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The packaging of the eukaryotic genome into chromatin regulates the storage of genetic information, including the

access of the cell's DNA metabolism machinery.  Indeed, since the processes of DNA replication, translation, and

repair require access to the underlying DNA, several mechanisms, both active and passive, have evolved by which

chromatin structure can be regulated and modified.   One mechanism relies upon the function of chromatin

remodeling enzymes which couple the free energy obtained from the binding and hydrolysis of ATP to the

mechanical work of repositioning and rearranging nucleosomes.  Here we review recent work on the nucleosome

mobilization activity of this essential family of molecular machines.

chromatin remodelers,nucleosome repositioning,molecular machines,enzyme mechanism

1. Introduction

The compaction of the eukaryotic genome into chromatin begins with the wrapping (i.e., bending) of the DNA

around octamers of the H2A, H2B, H3, and H4 histone proteins to form nucleosomes ; two copies of each of

these histones are found within each octamer. The DNA wrapped within each nucleosome, referred to as

nucleosomal DNA, contacts the histone octamer at 14 different sites, spaced approximately 10 basepairs apart,

each of which contains several different types of noncovalent interactions (e.g., van der Waals interactions,

hydrogen bonds) between the DNA and the histones . The histone octamer together with the ≈147 basepairs of

nucleosomal DNA wrapped around it is referred to as the nucleosome core particle (NCP). A single base pair of the

nucleosomal DNA is centered on the nucleosome dyad and defines the pseudo-two-fold symmetry axis of the

NCP . DNA locations are designated by superhelical locations (SHL) representing superhelical turns from the

dyad (SHL0) and ranging from SHL−7 to SHL7 . As shown in Figure 1,the next level of chromatin packing is the

ordering of nucleosomes into a “beads on a string” structure in which individual nucleosomes are separated by

short stretches of free DNA, flanking either side of the NCP, that link NCPs together ; this free DNA is most often

referred to as linker DNA, but is sometimes called flanking DNA.
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Figure 1. The first level of compacting the genome into chromatin involves wrapping the DNA around octamers of

histone proteins to form nucleosomes. We identify in this figure a nucleosome core particle, which consists of an

octamer of histone proteins wrapped by ≈147 basepairs of DNA. These nucleosome core particles are further

wrapped together to form a structure known as a 30 nm fiber due to its physical dimensions. Supercoiling of the 30

nm fibers into chromatine loops then leads to the formation of a chromosome.

Since the packaging of DNA within nucleosomes requires that the DNA be wrapped around the histone octamer

and that specific contacts be made between the DNA and the histones , it is not surprising that the

thermodynamic stability of a nucleosome depends upon the sequence of the wrapped DNA ; however,

DNA sequence has little affect on nucleosome structure . For example, sequences of DNA that are more easily

bent display a higher affinity for octamer binding  and nucleosomes reconstituted using such DNA sequences are

also more stable . The periodicity of particular dinucleotides in DNA sequences with high affinity for histone

octamer binding further demonstrates the correlation between DNA sequence and nucleosome stability as the

positions of these dinucleotides in the DNA increase the flexibility of the DNA, thereby facilitating the wrapping the

DNA around the histone octamer . To that point, it is worth noting that in several studies of nucleosome

structure, nucleosomal DNA accessibility, and chromatin remodeling activity, the NCP substrates were
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reconstituted using a sequence of DNA, referred to as the Widom 601 sequence, that was designed to have high

affinity for nucleosome binding .

The wrapping of nucleosomal DNA around the histone octamer restricts the ability of DNA binding proteins to

access it . Consequently, the wrapping of nucleosomal DNA must be dynamically controlled in order to

regulate the accessibility of DNA repair, DNA replication, and gene expression machinery . One mechanism of

control involves the activity of molecular motors called chromatin remodelers, which reposition NCPs along DNA

(i.e., move histone octamers relative to the DNA) using an ATP-dependent mechanism . Chromatin

remodelers have been shown to play a role in many biological processes, from regulation of gene expression to

DNA damage response, and to catalyze many enzymatic reactions, including nucleosome assembly and

disassembly .

2. Mechanisms of Nucleosome Repositioning

Nucleosome repositioning is an important part of the epigenetic regulation of gene expression. Chromatin

remodelers modify nucleosome spacing through the sliding of NCPs relative to the DNA or by

removing/exchanging histones from the NCP . The former process relies upon the ability of the chromatin

remodeler to translocate the nucleosomal DNA. Indeed, chromatin remodelers share the ATP-dependent DNA

translocation activity of other members of the helicase superfamily SF2 . Chromatin remodelers

lack the helicase activity  of other SF2 enzymes, however, since their ATPase domain lacks the wedge domain

necessary for DNA strand separation .

The isolated ATPase subunit of the ISWI chromatin remodeler family has been shown to be an ATP-dependent

DNA translocase as well as a functional chromatin remodeler . Single-stranded DNA translocation by the

ISWI ATPase has a 3′ to 5′ directional bias and low processivity . This low processivity may result from an

allosteric regulation of DNA binding by nucleotide binding as the binding of ATP reduces the DNA binding affinity of

ISWI . In contrast, NCP binding by ISWI shows much higher affinity and is not allosterically regulated by

nucleotide binding . These results thus provide further evidence that the HAND, SANT, and SLIDE domains

share additional histone recognition responsibilities beyond their reported role in DNA binding . It is also

interesting that, although ISWI is a poorly processive DNA translocase, it is nevertheless remarkably efficient,

moving an average of 14 nucleotides per ATP molecule hydrolyzed . It should be noted, however, that non-

uniform motion may inflate the estimate of this distance . Regardless, DNA translocation by ISWI is more efficient

than the 1–4 nucleotides translocated per ATP molecule hydrolyzed that has been reported for genetically related

helicases .

The coupling of ATP hydrolysis to the DNA translocation activity of a minimal construct of the essential SWI/SNF-

family RSC chromatin remodeler, consisting of three of the fifteen subunits of the full length RSC , has also

been characterized . This minimal construct, denoted as RSCt, consists of the ARP7 and ARP9 subunits together

with a truncated version of the Sth1 subunit, which contains the DNA-binding ATPase and translocation motor 

. Similar to what has been observed with ISWI, RSCt displays a 3′ to 5′ directional bias for DNA translocation
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 and low translocation processivity . In contrast to what was observed for ISWI, however, translocation by

RSCt is not as energy efficient as DNA translocation by ISWI or genetically related helicases , requiring the

hydrolysis of three ATP molecules for each nucleotide translocated . RSCt was also shown to undergo an

initiation process following its binding to DNA before becoming competent for DNA translocation and to be capable

of exerting enough force during DNA translocation to disrupt a biotin–streptavidin linkage .

It is also interesting to note that the macroscopic rates of DNA translocation by ISWI and RSCt are similar to the

macroscpoic rate of DNA translocation by the NS3h helicase from hepatitis C virus , but much slower than the

macroscopic rates of DNA translocation by the UvrD , Rep , and T7   helicases. This may suggest an

underlying difference between helicase superfamilies with SFII helicases (NS3h, RSC, and ISWI) translocating

along DNA much more slowly than SFI (UvrD and Rep) or DNAB-like (T7) helicases. Of course, while these results

are interesting from the standpoint of making general comparisons, it is difficult to draw distinctive conclusions from

them as these studies of these enzymes were performed under different conditions.

DNA translocation by remodelers does play a central role in many models of their nucleosome repositioning activity

. For example, the ATPase subunit of the Saccharomyces cerevisiae SWI/SNF and RSC chromatin

remodelers are proposed to bind to a specific site within the NCP and subsequently engage in directional DNA

translocation, pulling in DNA from one side of the NCP and pumping it out from the other side, to shift the histone

octamer relative to the DNA ; this DNA translocation proceeds through the formation and propagation of DNA

loops , twist defects in the DNA , or some combination of both (Figure 2). Thus, the SWI/SNF

complex initiates nucleosome repositioning by competing with the histone octamer for DNA binding. The proposal

that DNA loops are an intermediate in the nucleosome repositioning mechanism of SWI/SNF is further supported

by observations that Saccharomyces cerevisiae RSC forms DNA loops during its translocation along free DNA 

and with the formation of DNA loops in Snf-nucleosome complexes being allosterically regulated through

nucleotide binding by Snf2 .
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Figure 3. One model proposed for the repositioning of the nucleosome core particle involves the formation and

propagation of DNA loops 61] .

DNA translocation plays a similar role in models of nucleosome repositioning by ISWI. Based upon single-molecule

experiments, a “power-stroke” model has been proposed for the DNA translocation associated with nucleosome

repositioning by Saccharomyces cerevisiae Isw1 and Isw2 . According to this model, the chromatin remodelers

slide the DNA relative to the histone octamer through a coordinated mechanism controlling DNA entering or exiting

the NCP . The chromatin remodeler is bound to the linking DNA on either side of the NCP and initiates the

repositioning reaction by translocating the nucleosomal DNA one basepair at a time toward one end of the NCP

through an ATP-dependent mechanism, building up strain within the NCP between the DNA and the histones. After

this strain becomes sufficiently strong, corresponding to seven basepairs of translocated nucleosomal DNA, a

conformational change occurs between the linker-DNA-binding domain of the chromatin remodeler (possibly the

SLIDE domain) and the ATPase domain, which pushes three basepairs of DNA into the NCP. This allows three

basepairs of DNA to move outside the NCP from the other side of the NCP. This process then repeats in units of

three basepairs translocated per translocation cycle. This model is consistent with the results of more recent

ensemble experiments , theoretical analysis , and with the formation of DNA loops in Isw1-nucleosome

complexes being allosterically regulated through nucleotide binding by Saccharomyces cerevisiae Isw1 . In an

alternative ‘ratchet’ model for nucleosome repositioning by ISWI, the ATPase domain of the ISWI complex is

responsible for all mechanical processes associated with nucleosome repositioning . Remodeling still originates

from the seven base pairs of flanking DNA being pulled through the nucleosome by the ATPase domain which

causes internal tensions that must be resolved through the breaking and reforming of connections between the

histones and the nucleosomal DNA . This model assumes that the HAND, SANT, and SLIDE domains are

responsible for passive histone recognition and the removal of the NegC domain from the ATPase cleft 65] . In
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each of these two models for nucleosome repositioning by ISWI, multiple rounds of ATP hydrolysis are required to

reposition the nucleosome. Although additional work is required to further discriminate between these two models,

it is worth noting that the step-size observed for DNA translocation by isolated ATPase subunit of Xenopus laevis

ISWI is similar to what is predicted for the initial step in the ‘ratchet’ model . Lastly, the  Saccharomyces

cerevisiae INO80 chromatin remodeler is capable of moving an NCP from an end position to a more central

position along DNA and may serve as a nucleosome spacing factor . Although it has been proposed that NCP

binding by INO80 depends upon the length of the DNA flanking the NCP , that assessment was made without a

concomitant determination of the stoichiometry of INO80 binding to the NCP. Indeed, it is possible that the changes

in the apparent   of NCP binding by INO80 associated with increasing length of flanking DNA may be attributed to

additional biding sites on the flanking DNA itself, as was observed for ISWI .

Although ATPase activity is required for remodeler function, several studies have shown that the movement of the

histone octamer relative to the DNA is poorly coupled to ATP hydrolysis for Drosophila ACF , human Snf2H ,

and Xenopus laevis ISWI . This poor coupling efficiency between ATPase activity and octamer movement could

be a fundamental property of these motors (i.e., these motors are inherently inefficient at nucleosome

repositioning) or it could result from significant ATP hydrolysis being associated with either futile repositioning or

the initiation of repositioning. A large energetic cost for initiating the repositioning reaction seems unlikely as the

bulges of DNA suggested to be the precursors of DNA translocation and nucleosome repositioning can be formed

by chromatin remodelers binding to nucleosomes in the absence of ATP hydrolysis . Since DNA translocation

is fundamental to most models of nucleosome repositioning, DNA translocation has been proposed to be the

energetically rate-limiting process during nucleosome repositioning . However, since DNA translocation by

chromatin remodelers is remarkably energy efficient , it seems unlikely that DNA translocation itself would be

significantly less energy inefficient when coupled to nucleosome repositioning. However, since nucleosome

repositioning requires the chromatin remodeler to break and reform contacts between the histones and the

nucleosomal DNA in order for DNA translocation to occur, disrupting the interactions between the histones and the

nucleosomal DNA does provide an energetic barrier to nucleosome repositioning. This barrier, if sufficiently large,

could result in multiple rounds of unsuccessful attempts at nucleosome repositioning and the associated DNA

translocation for each successful repositioning event . This hypothesis could also explain the poor template

commitment reported for human Snf2H   as well as the observation that  Xenopus laevis ISWI repositions

nucleosomes through a random walk mechanism . Indeed, since most studies of chromatin remodeler function

involve NCP substrates reconstituted using the Widom 601 DNA sequence , it is possible that experiments

intended to assess the repositioning activity of chromatin remodelers, may instead report primarily on the affinity of

histone:DNA interactions within the nucleosome rather than the activity of the remodeler. This proposition is further

supported by the observation that the rate of nucleosome repositioning by Xenopus laevis ISWI depends upon the

sequence of the nucleosomal DNA, with faster repositioning occurring with DNA sequences with lower affinity for

histone binding . Indeed, if the DNA translocation associated with nucleosome repositioning requires the

chromatin remodeler to compete with the histones for binding the nucleosomal DNA , then it should be

more difficult for chromatin remodelers to reposition nucleosomes reconstituted with DNA sequences with higher

affinity for histone binding . It is therefore not surprising that several studies have shown that the sequence of
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nucleosomal DNA influences the nucleosome repositioning activity of chromatin remodelers . It is

worth noting that the nucleosome repositioning activity of Saccharomyces cerevisiae INO80 has been reported to

be independent of the sequence of nucleosomal DNA , but a lack of determination of the stoichiometry of INO80

binding to the NCP substrates used in these experiments creates some ambiguity in the interpretation of those

results, especially for nucleosome substrates containing long lengths of DNA flanking the NCP . While a

dependence of nucleosome repositioning on the sequence of nucleosomal DNA may be helpful in providing an

alternative tool for measuring DNA–histone interactions (i.e., an alternative probe of histone:DNA interaction free

energy ), it clearly muddles what can be concluded about the intrinsic repositioning activity of the remodeler and

how this activity is influenced and modulated .
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