in part on the finding that SWI/SNF protects nearly one gyre of DNA 
(red) when bound (f). The SWI/SNF/nucleosome complex (d–e). (g) Four different subunits 
of SWI/SNF cross-link to different parts of the histone octamer when SWI/SNF binds to 
nucleosomes. (h) The interactions between specific subunits of SWI/SNF and nucleosomes 
in terms of the DNA gyre (red dotted line) and the histone octamer face (green circle). The 
colored dots represent specific sites that were probed by site-directed cross-linking (28). 
Panel h is based on the model depicted in panels e and f.
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Figure 4. 
Mechanisms for mobilizing nucleosomes. (a) The nucleosomal region where DNA gaps 
interfere. Two black lines represent DNA and the breaks in the black line represent the 
single—base pair gaps that interfere with NURF, ISW2 and SWI/SNF remodeling. The 
green box represents the location of the helicase domain. (b) The orientation of the helicase 
domain on nucleosomes is either on the exposed side of nucleosomal DNA (pull only) or 
between the DNA gyre and the histone octamer (pull and wedge). When the helicase domain 
tracks through DNA, there are two expected outcomes. (c) The dual helicase model, in 
which only one of the two helicases (blue) is bound at a time, depending on the linker DNA 
available at either side of the nucleosome. The arrows indicate the direction in which DNA 
moves. (d) The two strands of DNA are colored gold and blue, and the helicase domain is 
colored pink. First, the helicase domain moves DNA out of the exit side in 1-bp increments 
until a total of 7 bp has been moved. This movement causes a DNA strain between the 
helicase domain and the entry site, as demonstrated by underwinding DNA. The next step is 
the passage of 3 bp of DNA from the entry site, which releases some of the torsional strain. 
(e) The SLIDE domain is colored green, the helicase domain is colored blue, and additional 
protein--DNA contacts are colored gray. The movements of the helicase domain and the 
SLIDE domain are coordinated by two actions; the helicase domain pulling DNA and the 
SLIDE domain pushing DNA into nucleosomes. Abbreviation: SHL2, superhelical location 
2.
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Figure 5. 

Bartholomew Page 33

Annu Rev Biochem. Author manuscript; available in PMC 2015 June 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6. 
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Figure 7. 
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