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Abstract
Chromatin is actively restructured by a group of proteins that belong to the family of ATP-
dependent DNA translocases. These chromatin remodelers can assemble, relocate or remove
nucleosomes, the fundamental building blocks of chromatin. The family of ATP-dependent
chromatin remodelers has many properties in common, but there are also important differences
that may account for their varying roles in the cell. Some of the important characteristics of these
complexes have begun to be revealed such as their interactions with chromatin and their
mechanism of operation. The different domains of chromatin remodelers are discussed in terms of
their targets and functional roles in mobilizing nucleosomes. The techniques that have driven these
findings are discussed and how these have helped develop the current models for how
nucleosomes are remodeled.
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1. Introduction
A fundamental property of ATP-dependent remodelers is that they generally mobilize
nucleosomes. If all ATP-dependent remodelers have the same basic enzymatic property of
mobilizing nucleosome then why are there so many different kinds of remodelers? In
Saccharomyces cerevisiae there is a minimum of nine or more different ATP-dependent
chromatin remodelers and in humans the lowest estimate is well over 30 different
complexes[1]. While significant progress has been made in identifying the roles of various
remodelers in transcription activation/repression, DNA repair and replication, stem cell self
renewal, and cell development; there is less understanding as to how the enzymatic activities
of these complexes differ from one another. Some of the complexity could be due to
alternative ways of recruiting complexes to distinct genomic sites. It seems unlikely that
recruitment would be the main reason leading to the diversity of remodelers, because only a
small subset of the total number of subunits would need to be varied to accommodate
different modes of recruitment. Instead remodelers differ from each other in the underlying
core subunits including the catalytic subunit and the remodeler specific accessory subunits
thus creating a broad repertoire of remodelers. It seems likely that there are many important
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functional differences other than recruitment in the family of ATP-dependent chromatin
remodelers. The significance of such variation in the composition of ATP-dependent
chromatin remodelers will be uncovered by acquiring a more comprehensive understanding
of their biochemical properties.

One key difference between remodelers is their interactions with nucleosomes. For
convenience we divide the types of interactions into three categories based on the part of the
nucleosome involved. Nucleosome mobilization at the very basic level is the interaction of
the remodeler with nucleosomal DNA. There are at least two types of protein domains that
bind to nucleosomal DNA and the first is the DNA translocase domain. Recent data show
that the DNA translocase can engage nucleosomes in at least two distinct ways depending
on the remodeler (SWI/SNF versus ISW2). These differences may be a reflection of one
remodeler being more disruptive of nucleosome structure than the other. Other protein
domains also interact with nucleosomal DNA and may facilitate in mobilizing nucleosomes
and stabilizing remodeler binding to nucleosomes. Another part of the nucleosome that
remodelers engage is the open face of the histone octamer not occluded by DNA. The extent
of interactions between the remodeler and histone proteins seems to be quite varied with
some remodelers making extensive interactions with histones while others do not. The
interactions of these domains with histones and nucleosomal DNA are likely to have
important roles in promoting nucleosome movement that work together with the DNA
translocase domain to remodel chromatin. The third region that remodelers interact with is
extranucleosomal or linker DNA. The requirement for linker DNA length can be quite
varied, while some remodelers require particular lengths of linker DNA and others do not.
An important outcome of being linker DNA length dependent is that remodelers move
nucleosomes so they all have a particular linker DNA length in order to uniformly space
nucleosomes. These effects appear to be mediated through protein-DNA interactions of the
catalytic and/or accessory subunits with linker DNA. Finding how each remodeler interacts
with nucleosomes and how they differ from one to the other provides us with the appropriate
starting point to understand how they also differ in their mechanism of remodeling
nucleosomes.

So far there is a minimum of two modes of remodeling with the outcome being either spaced
or disassembled nucleosomes. Different models for how spacing of nucleosomes occurs will
be reviewed. The important differences that cause one remodeler to disassemble and the
other to space nucleosomes will be discussed. Each remodeler uses the same basic DNA
translocase activity in different contexts to space or disassemble nucleosomes. The different
experimental techniques that have been used to investigate the mechanisms of remodeling
will be described. The advantages and limitations of techniques using either fluorescence or
photo crosslinking are given along with that of doing bulk versus single molecule type
experiments.

2. Functional Components of an ATP-dependent Remodeler
2.1 Binding to nucleosomal DNA

DNA helicases and translocases are divided into 6 superfamilies with the two largest groups
being SF1 and SF2. Nucleosome remodelers belong to the SF2 superfamily of DNA
translocases and unlike other members of this family generally do not have any helicase
activity. It has been difficult to determine the structure of the ATPase domains of any SWI/
SNF or ISWI remodeler, but crystal structures have been obtained of related complexes. The
structure of the ATPase domain of Rad54 from Zebrafish and Sulfolobus Solfataricus has
been solved [2,3]. The structure of Rad54 from Sulfolobus Solfataricus bound to DNA
highlighted that it binds DNA much like other known DNA and RNA helicases. Recently
the structure of the ATPase domain of the yeast Chd1 protein with tandem chromodomains
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has been solved [4]. It is informative to compare these structures to see both their
similarities and their differences. Both of these DNA translocases have the same two lobe
structure generally characteristic of DNA translocases as shown in Figure 1A and are
referred to as lobes 1 and 2. In the case of Chd1 the orientation of the two lobes is different
than that observed in Rad54 and indeed varies also from other SF2 translocases. The
conformation of the two lobes in Chd1 suggests they are in an inactive state and would
likely not be able to bind DNA because the two lobes are too far apart. Although not shown
the tandem chromodomains binding across the two lobes would also interfere with DNA
binding. When aligning lobe 1 in Rad54 with lobe 1 of Chd1 it is remarkable as to the extent
of structure homology and conservation that is observed (Figure 1B). The same is true for
lobe 2 when lobe 2 from Rad54 and Chd1 are aligned independently of the rest of the
protein as shown in Figure 1C. The structural similarity seen between Rad54 and Chd1 is
expected to be true for the other remodelers based on their respective sequence homology
(Figure 1A).

While it is extremely difficult to verify whether the ATPase domains within these different
remodelers do indeed work differently given the size and complexity of these complexes,
there are data that show such is the case for SWI/SNF and ISW2. The approach has been to
use two different techniques to map the interactions of the catalytic subunit with DNA and
to selectively focus on the ATPase domain while part of the complete complex. The first
technique is to photochemically crosslink the proteins bound to nucleosomal DNA and find
the part of the protein covalently linked to DNA. A protein footprinting technique was also
used to map Snf2 interactions with free DNA and with nucleosomes in which Fe-EDTA is
conjugated to either DNA or histones. Snf2 was crosslinked the same distance from the dyad
axis as for Isw2, but was to an entirely different part of the DNA translocase which suggests
they bind differently to the same part of the nucleosome[5]. SWI/SNF and ISW2 have been
shown to translocate on nucleosomal DNA at this same position and in the same direction.
Extensive probing of the interactions of the catalytic subunit by DNA crosslinking showed
that Isw2 binds selectively to the face of DNA pointing away from the histone octamer,
while Snf2 is preferentially associated inside the DNA gyre towards the histone octamer
(data not shown).

Another piece of evidence for the differential interactions of the ATPase domains of ISW2
and SWI/SNF is also seen in ISW2 requiring the histone H4 tail for nucleosome remodeling
while SWI/SNF does not. When the N-terminal tail of histone H4 is removed the
interactions of the Isw2 ATPase domain with nucleosomal DNA are severely reduced as
observed by both DNA footprinting and site-directed DNA crosslinking[6]. The reduced
binding of the ATPase domain is functionally relevant as nucleosomes missing histone H4
tails are remodeled much less efficiently than intact nucleosomes. The H4 tail is therefore
required to stabilize the interactions of the ATPase domain. SWI/SNF on the other hand
does not have H4 tail dependence for its remodeling activity and points to the binding of its
ATPase domain being different than that of ISW2.

Besides the DNA translocase binding to nucleosomal DNA there may be other parts of the
remodeler that also bind to different sections of nucleosomal DNA. ISW2 is an excellent
example in which the auxiliary subunit Itc1 binds to nucleosomal DNA in combination with
the catalytic subunit Isw2 (Figure 2A). Itc1 was observed to be efficiently crosslinked to
DNA just inside the nucleosome at 60–62 and 66–68 bp from the dyad axis in addition to
Isw2[7]. The region of Isw2 crosslinked to nucleosomal DNA 60 and 62 bp from the dyad
axis was found by peptide mapping to be in the C-terminal half of Isw2 encompassing the
HAND domain [5]. The structure of the C-terminal end of ISWI from D. melanogaster
including the HAND domain has been previously solved [8]. The HAND and SANT
domains are closely associated together and have been suggested to work together as a
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functional unit. They are connected through a rigid alpha helical, rod-like structure to
another domain called SLIDE that has DNA binding activity. Based on location it is
attractive to suggest that the HAND and SANT domains could be involved in “pushing”
DNA into the entry site of the nucleosome to facilitate moving DNA through and around the
nucleosome[5]. In earlier reports it was indicated that Itc1 also binds at the SHL2 site along
with Isw2 [7], but in later experiments we have found that Isw2 alone is crosslinked at this
DNA site and not Itc1 (data not shown). The interactions of Itc1 with nucleosomal DNA are
thus restricted in the core nucleosomes to only the entry site.

Although SWI/SNF has a greater number of protein subunits, it appears to have less
interactions with nucleosomal DNA than does ISW2 as reflected by the number of subunits
and the range of sites that are crosslinked (compare Figure 2A and 2B). Snf2 is the only
subunit of SWI/SNF that is appreciably crosslinked to any nucleosomal site [9]. Additional
DNA crosslinking experiments in which the photoreactive group is placed in the phosphate
backbone also showed photocrosslining of only Snf2 (data not shown). Snf2 was shown to
be localized to a short ~10 bp stretch of DNA 2 helical turns from the dyad axis[9]. Only the
DNA translocase domain of Snf2 is bound to nucleosomal DNA in the initial complex
formed when SWI/SNF is recruited to nucleosomes. In some ways this is not entirely
unexpected since SWI/SNF can push nucleosomes off DNA till the end of DNA is reached
by the DNA translocase, an unraveling of 50 bps of nucleosomal DNA[10]. These
observations indicate that any contacts with nucleosomal DNA that might occur between the
DNA translocase at SHL2 and the entry site of the nucleosome would not be required for
nucleosome movement.

Other protein interactions with nucleosomal DNA likely occur after remodeling is started
and are part of the remodeling reaction. These kinds of changes in remodeler binding have
been best shown for ISW2. In these experiments DNA footprinting and site-directed DNA
crosslinking were used to track interactions with nucleosomal DNA[11]. Different stages in
remodeling were examined by using non-hydrolysable ATP analogs and DNA gaps to look
at conformational changes due to ATP binding and hydrolysis. The DNA gaps do not
interfere with ATP hydrolysis, but instead block translocation and prevent nucleosomes
from being moved [12,13,14,15]. These data are discussed in more detail in Section 3.2.3.
These additional interactions of ISW2 with nucleosomal DNA cause the complex to bind
nucleosomes tighter and form a template-committed complex thereby making ISW2 more
processive. These transitions do not occur with ATP binding alone, but require ATP
hydrolysis. Presumably the interactions of other remodelers with nucleosomal DNA may
expanded during remodeling in order to promote nucleosome movement, but as of yet have
not been characterized.

2.2 Binding to histones
These remodelers recognize the histones in nucleosomes as well as the nucleosomal DNA.
Most of this type of work has focused on histone tails rather than the globular regions since
the tails are key targets for post-translational modifications. Our focus is on the proteins and
protein domains that recognize both modified and unmodified histone tails. The ATPase
domain of ISW2 binds to the unmodified histone H4 N-terminal tail. The evidence that
supports this is that deletion of the H4 tail and not other histone tails causes a strong
reduction of the ATPase domain binding to SHL2[6]. This is consistent with other data that
has shown the H4 tail is associated with nucleosomal DNA at SHL2[17,18]. Although it is
not yet clear how Isw2 binds to the H4 tail, there is a suggestion that a cluster of acidic
amino acid residues conserved only in ISWI proteins and predicted to be clustered together
on the surface of the ATPase domain might be involved [5]. The H4 tail is also required for
other ISWI chromatin remodelers such as CHRAC/ACF and NoRC[19,20,21]. The residues
in the H4 tail that are required for ISWI remodeling are residues R17H18R19 at the base of
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the H4 tail[22]. As expected for interactions between the H4 tail and ISW2 being ionic,
acetylation of lysine 16 in H4 disrupts the ability of ACF to remodel nucleosomes[22,23]. In
these examples histone acetylation antagonizes binding of the remodeler, while in other
remodelers it has the opposite effect. In another example an unmodified N-terminal tail of
histone H2A has a negative effect on INO80 remodeling [24].

The bromodomain binds to acetylated lysines and is one of the signature motifs of the SWI/
SNF family of remodelers. One copy of the bromodomain is found in Snf2 and Sth1, the
catalytic subunits of yeast SWI/SNF and RSC. Other subunits within the RSC complex also
contain bromodomains such as the Rsc4 subunit and subunits of mammalian SWI/SNF
contain multiple copies. The bromodomain is not reserved just for ATP-dependent
remodelers, but is frequently found in histone acetyltransferases as well. The other myriad of
modified histone tail recognition domains such as the PHD finger and the chromodomain
that recognize methylated lysines are also a common feature of nucleosome remodelers. One
example of this is the PHD finger in the BPTF subunit of the NURF complex, an ISWI type
of remodeler. BPTF recognizes lysine 4 in histone H3 when it is methylated and helps
recruit the NURF complex to methylated chromatin[25,26]. Clearly the ability to recognize
histone modifications is an integral part of ATP-dependent chromatin that may either target
the complexes to particular genomic sites and/or modulate their activity.

Less well known is how remodelers recognize the globular portion of the histone proteins.
The variable activity of remodelers with nucleosomes containing different histone variants
implies that there may be structural features in the globular portion of the histones that are
required by the remodelers. One feature of the globular histone region that has drawn a lot of
attention is the acidic docking domain formed by histones H2A and H2B. H2A has the
largest number of histone variants among all the core histone proteins. The H2A variants
H2A.Bbd and H2AL which lack the acidic docking domain have been shown to interfere
with SWI/SNF and RSC remodeling[27,28,29]. These data suggest that indeed the SWI/SNF
and RSC complexes might bind to the H2A/H2B docking domain. Other data suggest that
H2AZ, the variant of H2A that has an enhanced acidic docking domain, could form
chromatin regions that are preferred for recruiting SWI/SNF as in the case of the Gal 1
promoter[30]. More work is needed to understand the important structural features that these
remodelers recognize within the globular histone region of the nucleosome.

There are histone modifications that occur in the globular region which could also demarcate
remodeler binding sites. Acetylation of lysine 56 in histone H3 is in the globular region and
is in the alpha helix that extends to the entry site of the nucleosome. Although at first it was
suggested that acetylated lysine 56 positively regulates SWI/SNF, careful biochemical
experiments have shown that this modification has no significant effects on SWI/SNF or
RSC remodeling[31,32]. As of yet there is no data to support modifications of the globular
histone regions being recognized by remodelers.

An approach that has been used to examine the interactions of remodelers with the globular
region of the histone proteins has been protein crosslinking. Since nucleosomes can be
reconstituted with recombinant histones and single cysteines engineered into the nucleosome
surface, it has been possible to incorporate photoreactive probes to specific sites in the
globular region. The probes are designed with the feature that a radiolabel is transferred to
the target protein after crosslinking. The subunits and domains bound across the exposed
surface of the globular histone region are mapped by varying the location of the
photoreactive probe. Several of the subunits of SWI/SNF, including the Snf2 catalytic
subunit, have been shown to be bound across a large section of the histone octamer
surface[9]. A total of eight different residues within the histone octamer were modified
spanning the H3/H4 tetramer and H2A/H2B dimer surfaces. Many of the crosslinks to SWI/
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SNF were in the H2A/H2B region and within the acidic docking domain. The Snf5 subunit
was found to be selectively associated only near the acidic domain and nowhere else on the
nucleosome (Figure 2D). Snf5 was not seen to be bound close to nucleosomal DNA and
appears to make only discrete contacts with nucleosomes through the H2A/H2B dimer. Snf2
covers about half of the face of the histone octamer and spans from the tetramer into the
dimer as shown by crosslinking. The interactions of SWI/SNF appear to be more extensive
with the histone octamer face than with nucleosomal DNA as shown by protein-protein and
DNA-protein crosslinking. The ISW2 complex is different and only makes limited contacts
with the histone octamer (Figure 2C). ISW2 crosslinking is restricted to the histone octamer
near SHL2 and the entry site of the nucleosome (data not shown). Both of these sites are
proximal to where ISW2 is bound to nucleosomal DNA. Some key differences then between
SWI/SNF and ISW2 is that SWI/SNF has more extensive interactions with the histone
octamer face while ISW2 has more interactions with nucleosomal DNA.

2.3 Binding to linker DNA
A key feature that sets apart chromatin remodelers is their requirement for linker DNA.
Initially studies with nucleosome remodelers paid little attention to whether the length of
linker DNA was an important factor or not. After a while it became apparent that not only
did some remodelers require a certain length of linker DNA for binding, but also for their
nucleosome mobilizing activity. The class of remodelers that were first found to have a
strong dependence on linker DNA length was the ISWI subfamily[7,12]. In retrospect this
does not seem to be surprising given that some of these complexes have been shown to
arrange nucleosomes with uniform length of linker DNA between adjacent nucleosomes
referred to as nucleosome spacing[33]. Further characterization has shown that ISW2 causes
nucleosome positions to shift at the 5′ and 3′ ends of genes [34,35].

Both ISW2 and INO80 from Saccharomyces cerevisiae require a minimum of ~20 bp of
extranucleosomal DNA to bind nucleosomes efficiently[7,24] and more than 30 bp for
efficient binding of Isw1a and Chd1 [36,37]. However, not all remodeling complexes need
extranucleosomal DNA to bind well. RSC bound to nucleosomes with 0, 7, and 20 bp of
linker DNA with comparable affinities as shown by gel shift assays [15]. The yeast ISW1b
complex does not require extranucleosomal DNA to bind efficiently to nucleosomes either,
but its affinity is generally less for nucleosomes than for ISW1a and ISW2 [37]. The ISW1b
binding data has been fraught with the fundamental problem that that the ISW1b-
nucleosome complex is not stable to gel shift assay conditions and therefore these
measurements are likely to be less reliable. Other data suggest that ISW1b does bind to
extranucleosomal DNA, because exonuclease footprinting of ISW1b-nucleosome complexes
shows that ISW1b binds to 13–19 bp of extranucleosomal DNA[36]. However ISW1b
moves nucleosomes slightly off the edge of DNA by 5–11 bp which suggest it may not have
the extranucleosomal DNA length dependence of ISW1a or ISW2.

Besides extranucleosomal DNA being involved in recruiting remodelers, it can be required
for the remodeler’s enzymatic activity. Often the length of extranucleosomal DNA needed
for optimal nucleosome movement is longer than that required for binding. ISW2 needs
almost 70 bp of extranucleosomal DNA for optimal movement; whereas, INO80 needs a
minimum of 53 bp of linker DNA for nucleosome movement [7,24] and are significantly
longer than that required for efficient binding. A similar linker DNA requirement was also
observed for nucleosome movement by Chd1 [36,37]. ISW1a is in a class by itself because it
has a more complicated extranucleosomal DNA length requirement. Rather than sensing
only one arm of linker DNA at a time like ISW2, ISW1a can adjust its activity depending on
the length of both linker DNA present in a single nucleosome. If there is extranucleosomal
DNA of 33 bp or longer at any one entry site then ISW1a moves nucleosomes towards the
center of DNA. When there is 33 bp of extranucleosoml DNA at both entry sites ISW1a
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does not move nucleosomes or appreciably hydrolyze ATP, even though it binds quite well.
When the lengths of the two arms of linker DNA become disproportionate and one of them
is longer than 33 bp, ISW1a is again able to move nucleosomes in the direction of the longer
linker DNA. It is clear that other remodelers such as SWI/SNF do not depend on linker
DNA for mobilizing nucleosomes [38].

The interactions of ISW2 and ISW1a with nucleosomal DNA change with linker DNA
length as shown by DNA footprinting. ISW2 binds to extranucleosomal DNA and the entry
site regardless of extranucleosomal DNA length, but ISW2 binding to SHL2 is lost when
extranucleosomal DNA is reduced from 35 to 20 bp[6]. Stable binding of the ATPase
domain is therefore dependent on extranucleosomal DNA length and implies that there is
communication between the ATPase domain and the part of ISW2 bound to linker DNA.
ISW1a interactions with SHL2 also changes with linker DNA length like ISW2. SHL2 is
protected by ISW1a when there is only one linker DNA, but loses this protection when there
are two linker DNA of 33 bp each[36]. Human ACF complex containing ISWI has also been
shown to move nucleosomes in a linker DNA dependent manner. The rate of nucleosome
remodeling and ATP turn over for ACF increases as extranucleosomal DNA is
lengthened[39]. ACF has been proposed to bind nucleosomes as a dimer, presumably with
one ACF bound to each linker DNA and the one bound to the longer linker DNA is the one
actively mobilizing nucleosomes [39,40,41,42].

It has been important to identify the protein subunits and domains of these remodeling
complexes that interact with extranucleosomal DNA. These subunits and domain are
probably integral parts of the machinery that help modulate the binding and activity of the
ATPase domain. Several subunits of the remodeling complex interact with linker DNA and
recruit the remodeler to target sites to properly orient the remodeler on nucleosomes. In
ISW2 the accessory subunit Itc1 extensively interacts with at least 53 bp of
extranucleosomal DNA starting from the entry site (Figure 2A and reference [7]). The
accessory subunit Ioc3 of ISW1a crosslinks to linker DNA 85 to 92 bp from the dyad
axis[36]. The activity of human Snf2h is regulated by a variety of accessory subunits found
in the hACF, CHRAC, RSF and WICH complexes. Snf2h alone requires extranucleosomal
DNA for optimal nucleosome mobilization, but its dependence on extranucleosomal DNA is
even more enhanced when associated with hACF1[43]. The effect of the accessory subunit
on the basic remodeling activity of hSnf2h changes with different accessory subunits as seen
by comparing the remodeling activities of hACF, RSF, and WICH which all contain the
same hSnf2h catalytic subunit[44]. The differential effects of accessory subunits on ISWI
activity is seen when comparing the remodeling activities of ISW1a to ISW1b which have
the same catalytic subunit Isw1. Besides accessory subunits contacting linker DNA, the
catalytic subunit also makes key contacts with extranucleosomal DNA. Isw2 interacts with
~19 bp of extranucleosomal DNA starting at the entry site [7]. Peptide mapping of
crosslinked subunits revealed that the SLIDE domain of Isw2 interacts with linker DNA 19
bp from the entry site [5]. X-ray crystallography studies of dISWI C-terminus shows that
SLIDE domain resembles the structure of the DNA binding domain of the c-Myb
transcription factor that contains three alpha helical regions [8].

3. Mechanism of Chromatin remodeling
Chromatin remodeling complexes utilize the energy derived from ATP hydrolysis to disrupt
histone-DNA contacts of nucleosomes and alter nucleosome positions on DNA. The
outcome of this alteration could be equal spacing of nucleosomes, repositioning or
disassembling nucleosomes. How different remodelers, with significantly similar ATPase
domains, achieve such diverse tasks is currently unresolved. Recent reports with different
biochemical and biophysical approaches have found some of the changes that occur during
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remodeling and the forces required to move nucleosomes. These techniques will be
reviewed first before discussing some of the prevailing models for remodeling nucleosomes.

3.1 Approaches
3.1.1 Tracking nucleosome movement and changes in histone-DNA
interactions—There have been several innovative approaches that have been used to
investigate the mechanism of nucleosome remodeling. These methods have taken advantage
of reconstituting nucleosome with recombinant histones to engineer into nucleosomes at
well defined locations either photoreactive or fluorescent type probes. These kinds of
experiments either examine histone-DNA or histone-remodeler interactions. One type of
site-directed crosslinking is designed with histone modification sites close to nucleosomal
DNA such that the photoreactive group preferentially crosslinks to nucleosomal
DNA[7,10,45,46]. The location of the crosslinked site in DNA is readily determined because
the photoadduct formed with DNA is generally more sensitive to cleavage under alkaline
conditions than unmodified DNA. This is done by radiolabeling one 5′ of DNA and
analyzing the cleaved products on a DNA sequencing gel along with an appropriate DNA
sequencing ladder. A strength of this approach is the one-to-one correlation of a specific
histone residue (i.e. residue 53 of histone H2B) being in close proximity to a particular bp in
DNA. Another strength is the multiple histone positions that can be examined to provide a
more complete view of the interactions of DNA with histone octamer. There are four
different histone positions that have been tested which are histone H2B (residue 53), H2A
(residue 45), H3 (residue 120) and H4 (residue 47). Often site-directed mapping of histone-
DNA interactions have been used in a static format where remodeling is either in an arrested
or steady state, but can also be used to study the dynamics of remodeling[11,12,13,38]. It is
usually necessary to slow the remodeling reaction by reducing the concentration of ATP
when using site-directed crosslinking. Although this technique provides a direct read-out of
nucleosome movement, it does considerably more because it highlights multiple positions
throughout the nucleosome. For example one can determine after the nucleosome has been
moved if the canonical nucleosome structure has been maintained in terms of the wrapping
of DNA on the histone octamer. A fundamental difference between ISW2 and SWI/SNF has
been revealed by measuring the length of DNA between different points on the octamer
before and after remodeling. While ISW2 maintains the canonical nucleosome structure
after the nucleosome has moved, nucleosomes remodeled by SWI/SNF have changed more
than just its position on DNA [10,46]. One of these changes is the increase in the length of
DNA between two points on the histone octamer and is evidence for residual DNA bulges
on the surface of the nucleosome. Another difference is the disruption of histone-DNA
contacts at residue 45 of histone H2A after remodeling.

The other approach for tracking nucleosome movement is placing a donor and acceptor
fluorescent group in the histone octamer and DNA, respectively, close to the entry site of the
nucleosome [39,41,47,48]. The distance between the histone and DNA sites is measured in
terms of fluorescence resonance energy transferred or FRET [47]. A key advantage of an
approach like this is that it rapidly measures changes in nucleosome position of single
nucleosome molecules and provides a more comprehensive view of the remodeling
dynamics[47]. The location of the donor and acceptor can make a large difference and is
impossible to predict apriori which pairs will function well and which will not. The other
limitation so far has been that it has not been possible to probe the movement of DNA inside
the nucleosome and is restricted to examining only the rate at which DNA exits the
nucleosome. Recently single molecule (sm)FRET was used to study the dynamic movement
of nucleosomes by human ACF. ACF with ATP moved end-positioned nucleosomes first ~
7 bp from its original translational position and then in steps of 3–4 bp [47]. Binding of ACF
was also stimulated by ATP as shown using fluorescently labeled ACF. The rate at which
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ACF moved nucleosomes was 2 bp per second and the total distance nucleosomes moved
before ACF was released averaged about 200 bp in a bi-directional manner.

These approaches provide more information about nucleosome movement than the often
used method of restriction endonuclease accessibility assay. The basic principle of the
accessibility assay is to monitor nucleosome movement or changes in nucleosome structure
by finding if a particular DNA site can be cleaved by its cognate restriction endonuclease.
The particular DNA site often starts out within the nucleosome and as such is protected, but
once the nucleosome has moved sufficiently becomes exposed and is cleaved. The problems
with this approach are the important factors of the intrinsic kinetics of the restriction enzyme
itself and that once it becomes exposed it is insensitive to how far the nucleosome has
moved in total. Another factor that can also complicate this analysis is that the nucleosome
translational position does not have to be necessarily changed for the remodeler to be able to
make a site accessible as transient bulges on the nucleosome may also be cut by restriction
endonucleases.

Many of these techniques measure only the average behavior of the molecules in the sample
and not the distribution of molecules with their differing behavior. Sometimes because only
class average characteristics are observed it can lead to particular details being missed or
overlooked that reveal important mechanistic information. Besides smFRET, DNA
methylation protection assays or MAP-IT can be used to examine nucleosome position in
individual molecules and has been used to examine the nucleosome remodeling products of
SWI/SNF [38,49]. MAP-IT was particularly useful for tracking nucleosome movement in
short arrays where there are likely to be many different patterns of nucleosome movement
which could not be properly identified by bulk measurements. The progressive movement of
one nucleosome toward an adjacent nucleosome by SWI/SNF was observed by MAP-IT.
Within the population of nucleosomes there were species that either had the one nucleosome
moved a short distance or others that were moved to the extent that it was significantly
invading the space of the adjoining nucleosome. These assays were also adept at showing
that nucleosome movement by SWI/SNF was dictated by Gal4-VP16 recruitment to the
immediately adjoining nucleosome.

Another single molecule approach used to find the rate of DNA translocation, processivity,
and the force generated by the remodeler involves magnetic and optical tweezers (or trap).
The magnetic trap approach immobilizes one end of DNA onto the glass surface of a
microscope flow chamber and the other end is attached to a small (~1μM) paramagnetic
bead. The bead can be twisted or pulled to supercoil or stretch the DNA. In an optical trap,
DNA is attached at one end to polystyrene beads with the other end attached to the
microscope flow chamber. Video microscopy is used to record changes in the position of the
tethered bead and from that the DNA length, horizontal motion of the bead, and stretching
force on DNA can be calculated. Approaches involving magnetic tweezers have been
extensively used to study coiling and uncoiling in DNA [50,51]. Recently magnetic trap
experiments were used to study the interactions of both ATP-dependent RSC and SWI/SNF
on DNA. Both enzymes translocate on DNA forming transient DNA loops and introduce
negative supercoils into DNA in an ATP-dependent manner [52,53]. Under low stretching
tension (0.3pN), RSC reversibly translocates on DNA surface at 200 bp/sec forming loops of
100 to 400 bp. A similar study using nucleosomal templates and the optical tweezer method
found that under high stretching forces (≥1pN) RSC translocates on nucleosomes at ~13 bp
per sec, forms loops varying in size from 20 to 1200 bp, and travels an average of ~ 105 bp
before dissociating [54,55]. These studies provide important mechanistic details of how
remodelers reposition nucleosomes on DNA. One limitation of these experiments has been
their inability to detect translocations on DNA less than ~20 bp.
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3.1.2 Tracking the interactions of remodelers with nucleosomes—DNA
footprinting has been used to map the interactions of remodeler with nucleosomal DNA. The
high reactivity, lack of base pair specificity and smaller size of hydroxyl radical makes it an
excellent choice for DNA footprinting of protein-DNA complexes [56]. Footprinting is
completed in seconds, only tight interactions are observed with single bp resolution, and can
be done at different time intervals after addition of ATP. An inherent problem with this
approach is that nucleosome mobilization is not a uniform or well synchronized process thus
giving a heterogeneous mixture of products that makes the analysis difficult. One way to
avoid these problems is to arrest remodeling at specific stages. Gaps in nucleosomal DNA
can block translocation of the remodeler and depending on their location can be used to
move nucleosomes to any defined position on DNA. The intermediates of ISW2 remodeling
have been investigated in this manner and have significantly helped identify nucleosomal
DNA interactions that occur as a result of remodeling [11].

Complementary to footprinting is finding the protein(s) involved in contacting nucleosomal
DNA or histones by site-directed crosslinking. Photoreactive groups can be placed at
specific nucleotide bases or amino acids in order to find the targets bound to
extranucleosomal or nucleosomal DNA or to histone proteins. In difficult cases where DNA
footprinting may be problematic, site-directed DNA crosslinking can provide something
similar to a footprint with a systematic scanning of protein-DNA interactions. Photo
crosslinking is complete in a matter of seconds making this considerably slower than
fluorescent based techniques, but nonetheless if done in a quench flow format key
intermediates in the remodeling reaction can be observed. There are two different methods
for modifying DNA, one in which the crosslinker is incorporated in the phosphate backbone
and the other to the nucleotide base. Each of these has different spatial constraints and
therefore scans different parts of the DNA tertiary structure [7,9,16]. Since not all
interactions are restricted to the DNA in nucleosomes, we have also designed a similar
approach for site-specific attachment of photo crosslinkers to histone proteins[9]. The
fundamental design is similar with attachment of a photo crosslinker to a cysteine and the
transfer of radiolabel to the target crosslinked protein. Nucleosomes with modified octamers
are bound to the remodelers and after crosslinking a radiolabel is transferred to the
remodeler subunit. Structural and conformational changes in the remodeling complex as a
result of ATP binding and hydrolysis can be detected by comparing the crosslinking pattern
in the presence and absence of ATP and ATP analogs.

The location of the DNA translocase and direction in which it travels on nucleosomal or
extranucleosomal DNA is determined by using DNA gaps to block translocation. Random
one nucleotide gaps are created by incorporating ~1 dUTP per DNA by PCR. The gap is
created by removal of deoyxuridine with uracil DNA glycosylase and endonuclease III.
Nucleosomes reconstituted with DNA containing gaps at a variety of positions are
remodeled to find out which gaps will prevent nucleosomes from moving. This is an
effective way to scan a large number of DNA positions in one experiment to find the gaps
that selectively block DNA translocase and thereby prevents nucleosomes from moving.
Both ISWI and SWI/SNF were found using this technique to initiate remodeling from an
internal site of the nucleosome about two helical turns from the dyad axis [13,57]. In order
to further confirm these results other nucleosomes are made in which the DNA gap is placed
at a position to block nucleosome movement or at position further away that will not block
remodeling until the nucleosome has moved to the appropriate position on DNA. Gaps at
one particular site are created by incorporating deoxyuridine in the oligonucleotide primers
that are used to make the DNA and removed the same as before after incorporation into
DNA. The number of uracil bases incorporated could be varied to create gaps of one or more
nucleotides. Interference assays are also done with DNA nicks to find if DNA twist
propagation is also required for nucleosome movement in addition to DNA translocation
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[14]. Randomly nicked DNA is created by digestion with an appropriate amount of DNaseI
so as to create one nick per DNA.

3.2 Nucleosome mobilization and spacing: the two stories of ISW2 and ACF
3.2.1 Dimer versus monomer—There are two stories of the ISWI subfamily of
remodelers with different outcomes and conclusions deriving from yeast ISW2 and human/
Drosophila ACF. ISW2 and CHRAC/ACF are likely orthologs of each other given that they
have similar subunit organization and functional activity. The difference between ACF and
CHRAC is that CHRAC has two histone fold subunits which are absent in ACF. ISW2 also
has two histone fold subunits like those found in CHRAC. The accessory subunit, ACF1 in
human and Drosophila and Itc1 in yeast, has limited sequence homology that hints at them
being similar. Both ISW2 and ACF move mononucleosomes to the center of DNA
fragments and make discrete contacts near SHL2 [7,41]. What seems to set these two apart
is that data supports recombinant ACF binding to nucleosomes as a dimer, while native
ISW2 binds as a monomer. The evidence for an ACF dimer is that Snf2h, the catalytic
subunit of ACF, alone exists as a monomer in solution but binds cooperatively as a dimer to
nucleosomes as shown in a fluorescence based binding assays[41]. Gel shift assays with
ISW2 and nucleosomes found that ISW2 does not bind cooperatively and has a Hill
coefficient of only 1.1. In these assays the apparent affinity of Snf2h for nucleosomes was
considerably lower than that for either ISW2 complex or the catalytic subunit Isw2 alone
(630 nM vs. 11 and 54 nM, respectively) which may account for some of these underlying
differences. Nucleosome mobilization assays with Snf2h or ACF shows cooperativity in the
rate of nucleosome remodeling (Hill’s coefficient is ~ 1.8) consistent with the nucleosome
binding data for Snf2h. Other data that points to ACF acting as a dimer is Snf2h can bind to
both H4 tails as shown by electron paramagnetic resonance (EPR). Snf2h engages with only
one H4 tail in presence of ADP, but engages both H4 tails in the presence of the ATP analog
ADP·BeFx, representing the activated state. Of course the concern with this data is that the
catalytic subunit alone will not behave the same as the complex with its accessory subunit.
Supporting evidence for ACF is that ACF protects only one SHL2 on the linker DNA side of
the nucleosome in presence of ADP, while both SHL2 positions were protected by ACF
with ADP·BeFx thus reflecting that observed for Snf2h by EPR. These observations led the
authors to propose that ACF binds nucleosome cooperatively and the ACF dimer actively
engages both H4 tails when in the activated or transition state by binding ADP·BeFx. After
hydrolysis of ATP one of the catalytic sites of the dimer stays associated with an H4 tail and
the other releases. The ATPase domain bound to the longer linker DNA hydrolyzes ATP
faster thus making it more prone to translocate along DNA than the other ATPase domain
(Figure 3B). This difference in rates of the two bound translocase domains therefore account
for its ability to sense linker DNA and to center nucleosomes on DNA or space nucleosomes
[39], ACF samples linker DNA in this manner till it comes to equilibrium at midpoint and
spaces nucleosomes evenly in this process.

3.2.2 Why does ACF and ISW2 space nucleosomes?—The first model for how
ISW2 is able to center nucleosomes on DNA and sense linker DNA for nucleosome spacing
is based on the observation that the affinity of ISW2 for nucleosome is dependent on
extranucleosomal DNA length (Figure 3A). The model is simply that ISW2 stops moving
nucleosomes when it can no longer remain stably bound to nucleosomes because the length
of extranucleosomal DNA to which ISW2 is bound becomes too short [7]. This effect would
explain why when remodeling nucleosomes with ≤70 bp of extranucleosomal DNA, ISW2
and ACF tend to move nucleosomes generally well to one central position on DNA and
when the extranucleosomal DNA is longer that the steady state position of remodeled
nucleosomes is more dispersed. Similarly the reduced affinity of ACF and Chd1 for
nucleosomes at particular positions dictated the end position to which nucleosomes were
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moved [58]. This model is attractive because it suggests that ISW2 could start with an array
of nucleosomes in which there is some nucleosomes spaced far enough apart to present a
high affinity site for ISW2 and serve as an entry point. Once ISW2 starts in this region it
will continue to move nucleosomes potentially until the nucleosome spacing is such that
ISW2 can no longer bind well to this region. ISW2 would consequentially move on to
another region to continue the process elsewhere. This model is supported by a recent report
with human Snf2H and Snf2L that utilizes the intrinsic fluorescence of these proteins [59].

The other model has more than one version, but the essence of it is that rather than just the
binding affinity there is a conformational switch that occurs in the remodeler complex that is
dependent on the length of linker DNA. The ACF dimer model discussed earlier is one
version of this model in which both DNA translocases do not have the same conformation
which accounts for one hydrolyzing ATP faster than the other (Figure 3B and reference
[39]). Unfortunately, it has not been clear as to the nature of this conformational difference
between the two translocase domains since both appear to bind H4 tail and nucleosomal
DNA at SHL2 when ATP is bound. There is however more evidence for ISW2 having
different conformational states that are dependent on extranucleosomal DNA length (Figure
3C). As extranucleosomal DNA length is shortened there is one key change in ISW2
interactions with nucleosomal or extranucleosomal DNA. DNA footprinting of ISW2-
nucleosome complexes shows that the contact of Isw2 with SHL2 is highly dependent on
extranucleosomal DNA and is lost when DNA is shortened from 35 to 20 bp[6]. This
transition correlates well with a loss in nucleosome mobilizing activity observed for these
same nucleosome constructs[12]. The other interactions of ISW2 with extranucleosomal
DNA and just inside in the nucleosome near the entry site are all still present with only 20
bp of extranucleosomal DNA. These data point to communication between the proteins that
interact with linker DNA and the ATPase domain being critical in this process of sensing
linker DNA length. When linker DNA becomes too short during remodeling, the ATPase
domain of ISW2 lifts off from nucleosomal DNA, stops translocating and moving
nucleosomes in response to some allosteric switch from the protein(s) bound to linker DNA.
The proteins or protein domains that might be involved in this communication are the
accessory subunit Itc1 and those domains in the C-terminus of Isw2 that contact the linker
DNA such as the SLIDE domain. Studies are ongoing to investigate the role of these in
regulating the remodeling activity of ISW2.

While some may think it may have to be one or the other of these two basic models, it seems
possible that both mechanisms can be at work in this process. If the conformational switch
was only at work then ISW2 would likely get trapped on nucleosomes as an inactive
complex once the linker DNA has been sufficiently shortened. After ISW2 move
nucleosomes to the critical length of linker DNA, the ATPase domain disengages, and
subsequently dissociates because of the reduced affinity of ISW2 for nucleosomes with
shortened linker DNA. The dissociation of ISW2 would make this a much more catalytic
process and cause it to have a fast turnover rate, all of which has been observed both in vitro
and in vivo [7,59,60].

3.2.3 Template-commitment and intermediate states in ISW2 remodeling—
While chromatin remodeling complexes bind and interact with specific nucleosomal regions,
the molecular events that occur during remodeling are not well understood. Yeast ISW2
complex binds nucleosome at three distinct regions; linker DNA, the entry/exit site, and
SHL2 site in the absence of ATP. Binding of ATP tightened ISW2 interactions at all three
sites without increasing the overall binding affinity of the complex to nucleosome. Upon
hydrolysis of ATP, ISW2 contacts increased to an entire DNA gyre from the entry exit site
to SHL2 as observed by rapid hydroxyl radical DNA footprinting. At even the fastest time
point it is difficult to get a homogenous population of nucleosome that have moved the same
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distance from the original location making it difficult to interpret the footprinting data. This
problem was avoided using nucleosomes with gaps 24/25 or 35 bp from the dyad axis to
block nucleosome movement and DNA translocation at different stages in remodeling [13].
Footprinting of arrested ISW2 produced similar results where an entire gyre of DNA was
protected whether blocked at the very beginning or after a short movement of 10 bps. A 3–4
bp region four helical turns from the dyad axis on the opposite DNA gyre was found to be
protected in the arrested complexes only in the presence of ATP. This protection moves 10
bp to a new site when nucleosomes were arrested using a gap at 35 bp from the dyad axis. It
appears that ISW2 binds this 3–4 bp region in a skewed manner away from the other gyre of
DNA located above where the DNA translocase is bound to the other DNA gyre. These ATP
hydrolysis induced conformational changes in ISW2 cause it to form a complex that is
resistant to competition by competitor DNA or nucleosomes and is referred to as template-
committed complex[11]. A similar kind of template commitment by Drosophila ACF
complex towards DNA was observed previously during nucleosome assembly [61].

The conformation of ISW2 changes with ATP hydrolysis as it extends its interactions across
an entire gyre of nucleosomal DNA. The subunits of ISW2 involved in these additional
interactions were investigated using site-directed DNA crosslinking. There was an increase
in crosslinking of Isw2 17 to 18 bp from the dyad axis after remodeling was initiated with
ATP and translocation blocked with gaps. DNA crosslinking revealed that histone fold
subunit Dpb4 interacts with nucleosomal DNA 40 bp from the dyad axis, about 10–20 bp
from where the DNA translocase is bound[11]. Movement of nucleosomes by 10 bp caused
the crosslinking of Dpb4 to also shift by 10 bp and demonstrated that along with Isw2 the
Dpb4 subunit provides additional interactions during ATP hydrolysis to help form a
committed complex. During remodeling, Dpb4 tracks along nucleosomal DNA ~15 bp in
front of the translocase in the same direction and may help in destabilizing the histone-DNA
interaction to facilitate remodeling[11].

When considering template commitment and the role of linker DNA in regulating ISW2
remodeling activity, it is important to view these as interconnected. It is possible that in
order for ISW2 to disengage its ATPase domain from SHL2 that it will need to convert from
a template-committed complex to a non-committed or relaxed complex and that these are
interconnected (Figure 3C). Once ISW2 starts moving nucleosomes it is stably bound as a
template-committed complex, but as soon as it moves the nucleosome close to an adjoining
nucleosome, the ATPase domain dissociates from SHL2. Dissociation of the ATPase
domain could then signal to change from a template-committed to a non-committed complex
preparing the way for the complex to be effectively released. It is however not certain as to
the order in which these events occur. Evidence in support of this idea is that ISW2 is unable
to form a template-committed complex in the absence of the histone H4 N-terminal tail even
though ISW2 can still hydrolyze ATP and remodel nucleosomes albeit at a significantly
slower rate[11].

In conclusion it seems that ISWI remodelers have developed intricate ways in which they
sense linker DNA length and modulate their catalytic activity accordingly. There are already
indications that these mechanisms will vary from one family member to another such as the
differences between ISW2 and ISW1a. In time and with more effort we suspect that there
will be other variations on this theme than those discussed here.

3.3 Nucleosome disassembly by SWI/SNF
3.3.1 Unraveling nucleosomes is a property unique to SWI/SNF—Do the
fundamental difference of ISW2 and ISW1a remodeling being dependent on linker DNA
while SWI/SNF is not reflect something important about their roles in the cell? Because
SWI/SNF can move nucleosomes even when there is no linker DNA it has an intrinsic
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ability to more aggressively disrupt nucleosome structure than other remodelers that do
require linker DNA. The simplest example of this is that SWI/SNF can unravel
mononucleosomes or in other words move the DNA far enough on the histone octamer that
it leaves a ~1/3 of the octamer free of DNA to which it is normally bound [10,62]. A direct
outcome of this is that one of the H2A/H2B dimers could be more readily displaced [63].
This activity is not as prevalent as might be expected when one H2A/H2B dimer is no
longer being contacted by DNA and occurs only with a minor fraction of the nucleosomes.
The likely explanation for H2A/H2B dimer displacement not occurring is because SWI/SNF
also actively places DNA back onto this exposed surface of the nucleosome and thereby
stabilizes the association of the dimer with the rest of the octamer [10]. Another reason why
SWI/SNF may be able to unravel nucleosomes and ISW2/1a cannot is the fundamental
difference in how these complexes interact with nucleosomes. As described earlier SWI/
SNF appears to have more extensive interactions with histones than ISW2 which could
provide a strong anchor to nucleosomes that would be independent of nucleosomal DNA
(Figure 2). Without this anchor it would be impossible for the DNA translocation domain
alone bound to nucleosomal DNA to have sufficient force to unravel or mobilize
nucleosomes. If there was no way to fix the ATPase domain in relation to the nucleosome
then the ATPase domain would merely travel along nucleosomal DNA till it reaches the
entry site without changing the nucleosome translational position.

3.3.2 Structural considerations of SWI/SNF—These histone interactions with SWI/
SNF most likely occur with one face of the nucleosome. The data that support this idea are
the cryo-electron microscopy of free SWI/SNF and the DNA footprint of nucleosomes
bound to SWI/SNF. The 3-dimensional structure of SWI/SNF differs from that observed for
RSC[9,64,65,66]. The distinctive feature of SWI/SNF is a large trough on its surface that is
of the correct dimensions to accommodate a nucleosome (Figure 4). The trough has three
walls; a high and low side walls and one back wall. The DNA footprint of nucleosomes
bound to SWI/SNF recruited by Gal4-VP16 appears to coincide with the model of the
nucleosome bound to the trough region of SWI/SNF. The dimensions of the trough are such
that the nucleosome would of necessity have to be placed with the DNA gyres at the base of
the trough and the DNA free region of the histone octamer facing the high and low walls of
the trough. The DNA footprint suggests that the nucleosome is likely tilted towards the high
wall such that the DNA gyre closest to the high wall is protected while the other DNA gyre
would be more exposed. Based on this model the part of SWI/SNF contacting the open face
of the histone octamer would be that in the high wall of the trough. Combining aspects of
this model with DNA and histone crosslinking data one can make tentative assignments as
to where the DNA translocase domain would be located as well as the Snf2, Snf5, Swp82,
Swp29 and other subunits of SWI/SNF in the 3-D structure of SWI/SNF based on
crosslinking data [9].

A benefit of this model is that it provides certain structural parameters to consider for how
nucleosomal DNA moves around the histone octamer during remodeling. The model
predicts that the DNA gyre proximal to the high wall is the DNA that is pulled into the
nucleosome towards the dyad axis (Figure 4). This implies that the region which becomes
“unraveled” is that part of the nucleosome associated with the high wall and therefore might
be protected or shielded. Additional contacts with SWI/SNF might help to keep the H2A/
H2B dimer associated with the nucleosome while DNA is being stripped off this region and
even sterically prevent it from leaving. As DNA is pushed inside the nucleosome, DNA
bulges might be created behind the DNA translocase as it moves and would be in the area
not bound by SWI/SNF. The DNA bulge would continue to migrate around the nucleosome
in the direction where there is less steric hindrance and away from the DNA translocase
which would be proximal to the low wall. Changes in histone-DNA contacts at early stages
in nucleosome movement catalyzed by SWI/SNF have been examined by site-directed
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crosslinking as described in section 3.1.1. The contacts of residue 53 of histone H2B with
DNA is 54 bp from the dyad axis in nucleosomes. Initially the H2B contact with the DNA
gyre closest to the high wall is lost upon SWI/SNF remodeling consistent with this DNA
being pulled in and disrupting histone-DNA contacts near the entry site[13]. After a short
period of time DNA is rebound to this surface, but has moved 52 bp from where it was
initially bound. It appears that the H2B site is not bound to DNA for an appreciable length
of time while remodeling is occurring and only when SWI/SNF reaches the DNA end and
cannot translocate any further does DNA reassociate.

One other implication from the SWI/SNF structure and model is that SWI/SNF can only
bind one nucleosome at a time. This idea has been proven to be correct by binding SWI/SNF
to dinucleosomes. First, the affinity of SWI/SNF for dinucleosomes is not greater than that
for mononucleosomes and argues against any cooperative binding effects. Second, when the
two nucleosomes are spaced close together the affinity of SWI/SNF is greatly reduced for
these dinucleosomes suggesting a steric hindrance problem. This last point is particularly
important because it shows that SWI/SNF is not able to directly move nucleosomes close
together or overlapping because there would be a steric clash in the active site of SWI/SNF.
Some data however suggested that RSC could make overlapping nucleosomes when
remodeling arrays[67]. Based on the structural constraints the overlapping nucleosomes are
likely formed after the RSC is removed and the nucleosomes collapse into this type of
structure. So what happens when SWI/SNF is remodeling one nucleosome and it comes into
close proximity to an adjoining nucleosome? The answer to this question may really get
more to the essence of how SWI/SNF functions inside the cell.

3.3.3 Nucleosome disassembly by SWI/SNF requires two adjoining
nucleosomes—In a recent study SWI/SNF was found to displace nucleosomes only when
using substrates that had at least two nucleosomes per DNA template[38]. These data
showed that SWI/SNF systematically disassembles nucleosomes by first removing one
histone H2A/H2B dimer followed by a slower step of the complete eviction of one
nucleosome. What was surprising is that SWI/SNF did not disassemble nucleosomes when
there were only one nucleosome per template and that in general there was always one
nucleosome left behind after the others had been disassembled. This data reflected earlier
results showing that nucleosomes were disassembled in vivo at the PHO5 promoter in a
manner that also required SWI/SNF and left on the average one nucleosome
remaining[68,69,70,71]. Mapping of nucleosome translational position with the techniques
described earlier found that when SWI/SNF was recruited by Gal4 VP16 that it moved
preferentially the most proximal nucleosome away from the Gal4 binding site and towards
the adjacent nucleosome. As it did so the adjoining nucleosome became more destabilized as
shown by DNA methylation protection assays or MAP-IT[38]. These data suggest that the
nucleosome which is not being mobilized by SWI/SNF is the one that becomes displaced
and that the nucleosome which is retained on DNA is the one bound to the active site of
SWI/SNF.

So what causes the one nucleosome to be displaced from DNA? The characteristic loss of
first one H2A/H2B dimer followed by the complete nucleosome is reminiscent of the action
of RNA polymerase on nucleosomes[72,73]. SWI/SNF as a powerful DNA translocation
machine is suggested to pull DNA from the edge of the adjoining nucleosome, first releasing
one H2A/H2B dimer. As it continues to pull on the DNA and move it from the adjacent
nucleosome it will eventually disrupt the H3/H4 tetramer interactions with DNA and
completely disassemble an entire nucleosome. After removal, the other nucleosome is freely
moved along DNA with no further reduction in nucleosomes bound to DNA unless it
encounters another nucleosome. When SWI/SNF is removed at different stages in the
process the nucleosomes can collapse into what appear to be overlapping nucleosomes, but
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it doesn’t seem likely that such is actually formed during the process with SWI/SNF still
associated since it is not possible to have two nucleosomes simultaneously bound to the
active site. These data provide a more complete view of the context of SWI/SNF in vivo in
which it will encounter nucleosomal arrays and thereby help create semi-nucleosomal free
regions. The ability to pull DNA off a nucleosome so that it can reel in the adjacent
nucleosome close enough to the SWI/SNF to compete for binding to DNA is a feature
unique to SWI/SNF and RSC that is not found in other remodelers thus far. These
observations explain how not having linker DNA dependence can be beneficial in vivo for
being able to remove nucleosomes and points to how SWI/SNF stands out in the cell from
other remodelers.

Conclusions
We can see there are clear differences between the ISWI and SWI/SNF subfamilies of ATP-
dependent chromatin remodeler that help explain their differing roles in the cell. Many of
these differences were not fully appreciated until sufficient biochemical characterization had
been done with these complexes. It is expected that more differences will be uncovered even
now between members of the same subfamily such as ISW2 vs. ISW1a or SWI/SNF vs.
RSC. This task becomes even more demanding when considering how many different forms
of human SWI/SNF exist and the potential underlying properties of each that make them
distinctive. There are other remodelers such as the CHD/Mi-2 and INO80/SWR1
subfamilies that will also add to the variety of operations and likely have key differences
from those so far observed for the ISWI and SWI/SNF subfamilies. Only as we learn the
intrinsic properties of each will we be able to better understand their roles in gene
regulation, chromosome maintenance and repair, replication, and developmental control.
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Research Highlights

1. The large number of ATP-dependent chromatin remodelers is a reflection of
their different modes of operation. It is important to understand how different
each remodeler is from another in order to understand their in vivo roles.

2. Each remodeler has three ways of interacting with nucleosomes. We discuss
how these interactions are different between SWI/SNF and ISW2 and the
protein subunit/domains that are have been identified so far to be involved.
These interactions heavily influence the efficiency of remodeling and the
ultimate outcome of remodeling.

3. The models for how the ISWI remodelers “sense” linker DNA length and space
nucleosomes is discussed. These are the affinity, kinetic, and allosteric models.
We discuss the data supporting each model and the underlying similarities in
these models.

4. The mechanism of SWI/SNF remodeling of nucleosomes is reviewed with a
particular focus on its action in nucleosomal arrays and nucleosome
disassembly.

5. The advantages and limitations of bulk and single molecule techniques used in
studying the mechanism of chromatin remodeling are highlighted. We also
compare those techniques that rely on photoreactive groups versus those with
fluorescent reporters.
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Figure 1.
The structure of the ATPase domain from several chromatin remodelers.
(A) The ATPase domain of chromatin remodelers have 12 sequence motifs that are
conserved and are number I through VI. The motif Ib is specific to the SWI/SNF subfamily
of remodelers. Motifs I–III are all in lobe I, while motifs IV–VI are in lobe 2. (B) The X-ray
crystal structure of the ATPase domain from Rad 54 (Zebrafish) and Chd1 (Saccharomyces
cerevisiae) are shown in blue and red, respectively, and are overlaid to show their structural
homology. The two regions of Rad54 that are not observed in Chd1 are highlighted by green
circles. The orientation of the two lobes is offset and Chd1 as seen by lobe 2 in both
structure not overlapping well in (B). Strong structural similarity is seen when lobe 2 from
Rad54 and Chd1 are independently aligned to each other as shown in (C).
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Figure 2.
The contacts of SWI/SNF and ISW2 with histones and nucleosomal DNA were determined
by site-directed crosslinking.
DNA crosslinking was used to find which subunits of ISW2 (A) and SWI/SNF (B) was
associated with different regions of the nucleosomal DNA. Areas highlighted in light blue
are those contacted by the catalytic subunits Isw2 and Snf2. The regions contacted by
accessory subunits of ISW2 are highlighted in light green (Itc1) and tan (Dpb4). Contact
with the globular portion of the histone proteins was mapped by histone crosslinking for
ISW2 (C) and SWI/SNF (D). The regions where photoreactive probes were placed are
shown in red and the H2A and H2B proteins are in green with H3 and H4 in blue. Those
sites that crosslink to Isw2 and Snf2 are highlighted with light blue, while those to the
accessory subunits of Snf2; namely Snf5, Swp82 and Snf11/Rtt102 are highlighted in
purple.
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Figure 3.
Three models for nucleosome spacing by ISWI.
(A). ISWI positions nucleosomes to particular DNA positions based on its affinity. ISWI has
a higher affinity for those nucleosomes with longer linker DNA. During remodeling the
linker DNA becomes shorter causing the affinity of ISWI to be reduced for the nucleosome.
ISWI dissociates from the nucleosome due to the reduced affinity and searches out a new
and higher affinity site. (B). Often a key part of the kinetic model is that ISWI binds to
nucleosomes as a dimer with the rate of ATP hydrolysis varying from one monomer to the
other based on the length of linker DNA length. When the linker DNA is longer the rate of
ATP hydrolysis is increased (indicated by the thickness of the arrows and type size) and
consequently the rate of nucleosome movement. The kinetic model has nucleosomes
shuttling back and forth between the adjacent nucleosomes. (C). Three different
conformational states may exist during ISWI remodeling. The first state is ISWI initially
bound to nucleosomes without ATP. During ATP hydrolysis, ISWI makes additional
interactions with nucleosomes that stabilizes the ISWI-nucleosome complex and makes it
more processive (committed). When the linker DNA becomes too short ISWI undergoes a
conformational change that reduces its interactions with the nucleosome (relaxed), causing
ISWI to stop moving and dissociate from the nucleosome.
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Figure 4.
Structural model of the SWI/SNF-nucleosome complex.
Shown in gold is the structure of SWI/SNF as observed by cryo-electron microscopy and the
nucleosome is fitted into the trough based on DNA footprinting and site-directed DNA and
histone crosslinking data. Only the DNA of the nucleosome is shown for ease in pointing
out key features in the structure and the proposed movements of the nucleosomal DNA.
DNA in red is that part of the nucleosomal DNA in close contact with SWI/SNF while that
in gray is not.
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