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Elucidating the Mechanism of the ISWI Family of

Chromatin Remodeling Complexes

by Janet G. Yang

ABSTRACT

Chromatin structure regulates the accessibility of DNA in several crucial nuclear

processes, including transcription, replication and recombination.  The ISWI-family of

chromatin remodeling complexes translationally repositions histone octamers on DNA.

One member of this family, the ATP-dependent chromatin assembly factor (ACF),

generates regularly spaced nucleosomes in vitro and is required for transcriptional

silencing in vivo.

To dissect ACF mechanism, we used a FRET based approach to follow the movement

of DNA with respect to the histone octamer in real time. We find that ACF generates at

least one transient intermediate in which part of the DNA has moved across the histone

octamer. The rate of ACF remodeling is sensitive to the length of the linker DNA such

that shortening the linker DNA below 60 bp progressively slows down both ATP

hydrolysis and remodeling.  As a result, ACF generates and maintains nucleosome

spacing by constantly moving nucleosomes towards longer flanking DNA faster than

shorter flanking DNA.  ACF thus creates a dynamic equilibrium between different

nucleosome positions such that the centered position is most highly populated.
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To understand how ACF can rapidly sample both sides of a nucleosome to accomplish

bidirectional movement, my collaborators and I employed a myriad of techniques to

conclude that ACF functions as a dimeric molecular motor.  We found that ACF binds

nucleosomes in a cooperative manner, and that this oligomeric state is required for back

and forth remodeling of the nucleosome.  Additionally, the ATPase subunit energetically

couples different nucleotide states with distinct reaction intermediates, and thus we

observe that the physical interactions with the nucleosome change as a function of the

ATP reaction cycle.  Lastly, we found that ACF utilizes ATP in three distinct ways, and

that translocation is characterized by distinct pauses during movement of DNA relative to

the histone octamer.

In summary, these data provide a mechanistic basis for the directionality of nucleosome

repositioning and explain the centering activity of ACF.  Furthermore, the dimeric

architecture of ACF allows for the rapid and processive bidirectional nucleosome

movement required for nucleosome spacing.
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CHAPTER 1

Introduction
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Chromatin

Each human cell contains 2 meters of DNA, encoding approximately 25,000 genes1.

The DNA is confined within the cell nucleus, which is less than 10 microns in diameter.

To physically accommodate and organize this vast amount of genetic information, DNA

is packaged into chromatin, a protein-DNA complex found in all eukaryotic organisms.

The compaction of DNA into chromatin plays a key role in several important cellular

processes.  Chromatin structures regulate essential activities such as transcription, DNA

replication and recombination by creating barriers that restrict DNA access.  Higher

order structures can also facilitate biological processes such as chromosome

condensation and segregation.  Analyses of how chromatin structure is altered and

maintained help explain how the cell responds to different developmental and

physiological cues.

The nucleosome and higher order structures

The basic unit of chromatin is the nucleosome.  A nucleosome consists of 147 bp of

DNA wrapped in a left-handed superhelix around an octamer of histone proteins2.  The

core histone octamer contains two copies of the histone proteins H2A, H2B, H3 and H4,

which together are arranged in a two-fold symmetric architecture.  The position of

nucleosome along a length of DNA is dictated by several factors, including an intrinsic

thermodynamic DNA sequence preference. The minor groove of the DNA double helix

interacts with the core histone surface every 10 bp, forming hydrogen bonds between

the phosphodiester backbone and histone arginine side chain residues.  Adenosine-

thymine dinucleotides are favored at these sites because they are more amenable to

bending and compression, and thus DNA with 10 bp periodic AT-rich sequences are

best matched to the surface of the histone octamer3. These protein-DNA interactions,

along with other hydrogen bonds, nonpolar contacts and salt linkages together stabilize
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the nucleosome structure. Translationally repositioning a nucleosome is thus a

formidable task, given the multiple DNA-octamer contacts.

In the cell, multiple histone octamers assemble on a linear piece of DNA, forming a

nucleosome array.  The DNA that remains unpackaged between nucleosomes is

referred to as linker DNA.  The length of linker DNA varies between individual genetic

loci, different large stretches of DNA, as well as across organisms. Nucleosomal arrays

can fold upon themselves to form the 30 nm fiber higher order structure that is stabilized

by histone H14.  X-ray crystallography and cross-linking studies have shown that the 30

nm fiber contains nucleosomes arranged in a two-start helix, in which the linker DNA

crosses between two stacks of nucleosomes5.  With the addition of non-histone scaffold

proteins, the 30 nm fiber can then in turn fold upon itself to form further compacted

higher order structures.

Regulation of chromatin structure

In order to tightly regulate and coordinate nuclear processes, the cell has developed

a variety of strategies to modify chromatin structure at specific locations within its

genome.  These include covalent posttranslational modification of histone tails, ATP-

dependent chromatin remodeling and the incorporation of histone variants and non-

histone proteins into chromatin.

Histone modifying enzymes covalently alter residues on N-terminal histone tails with

specific modifications including acetylation, methylation and ubiquitination on lysine,

methylation of arginine, and phosphorylation of serine.  Various covalent modifications

correlate with different transcriptional states.  For example, acetylation of H4K16 has

been shown to lead to transcriptional activation of nearby regions6, whereas H3K9

methylation at individual promoters is correlated with gene repression7.  It is

hypothesized that histone modifying enzymes are targeted to particular genes via
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interactions with sequence specific DNA binding factors, and that the subsequent

covalent modifications can recruit other regulatory proteins that alter the gene

expression at certain loci.

ATP dependent chromatin remodeling complexes use the energy from ATP binding

and hydrolysis to alter histone-DNA contacts.  These complexes can regulate the

transition between active and inactive promoters via multiple strategies.  Nucleosome

sliding can occlude or expose underlying DNA sequences, thereby prohibiting or

allowing access for transcription machinery, respectively.  Chromatin remodeling

complexes can also generate loops on the surface of a nucleosome, making more

central sites accessible.  Additionally, nucleosomal density at promoters has been

shown to be crucial for transcription regulation, which is mediated chromatin remodeling

complexes that can deposit or remove histone octamers from DNA.

Lastly, histone variants and non-histone proteins have been correlated with

activation or repression of certain genes.  For example, incorporation of histone variants

H2A.Z and H3.3 together may facilitate transcription at promoters due to the inherent

instability of these non-canonical nucleosomes8.  In contrast, silent regions such as the

inactive X chromosome are enriched for the macroH2A containing nucleosomes9.

Furthermore, the non-histone structural proteins Heterochromatin Protein 1 (HP1) is

thought to coat chromatin to form a silent, inaccessible structure10.

While these processes vary in mechanism, how each activity influences the other is

of great interest.  One example of this coordinated action is heterochromatin formation.

The Suv(var)3-9, a histone methyltransferase, covalently modifies histone H3 on lysine

9.  This mark is recognized and bound by the structural protein HP110.  HP1 in turn has

been shown to mediate recruitment of SHREC, an enzymatic complex that contains both

an ATP dependent chromatin remodeling subunit as well as a histone deacetylase11.
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While the interplay between these strategies is apparent, the exact nature of their

cooperation and the order in which these complexes function is yet to be understood.

Classification of ATP dependent chromatin remodeling complexes

Based on sequence homology of the core ATPase domain, all ATP dependent

remodeling complexes belong to the SF2 superfamily of helicase-like proteins12.  Within

this superfamily, multiple distinct classes of chromatin remodelers are further defined

based on the sequences flanking the core ATPase domain. Thus, for each class of

remodeler, the entire ATPase subunit is highly conserved across eukaryotes. These

subclassifications include the SWI/SNF (mating type switching/sucrose non-fermenting),

ISWI (imitation switch), CHD (chromodomain helicase DNA-binding) and INO80 (inositol)

families.

The founding member of ATP-dependent chromatin remodelers is the yeast

SWI/SNF complex. The members of the SWI/SNF class are at present date the most

well-studied, both in vivo and in vitro. SWI/SNF was initially genetically identified as a

global activator of transcription13, and is believed to facilitate transcription factor binding

by repositioning nucleosomes or by generating stable, exposed DNA loops14.  While

gene activation is a well-known, common function for chromatin remodeling, this work

investigates the ISWI class of chromatin remodeling enzymes, notable for its role in

gene repression.

The ISWI family of chromatin remodeling complexes

The ISWI family of chromatin remodeling complexes has been implicated in several

crucial biological processes, including regulation of chromosome structure and

segregation, DNA replication, and heterochromatin formation and gene silencing.
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Members of the ISWI family all contain a common ATPase subunit, however individual

complexes each contain divergent additional non-catalytic subunits.  Interestingly,

previous work with Drosophila ISWI complexes has shown that the non-catalytic

subunits can alter the remodeling outcome of the core ISWI ATPase subunit and thus

define the function of the complex15-19.  For example, the NURF complex, consisting of

three additional non-catalytic subunits, has been shown to be translationally reposition

nucleosomes for transcriptional activation at specific loci and homeotic gene

expression20,21. In contrast, the ACF complex is responsible for long-range gene

silencing22.  Additionally, it is hypothesized that these divergent subunit compositions

may affect targeting of ISWI complexes to specific loci or may enhance remodeling

efficiency or processivity.

ISWI remodeling activity and mechanism

ISWI complexes move intact histone octamers along DNA in cis, unlike SWI/SNF

complexes that can displace histone dimers and octamers17,23-25.  Beyond this basic

understanding, the mechanism by which ISWI complexes move DNA relative to the

histone octamer is not known.  Several studies have identified nucleosomal elements

that are important for ISWI remodeling, however collectively these data do not yet

provide a cohesive mechanism.

ISWI alone exhibits a low level basal ATPase activity, which is slightly stimulated by

DNA, and significantly increased by nucleosomes26.  The affinity of ISWI for

nucleosomes is increased with longer lengths of flanking DNA, as is the ATPase

activity18,27,28.  Footprinting and crosslinking studies have shown that the enzyme makes

extensive contact with flanking DNA29,30, and additional studies have shown that ISWI

can translocate along flanking DNA in a strand-specific manner27.
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Moreover, the histone H4 N-terminal tail has been shown to be critical for ISWI

remodeling31-33.  Complete deletion of the H4 tail results in a significant decrease in the

rate of remodeling, although nucleosome binding is not affected by the deletion.  More

specifically, this substrate requirement has been narrowed down to the basic patch,

K16R17H18R19, on the H4 tail34.  Interestingly, subsequent experiments showed that the

nucleosomal DNA adjacent to the H4 tail is also important in the remodeling reaction35.

Nucleosomes that contained nicks in this region interfere with ISWI remodeling, while

nucleosomes with nicks at all other locations on DNA were unimpaired29,36. Consistent

with these findings, studies of the yeast Isw2 have shown that the ATPase domain binds

DNA to generate force at this internal location37.

Based on the above observations, in conjunction with data on other chromatin

remodeling complexes, two models for nucleosome movement have been proposed.

The twist diffusion model involves the introduction of a DNA twist defect at the entry site

of the nucleosome.  Continuous rotation of the DNA along the surface of the histone

octamer by the chromatin remodeler would result in screw-like transmission of the

defect, ultimately leading to translational repositioning.  This model is supported by the

finding that many chromatin remodeling complexes can generate superhelical torsion on

DNA38.

The loop propagation model is an alternative mechanism in which DNA is peeled

away from the histone octamer surface at the edge of the nucleosome and is then

reannealed at a new location.  The chromatin remodeling complex therefore generates a

loop of DNA and propagates this loop across the entire histone octamer.  DNA

accessibility assays and the detection of loops on DNA and nucleosomal substrates

provide evidence for this model14,39,40.

To gain insight into the mechanisms of chromatin remodeling complexes, this thesis

focuses on the ACF complex, a representative member of the ISWI family.
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The ACF complex spaces nucleosomes

Regular, periodic spacing of nucleosomes is believed to be a key requirement for the

formation of the heterochromatin41.  This structure renders the underlying inaccessible to

transcription, and is an intermediate to the further compacted assemblies observed at

centromeres and metaphase chromosomes. The length of linker DNA between

nucleosomes varies between organisms however the common element for these

transcriptionally silent regions is highly regular, evenly spaced nucleosomes.

The ACF complex generates the evenly spaced nucleosomes required for

heterochromatic transcriptional silencing in vivo22.  Deletion of Acf1 in Drosophila

resulted in embryonic nuclei with less periodic chromatin and reduced average

nucleosomal spacing.  Furthermore, it was discovered that Acf1 is a suppressor of

position-effect variegation and also contributes to the establishment and/or maintenance

of Polycomb-dependent repressive chromatin.  Lastly, embryos lacking Acf1 showed a

faster progression through S phase when compared to wild type.  Collectively, these

data show that the ACF complex promotes the assembly of repressive chromatin.

Anatomy of the human ACF complex

The SNF2h catalytic ATPase subunit contains the highly conserved Dexx box

domain originally found in helicases.  This domain consists of two RecA-like folds that

participate in DNA binding and ATP binding and hydrolysis37.  Crystal structures of the

catalytic domain of zebrafish and Sulfolobus solfataricus Rad54 show the Dexx box

domain in two highly different conformations42,43.  In the Sulfolobus solfataricus structure,

the two RecA-like domains exist in a more open arrangement, with one fold flipped at

180 degrees in comparison to the more conventional orientation seen in the zebrafish

structure.  It is hypothesized the difference between the two structures represents a
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large conformational change that drives DNA translocation in an ATP dependent

manner.

SNF2h also contains three c-terminal domains, HAND, SANT and SLIDE, which

together form a long helical structure44.  The HAND domain binds closest to the

nucleosome, at the DNA entry/exit site, while the SLIDE domain binds the flanking DNA

adjacent to the nucleosome.  The role of the SANT domain is less well known, however

it is hypothesized to be involved in histone tail recognition37.  More recently, the crystal

structure of the HAND/SANT domains has been published45.  The structure reveals a

dimer of the HAND/SANT domains, in which the dimeric interface is mediated by a

conserved proline-rich loop.  It is not known if this domain affects the oligomeric state of

the entire SNF2h subunit, and if this dimerization is important for its function.

The human ACF complex is comprised of the SNF2h catalytic ATPase subunit and

the non-catalytic accessory subunit Acf146,47.  These two subunits interact via a DDT

domain on Acf1.  Acf1 also contains a WAC domain that binds DNA and may also help

target the complex to heterochromatin48.  Finally, Acf1 has 2 PHD fingers, believed to aid

in binding the histone octamer surface, and a bromodomain, for which the role in ACF

function is not yet known49.

While the SNF2h catalytic subunit can reposition nucleosomes by itself, the Acf1

subunit increases the rate of nucleosome remodeling.  In Drosophila, addition of the

Acf1 subunit to the ISWI core catalytic subunit enhances the rate of nucleosome

remodeling by 10-fold. Furthermore, Acf1 modulates the nucleosome remodeling

outcome by ISWI16.  The ISWI catalytic subunit alone repositions a centrally positioned

mononucleosome toward the DNA ends.  In contrast, the ACF complex remodels end

positioned nucleosomes toward the center a DNA fragment.
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Work presented here

My colleagues and I have sought to answer fundamental questions with regard to human

ACF function and mechanism.  We have used quantitative approaches and multiple

techniques to address these questions, and the findings are summarized below.

(i) How does ACF regularly space nucleosomes? The periodic spacing of nucleosomal

arrays is critical for the formation of higher order chromatin structures that can lead to

gene repression41.  In Chapter 2 we show that ACF samples both sides of the

nucleosome to sense the length of DNA flanking.  The length of flanking DNA affects the

ATPase and remodeling activity of the enzyme such that longer flanking DNA is moved

across the nucleosome faster than shorter flanking DNA.  We propose and test a model

in which ACF generates dynamic equilibrium where centered nucleosomes accumulate.

(ii) How does ACF efficiently remodel nucleosomes bidirectionally? The work in Chapter

2 raised the question of how ACF can rapidly sample the two sides of the nucleosomes

to detect the flanking DNA length.  In Chapter 3 we demonstrate that ACF functions as

dimeric motor, where two ACF complexes bind one nucleosome in a head-to-head

opposing arrangement.  In Chapter 4 we relate this dimeric state to rapid and highly

processive bidirectional movement of the nucleosome.  Combining these works, we

present a model in which the two ACF complexes remodel in a coordinated manner,

taking turns to sample both sides of the nucleosome.  The dimeric architecture of ACF

presented here is not only novel for chromatin remodeling enzymes, but is also broadly

significant within the field of molecular motors due to the unique head-to-head

orientation.
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(iii) What are the nucleosomal intermediates in the ACF remodeling reaction?  To better

understand how ACF translationally repositions nucleosomes, we monitored and

characterized different steps in the remodeling reaction. As explained in Chapter 2, we

were able to detect a remodeling intermediate in solution in which part of the flanking

DNA is repositioned on the nucleosome. Our observations suggest that the DNA

gradually moves across the histone octamer surface.  Furthermore, in Chapter 4 we

describe the steps and kinetic pauses that are observed during a single ACF remodeling

reaction.  Each reaction is comprised of an initial 7 bp step followed by subsequent 3.5

bp steps.

(iv) How does ACF use the energy of ATP binding and hydrolysis to remodel

nucleosomes?  Molecular motors utilize ATP-driven conformational changes to perform

work on their substrates.  Little is known regarding the conformational changes of

chromatin remodeling enzymes, and how these conformational changes relate to

nucleosome remodeling.  In Chapter 3 we describe how the contacts between ACF and

the nucleosome change during the reaction cycle.  We find that the ACF dimer engages

either one or both sides of the nucleosome as a function of nucleotide state. In Chapter

4 we discuss the 3 diverse ways that ACF uses ATP in the remodeling reaction. Much of

the unpublished work described in Chapter 5 is also aimed at understanding the

mechanistic coupling of the energy from ATP and nucleosome remodeling.
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CHAPTER 2

The chromatin-remodeling enzyme ACF is an ATP-dependent DNA length sensor

that regulates nucleosome spacing
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The chromatin-remodeling enzyme ACF is an ATP-dependent
DNA length sensor that regulates nucleosome spacing

Janet G. Yang*, Tina Shahian Madrid*, Elena Sevastopoulos, Geeta J. Narlikar

Department of Biochemistry and Biophysics, University of California, San Francisco, 600

16th Street, San Francisco, California, 94158

 *These authors contributed equally to this work
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Arrays of regularly spaced nucleosomes directly correlate with closed chromatin

structures at silenced loci. The ATP-dependent chromatin assembly factor (ACF)

generates such arrays in vitro and is required for transcriptional silencing in vivo.

A key unresolved question is how ACF “measures” equal spacing between

nucleosomes. We show that ACF senses flanking DNA length and transduces

length information in an ATP-dependent manner to regulate the rate of

nucleosome movement. Using FRET to follow nucleosome movement we find that

ACF can rapidly sample DNA on either side of a nucleosome and moves the

longer flanking DNA across the nucleosome faster than the shorter flanking DNA.

This generates a dynamic equilibrium in which nucleosomes having equal DNA on

either side accumulate. Our results indicate that ACF generates the characteristic

50-60 bp inter-nucleosomal spacing in silent chromatin by kinetically

discriminating against shorter linker DNAs.
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It has been known for almost 30 years that transcriptionally silent chromatin

consists of long stretches of regularly spaced nucleosomes22,41,50.  The ATP-dependent

chromatin assembly factor ACF has been shown to be the major enzyme responsible for

generating these structures in higher eukaryotes22,51. Yet how ACF generates these

structures, and how it does so at multiple locations with varying DNA sequences is not

known.

ACF is part of the ISWI family of chromatin-remodeling complexes. ISWI-family

complexes are generally involved in regulation of transcription and often in

transcriptional repression21,22,52-55.  Substantial previous work has shown that ISWI

complexes translationally reposition nucleosomes along DNA using ATP15-17. Several of

the ISWI-family complexes can generate regularly spaced arrays of

nucleosomes22,51,56,57.  All ISWI-family complexes have a central ATPase subunit that is

homologous to the Drosophila ISWI protein and a variable number of additional

subunits46,51,56-59. Human ACF (hACF) contains the ATPase subunit hSNF2h and a non-

catalytic subunit, hACF114,46,47. Interestingly the ATPase subunit of ISWI complexes

alone is capable of moving nucleosomes and the outcome of its activity is modulated by

the non-catalytic subunits15-19.

The ability of ACF to generate arrays with evenly spaced nucleosomes raises the

key question of how ACF compares and equalizes the linker DNA on either side of a

nucleosome. The nucleosome spacing activity of ACF is directly related to its ability to

move a mononucleosome to the center of a short stretch of DNA16,17,22,51. Here we have

used mononucleosome centering as a model system to understand how hACF spaces

nucleosomes. We follow the movement of nucleosomes in real time by using

fluorescence resonance energy transfer (FRET) and show that the length of flanking

DNA regulates the ATPase activity of hACF and the rate of movement of DNA across
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the histone octamer. This generates a dynamic equilibrium of nucleosome positions in

which the centrally located positions predominate. Our results also help explain how the

non-catalytic subunit hACF1 may modulate the activity of the ATPase subunit hSNF2h.

RESULTS

hACF but not hSNF2h appears to center nucleosomes

Previous work with ACF has shown that while ACF can center nucleosomes, the

ATPase subunit alone cannot16,18.  To confirm that our human ACF preparation behaves

analogously, we first compared the mononucleosome centering ability of hACF and that

of hSNF2h alone using a conventional gel-based method.  Mononucleosomes were

positioned at the end or the center of the DNA fragment using the 601 positioning

sequence3 (Fig. 1a, top and bottom, respectively & Supplementary Fig. 1). The 601

sequence provides the thermodynamically most preferred location for the histone

octamer on this DNA fragment3 (data not shown).  hSNF2h repositioned both end and

centrally positioned nucleosomes to multiple locations away from the original position

(Fig. 1b).  In contrast, hACF moved the end-positioned nucleosome to a predominantly

centered position and did not appear to alter the position of a centered nucleosome (Fig.

1b).  Nucleosomes were also centered under conditions of limiting hACF

(Supplementary Fig. 2) ruling out the possibility that centering results from a second

molecule of hACF binding to DNA that has moved across the nucleosome. Further,

hACF centered nucleosomes assembled on the naturally occurring Xenopus 5S rDNA

positioning sequence60 as well as an arbitrary bacterial plasmid sequence with no known

positioning ability (Fig. 1c). These data show that nucleosome centering by hACF is
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sequence independent and importantly that hACF can move nucleosomes from the end

to the center of DNA, even when the end position is thermodynamically preferred (Fig.

1b).  This raised the key questions of how hACF overcomes thermodynamic bias to

center mononucleosomes and why hSNF2h alone cannot do so.

Use of FRET reveals at least one intermediate

Identification of reaction intermediates has provided substantial mechanistic insight

into the working of other ATP utilizing molecular machines such as helicases and

kinesin61. We reasoned that analogous identification of intermediate steps in the hACF

reaction would help us dissect hACF mechanism. We and others have detected

intermediates on a native gel or via cross-linking29,36 (Supplementary Fig. 3).  It is

possible however that these methods do not accurately reflect the transient

intermediates formed in solution due to the discontinuous nature of the techniques, and

in the case of gel-based methods, interactions with the gel matrix62.  Therefore we

developed a fluorescence resonance energy transfer (FRET) based method to visualize

the dynamics of nucleosome movement in solution.  DNA was end-labeled with Cy3, and

a single cysteine substitution at residue 120 of histone H2A was labeled with Cy5 (Fig.

2a). The end-positioned nucleosome shown in Figure 2a has 78 bp of flanking DNA and

has the Cy3 dye on the short DNA end of the nucleosome. We monitored FRET by

exciting the nucleosomes at the Cy3 absorption maximum and measuring the Cy3 and

Cy5 emission.  Before remodeling, the fluorescence intensity of the Cy3 donor was lower

than that of the Cy5 acceptor, and the FRET efficiency was ~100% (Fig. 2b, yellow).

This indicated that the two dyes were close together, as expected for an end-positioned

nucleosome.  After remodeling by hACF, the fluorescence intensity of the Cy3 donor
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increased and that of the Cy5 acceptor decreased (Fig. 2b, blue, arrows), indicating that

the two dyes had moved apart as expected for a centered nucleosome.

We then visualized movement of the nucleosome by following the unquenching of

Cy3 fluorescence with time. At saturating ATP (2 mM), most of the hACF reaction was

complete within seconds (Supplementary Fig. 4).  To reliably capture the remodeling

reaction for hACF, we used sub-saturating ATP (4 µM) and found that hACF remodels

nucleosomes ~6-fold faster than hSNF2h alone (Fig. 2c), consistent with previous results

using gel-based and nuclease footprinting methods16,17,63.

Next, to determine if the reaction proceeds via intermediates in which part of the

DNA has moved across the histone octamer, we moved the Cy3 dye 17 bp away from

the short end of the nucleosome (Fig. 2d). For this construct, the FRET efficiency of both

the end-positioned and centrally positioned nucleosomes is predicted to be low (<40%).

If the DNA gradually moves across the histone octamer during remodeling, the Cy3 and

Cy5 dyes will transiently come close together and the FRET efficiency will approach

100% before decreasing again (Fig. 2d, bottom). During remodeling with hSNF2h (data

not shown) and hACF, we saw an increase in FRET followed by a decrease (Fig. 2e).

This indicated that the Cy3 and Cy5 dyes transiently came close together, and

demonstrated the existence of at least one intermediate in which part of the DNA has

moved across the octamer (Fig. 2e). The kinetics are consistent with the presence of the

two intermediates detected by gel (Supplementary Fig. 3) as both the intermediates are

predicted to give a higher FRET signal than the substrate and product. A nucleosome

constructed with the arbitrary bacterial DNA sequence was remodeled with similar

kinetics (Supplementary Fig. 5), indicating that formation of an intermediate is sequence

independent.
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Kinetic discrimination between flanking DNA lengths

The above data raised the possibility that hACF activity may be sensitive to the

continuously changing flanking DNA length.  Indeed, ISWI complexes contact the core

nucleosome as well as the flanking DNA that moves across the histone octamer29,30,64,65,

and previous studies have suggested that the activity of ISWI complexes is sensitive to

flanking DNA length18,27,28.  To further quantitatively test this hypothesis, we used FRET

to measure the remodeling of end-positioned nucleosomes with varying lengths of

flanking DNA (Fig. 3a).  hSNF2h remodeled nucleosomes with 78, 60, and 40 bp of

flanking DNA with comparable rates, but remodeled nucleosomes with 20 bp of flanking

DNA much more slowly (Fig. 3b). In contrast, hACF showed the same maximal rate for

nucleosomes with flanking DNAs of 78 and 60 bp but showed a progressive decrease in

rate as the flanking DNA was further shortened (Fig. 3c & Supplementary Fig. 6). A

similar DNA length dependence was observed with nucleosomes assembled on the

arbitrary bacterial sequence (Supplementary Fig. 5). Interestingly, these nucleosomes

were remodeled at similar rates to the corresponding 601 nucleosomes even though 601

is predicted to have a much stronger affinity for the histone octamer3.

It has been previously suggested that ISWI complexes dissociate from the flanking

DNA once it gets shortened below a certain limit19,30. Therefore it was possible that

nucleosomes with shorter flanking DNA are remodeled more slowly because hACF

dissociates from these nucleosomes due to reduced affinity.  To test this possibility we

varied hACF concentration. The remodeling rates for nucleosomes with flanking DNA

lengths of 40 and 20 bp, however, were essentially the same for hACF concentrations

between 25 and 100 nM (Supplementary Fig. 6), indicating that hACF was saturating

and ruling out the above possibility (also see Supplementary Fig. 6).  Thus hACF
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discriminates between different flanking DNA lengths at the level of maximal rates.

Interestingly, the rate of ATP hydrolysis also decreased with shorter flanking DNA length

(Fig. 3d). These data are consistent with previous results obtained using a different ISWI

enzyme27.  In ISWI complexes, most of the flanking DNA is bound by the non-catalytic

subunits whereas the ATPase activity is localized solely to the ATPase subunit. Hence

the above data suggested that the non-catalytic subunit hACF1 senses the DNA length

and allosterically affects the activity of the ATPase subunit hSNF2h.

A model for dynamic nucleosome centering by hACF

The ability of hACF to kinetically discriminate between different flanking DNA

lengths suggested a mechanism for nucleosome centering  (Fig. 4a). The model

incorporates previous observations that ISWI complexes bind to the flanking DNA that is

moved across the histone octamer19,29,30,64,65. For simplicity, only one intermediate is

shown.  In this model, as hACF moves the DNA across the histone octamer, the DNA

exiting on the other side becomes an alternative target for hACF binding. If hACF binds

the shorter DNA it can reverse the reaction by moving DNA in the opposite direction.

However, this process is slow compared to the forward reaction because of the DNA

length dependence of hACF action (Fig. 3c).  At every step, hACF can sample and bind

either side of the nucleosome but the longer flanking DNA is moved in faster than the

shorter flanking DNA, resulting in a dynamic equilibrium in which the centered product

accumulates.

To directly test if the longer flanking DNA is moved in faster than the shorter

flanking DNA we compared the rate of restriction enzyme accessibility on two
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nucleosome constructs, one containing a Pst I restriction site within the nucleosome

near the shorter flanking DNA (nucleosome A) and the other near the longer flanking

DNA (nucleosome B) (Fig. 4b). We found that the Pst I site in nucleosome A was

exposed ~17-fold faster than the Pst I site in nucleosome B. For the Pst I site in

nucleosome A to be exposed, the longer flanking DNA has to move across the histone

octamer and vice versa. This indicated that the longer flanking DNA is moved in faster

than the shorter flanking DNA (also see Supplementary Fig. 7 for quantification).

Further, for the model to hold, hACF must rapidly fall off and sample both sides of the

nucleosome before moving large amounts of flanking DNA across the histone octamer.

In a chase experiment using nucleosomal substrates, we find that hACF falls off from

nucleosomes much faster than movement of the octamer to the center (Fig. 4c). This is

different than previous observations suggesting that remodeling complexes can

translocate over long distances on naked DNA27,40,66,67. It is possible that upon

encountering a nucleosome the enzyme falls off more often. Lastly, a variation of the

model assuming hACF acts as a dimer is described in Supplementary Figure 8 (ref. 27).

Testing the predictions of the model

Our model predicts that hACF constantly inter-converts centered nucleosomes

with other positions. To test this, we determined if a centered nucleosome could be

moved by hACF. We introduced a Pst I site 18 bp in from one end of a centered

nucleosome (Fig. 5a). In the absence of hACF, this site is occluded and cannot be cut by

Pst I. If hACF does not move centered nucleosomes, then the site will remain occluded.

If hACF does move centered nucleosomes, then the site will be exposed and will get cut
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by Pst I.  As predicted by our model, the Pst I site was exposed upon remodeling,

suggesting that hACF moves the nucleosome by at least ~20 bp.

Our model explains why hSNF2h cannot center nucleosomes containing ~80 bp of

flanking DNA (Fig. 1b). This is because hSNF2h does not discriminate between flanking

DNA lengths until they are shorter than 40 bp. As a result, with ~80 bp of flanking DNA,

movement of the octamer towards the center is as fast as movement away from it, and

off-center positions are highly populated. Analogously, hACF should not be able to

center nucleosomes effectively when the flanking DNA is longer than 120 bp. As

expected, when the flanking DNA length was increased to 200 bp hACF did not

reposition the nucleosome to one central position, but rather generated multiple

positions (Fig. 5b, left panel). Analogously, both hACF and hSNF2h should be able to

center nucleosomes with 40 bp of flanking DNA as both enzymes progressively slow

down as the flanking DNA is shortened below 40 bp. As expected, both hACF and

hSNF2h moved an end-positioned nucleosome containing 40 bp of flanking DNA to a

central position (Fig. 5b, right panel). Finally, to quantitatively validate the model we

used the rate constants measured by FRET and a differential equation solver to model

the reaction in Fig. 4a and confirmed that the output agreed well with our gel-based data

(Supplementary Fig. 3).

DISCUSSION

Our data explains how hACF generates arrays of regularly spaced nucleosomes.

We show that hACF kinetically discriminates between different flanking DNA lengths and
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thereby generates a dynamic distribution of nucleosome positions in which nucleosomes

with equal DNA on either side accumulate.

By using FRET to visualize hACF-catalyzed movement of DNA in real time we

have identified at least one intermediate in which part of the flanking DNA has moved

across the histone octamer. This allowed us to propose a model in which hACF activity

is sensitive to the continuously changing flanking DNA length. A recent model for

nucleosome centering posits that ISWI complexes discriminate between different

flanking DNA lengths at the level of binding and dissociate from the nucleosome when

the flanking DNA decreases below a certain length19,30. In contrast we show that hACF

discriminates between different flanking DNA lengths at the level of maximal rates and

thus can center nucleosomes even under saturating hACF concentrations.

We propose that in a nucleosome array, adjacent nucleosomes will act

analogously to DNA ends in mononucleosomes to define the length of flanking DNA. As

a result hACF action on nucleosome arrays will result in the accumulation of equally

spaced nucleosomes. While our data explains how hACF generates regularly spaced

nucleosomes, how this enzyme actually moves the DNA across the histone octamer

remains an open question36,62,64.

The insensitivity of hACF to DNA sequence explains how hACF can generate

regular nucleosome arrays at several different regions of the genome. Further, it is

intriguing that hACF activity does not appear to be sensitive to the strength of histone-

DNA interactions but appears to be solely controlled by flanking DNA length.  We

speculate that this may allow hACF to move nucleosomes away from thermodynamically

preferred locations on DNA to help switch between different chromatin states during
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development. Indeed, recent data shows that the yeast Isw2 complex can reposition

nucleosomes away from the default thermodynamically favored location in vivo68.

Together with previous work, the results here indicate that hACF1 modulates the

activity of hSNF2h in part by changing its sensitivity to flanking DNA length18. The non-

catalytic subunits in other ISWI complexes may analogously change the sensitivity of the

ATPase subunit to flanking DNA length but may differ in their quantitative effects.

Further, while hACF activity appears to be independent of DNA sequence, it is possible

that both flanking DNA length as well as sequence modulate the activities of other ISWI

complexes. This would result in different final distributions of nucleosome positions

depending on the sequence, as observed for the Drosophila ISWI protein 17,69.

Because hACF maintains the remodeled products in a dynamic state, we

speculate that to generate a persistent, regularly spaced nucleosome array, hACF will

need to act transiently or work with other transcription factors to lock in nucleosome

positions. Our data implies that hACF would catalyze net movement of nucleosomes in a

direction away from barriers such as other nucleosomes or bound factors as long as the

movement is shorter than 60 bp. This is because as soon as 60 bp or more of DNA is

available between the barrier and the nucleosome, any hACF catalyzed movement

towards the barrier will be as fast as movement away from it. To maintain directional

movement over longer distances hACF would require the assistance of other DNA

binding factors that bind to sites opened up by octamer movement, and prevent reversal

of octamer movement. This is consistent with previous observations that GAL4 can

direct and extend the movement of nucleosomes catalyzed by the Drosophila ISWI

containing NURF complex55, and that the lac repressor can modulate the spacing activity

of Drosophila ACF70.
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The real time FRET-based approach described here lays the foundation for the

mechanistic study of other factors that regulate chromatin structure.  It is clear that

several nuclear factors collaborate to regulate chromatin dynamics and understanding

the molecular mechanisms of these factors will be essential for understanding how DNA

replication, transcription, recombination and repair are regulated in eukaryotes.

Note: Supplementary information is available on the Nature Structural & Molecular

Biology website.
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METHODS

Protein Purification. FLAG-tagged hSNF2h and HA-tagged hACF1 constructs were

individually over-expressed in Sf9 cells using a baculovirus expression system.  Nuclear

extracts were prepared as described previously71. Prior to purification, excess HA-

hACF1 extract was mixed with FLAG-hSNF2h extract to ensure hACF complex

formation.  hACF complex or hSNF2h alone was purified using M2-affinity

chromatography71.  The proper stoichiometry of hACF (1:1 molar ratio of

hACF1:hSNF2h) subunits was confirmed by SYPRO staining.

Nucleosome Assembly. The 601 positioning sequence was modified to contain a Pst I

site 18 bp in from one end (Fig. 4b and 5a).  The Xenopus 5S positioning sequence was

as used previously60.  The arbitrary sequence was subjectively chosen from a linker

region in the pFastBac1 bacterial plasmid.  DNA constructs of different lengths were

generated by PCR.  DNA fragments were assembled into mononucleosomes with

recombinant Xenopus histones as described72.  Cy3 labeled DNA was generated by

PCR using end or internally labeled primers (IDT and IBA). For Xenopus 5S and

arbitrary positioning sequence containing nucleosomes, end-positioned nucleosomes

were enriched for by glycerol gradient purification.  To obtain 32P-labeled nucleosomes,

DNA constructs were prepared by PCR with α-32P-dATP. Positions of

mononucleosomes were mapped as described previously14,15.

To generate octamers with labeled H2A, a unique cysteine was engineered at

residue 120 and subsequently labeled with Cy5 maleimide in a buffer containing 20 mM

Tris, pH 7.0, 7M guanidinium-HCl and 5 mM EDTA. Unreacted dye was removed using a

microcon concentrator. The labeled histone was refolded with the other histones as

described previously to generate octamers.  Labeling efficiency was estimated to be
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~60-70%. DNA was labeled with Cy3 using an appropriately labeled Cy3 primer and

PCR.  DNA was gel purified and mononucleosomes were assembled as described72.

Since each octamer contains two copies of H2A, two Cy5 dyes were incorporated per

nucleosome. Based on the crystal structure2, the two Cy5 dyes are predicted to be 2 and

6 nm away from Cy3. The Förster radius for Cy3 and Cy5 is ~5 nm, so only the Cy5 dye

that is 2 nm away from Cy3 will act as an efficient acceptor.  FRET efficiency was

calculated using the following equations73:

F670,520
FRET = F670,520

DA – (F565,520
DA • F670,520

D / F565,520
D) – (F670,610

DA • F670,520
A / F 670,610 A)

E = F670,520
FRET • ε610

A / F670,520
FRET • ε520

D • d

where ε520
D = 150,000 M-1cm-1 and ε610

D = 80,000 M-1cm-1

d is the efficiency of labeling (~0.6-0.7)

D ≡ Cy3, A ≡ Cy5

E = R6 / (R6 + r6)

where E is the FRET efficiency

R is the Förster radius (~5 nm)

r is the distance between Cy3 and Cy5

Molecular graphics images were produced using the UCSF Chimera package from the

Resource for Biocomputing, Visualization, and Informatics at the University of California,

San Francisco.  Primer sequences are available upon request.
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Gel mobility shift experiments. All experiments described below were performed at

30°C in reaction buffer: 12 mM Hepes (pH 7.9), 4 mM Tris (pH 7.5), 60 mM KCl, 3 mM

MgCl2, 0.32 mM EDTA, 12% (v/v) glycerol, 0.02% (v/v) NP-40, and 0.4 mg ml-1 FLAG

peptide.  300 nM hSNF2h or 25-50 nM hACF were incubated with 20 nM nucleosomes,

± 2 mM ATP for 30 minutes, unless otherwise noted. 32P-labeled nucleosomes were

used at 1 nM final concentration.  For experiments with limiting hACF, 20 nM

nucleosomes were mixed with 5 nM hACF. Reactions were stopped with 2x stop buffer

(115 mM ADP, 0.8 mg ml-1 unrelated stop plasmid DNA) to compete off enzyme and run

on a 0.5x TBE native 5% (v/v) polyacrylamide gel. 32P-containing gels were dried and

exposed on a phosphoimager screen.  Unlabeled nucleosome gels were stained with

SYBR Gold.  All gels were scanned on a Typhoon Variable Mode Imager.     

FRET-based experiments.  Steady-state fluorescence was measured on an ISS K2

fluorometer.  Samples were excited at 520 nm with a 400 nm cutoff filter and emission

spectra collected from 540 to 710 nm with a 495 nm cutoff filter.  For kinetic

measurements samples were excited at 520 nm and collected at Cy3 or Cy5 peak

intensity, 565 or 668 nm, respectively.  Reactions were initiated by addition of ATP and

contained 5 nM nucleosomes, 300 nM hSNF2h or 25 nM hACF, and either 4 µM or 2

mM ATP as noted in the figures. Data were collected for at least 10 minutes, sampled

once per second. For the nucleosomes used in Figures 2c and 3 we often see a fast

phase in which most of the FRET signal decreases (~90%) followed by a second slow

phase. The second slow phase is due to a small fraction of the nucleosomes that react ~

10-fold more slowly. The data was fit to two exponentials using Kaleidagraph. The rate

constants reported in the figure legends are for the fast phase.   For chase experiments

(Fig. 5), excess, saturating hACF (25 nM) was allowed to bind to nucleosomes.  DNA in
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excess of hACF was then added as a chase at the same time as ATP (final

concentration of 2 mM ATP and 2.4 mg ml-1 unrelated 3 kb plasmid DNA).

ATPase Reactions. Reactions containing 5 nM (Supplementary Fig. 6) or 25 nM hACF

(Fig. 3) and varying amounts of nucleosomes were initiated by the addition of 4 µM ATP

containing trace amounts of γ-32P-ATP.  Reactions were quenched, processed, and

quantified as described previously74.

Restriction Enzyme Accessibility Reactions.  5 nM nucleosomes were incubated with

2 u µl-1 Pst I in the presence or absence of 25 nM hACF and 2 mM ATP. Reactions were

quenched, processed, and quantified as described previously74.
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FIGURE LEGENDS

Figure 1. hACF efficiently centers mononucleosomes.  a, DNA constructs used to

assemble mononucleosomes.  b, 32P-labeled nucleosomes, end or centrally positioned

using the 601 sequence, were incubated with hSNF2h or hACF ± 2 mM ATP

(saturating), and processed as described in Methods. On these native gels, centrally

positioned nucleosomes migrate more slowly than end-positioned nucleosomes15,17. c,

Unlabeled nucleosomes assembled on either the Xenopus 5S sequence or an arbitrary

bacterial sequence were incubated with hACF ± 2 mM ATP.

Figure 2. Use of FRET to visualize nucleosome movement in real-time.

a, Schematic of nucleosome structure2 with dye attachment sites, histone H2A: blue,

DNA: yellow, Cy3 site: green, two Cy5 sites: red (top), and the expected change in dye

positions upon remodeling (bottom).  B, Nucleosomes in (a) were incubated with hACF

for 30 min with (blue) or without (yellow) 2 mM ATP.  c, Kinetics of remodeling the

nucleosome in (a) by hSNF2h (red) and hACF (blue) as followed by Cy3 unquenching.

Rate constants with s.e.m. (min-1) (see methods for details of data fitting). hSNF2h:

0.4±0.01; hACF: 2.3±0.3. d, Top, DNA used to detect intermediate (e).  Bottom,

schematic of potential intermediate.  e Kinetics of remodeling by hACF for the

nucleosome in (d). AU: arbitrary units.

Figure 3. hACF kinetically discriminates between different flanking DNA lengths.

a, Variable flanking DNA length is denoted by “X”.  b, c, Kinetics of remodeling by

hSNF2h (b) and hACF (c) as measured by Cy3 donor unquenching. Rate constants with

s.e.m. (min-1): hSNF2h (2 mM ATP): 78 bp 2.1±0.3, 60 bp 2.0±0.6, 40 bp 1.6±0.3, 20 bp
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0.4±0.04; hACF (4 mM ATP): 78 bp 2.3±0.3, 60 bp 2.4±0.6, 40 bp 0.5±0.1, 20 bp < 0.03.

For hACF data at 2 mM ATP, see Supplementary Figure 4. d, Rate of ATP hydrolysis

(25 nM hACF, saturating nucleosomes, 4 µM ATP).  Error bars represent s.e.m.

Figure 4. Model for nucleosome centering by hACF.  a, hACF creates a dynamic

equilibrium between different nucleosome positions such that centered nucleosomes are

most highly populated. Thicker arrow indicates faster rate. (hACF: blue, nucleosome:

grey). B, One example of data showing that longer flanking DNA is moved in faster than

the shorter flanking DNA. Kinetics of restriction enzyme accessibility (REA) for two

different nucleosome constructs. C, hACF falls off from nucleosomes faster than

movement of the octamer to the center. Left, schematic of chase experiment; right, the

addition of chase substantially decreased the rate of remodeling (blue) of nucleosomes

compared to reactions without chase (green).  The effectiveness of the chase is

demonstrated by the addition of DNA at the same time as nucleosomes (red). Rate

constant with s.e.m. (min-1) no chase: 78 bp flanking DNA 2.3±0.3.

Figure 5. Testing the predictions of the model. a, Centered nucleosomes are moved

by hACF.  b, Remodeling of unlabeled nucleosomes with 78, 200, and 40 bp of flanking

DNA by hACF or hSNF2h.
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Supplementary Figure 1
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Supplementary Figure 1  Mapping histone octamer positions of mononucleosome 
substrates. (a) The MNase-resistant DNA of end positioned nucleosomes was mapped 
using restriction enzymes that cut at positions 21 and 71 (Hae III and Hha I, respectively).  
(b) The MNase-resistant DNA of centrally positioned nucleosomes was mapped using 
restriction enzymes that cut at positions 61 and 111 (Hae III and Hha I, respectively).  
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Supplementary Figure 2  An alternative model for hACF centering.  (a) In this model, 
the reaction starts with hACF binding to one side of the nucleosome.  Once 40 bp of 
DNA has moved across the histone octamer surface, another molecule of hACF binds 
the exiting DNA and effectively opposes any further movement, resulting in a static, 
centered nucleosome.   (b) In reactions containing limiting hACF (5 nM), 20 nM 
nucleosomes are still centered effectively, ruling out the above model (also see text).
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Supplementary Figure 3   Modeling mononucleosome centering by hACF. 
(a) A time-course of nucleosome movement by hACF at 10 μM ATP assayed by gel 
suggested the presence of two intermediates (I1, I2). Comparison of the mobility of I1 
and I2 with that of nucleosomes with known positions suggested that these intermediates 
are generated by successive movement of 13 ± 3 bp of DNA across the histone octamer 
(data not shown). These are similar to the intermediates observed previously with yeast 
and Drosophila ISWI complexes16,17. By comparing the remodeling kmax to the ATPase 
kcat at the same ATP concentration, we estimate that 2-3 ATP molecules are hyrolyzed 
per remodeling event on a nucleosome with 78 bp of flanking DNA.  This is consistent with 
the observed step length of ~13 bp per ATP hydrolysis.  (b) A simple theoretical model for 
centering created using the Berkeley Madonna program and rate constants derived from 
FRET data. The starting substrate is a nucleosome with 78 bp of flanking DNA on one side.  
We used the rate constants for remodeling of nucleosomes with flanking DNA lengths of 
20 bp, 40 bp, 49 bp and 60 bp at 4 μM ATP (from FRET data in Figure 3 and data not shown) 
to interpolate the rate constants for movement of nucleosome with other lengths of flanking 
DNA. We plotted the natural log of the rate constant (ln k), which is proportional to the free 
energy of activation for the reaction (A. Fersht, Enzyme Structure and Mechanism, W. H. 
Freeman, New York, ed. 2, 1985), versus flanking DNA length and obtained a straight line. 
We then used this line to interpolate the rate constants for nucleosomes with other lengths 
of flanking DNA between 60 and 20 bp.  Using these rate constants, we calculated the rate 
constants at 10 μM ATP, assuming the rate constants vary linearly between 4 and 10 μM ATP 
(KmATP > 50 μM).  (c) Kinetic traces generated by the model. (d) Experimental data from 
(a) quantified for comparison with (c). 
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Supplementary Figure 5
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flanking DNA length.  The octamer is labeled with Cy5 at H2A-120C and the DNA is end-
labeled with Cy3 analogous to the nucleosome in Figure 3a of the main text.  Rate constants 
with s.e.m. (min-1) are 80 bp 1.8±0.1, 62 bp 1.6±0.1, 42 bp 0.5±0.1.
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Supplementary Figure 7  Restriction enzyme accessibility experiment to verify that 
the longer flanking DNA is moved in faster than the shorter flanking DNA. An example 
of data is shown in Figure 4b of the main text, comparing kinetics of REA for two different 
nucleosome constructs.  20 nM nucleosomes were incubated with 50 nM hACF and 2 mM 
ATP.  Assuming a 13 base pair step (see Supplementary Fig. 3), two steps would be 
required to expose the Pst I site. The second step will be slower than the first step, as 
there is less flanking DNA available for use by hACF.  The REA experiment measures the 
second, slower step.  Interpolated rate constants (as described in Supplementary Fig. 3) 
are compared to the rate constants obtained by REA.  Error represents s.e.m.
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Supplementary Figure 8  Model for centering assuming hACF is a dimer. There has been 
some recent data suggesting that hACF may function as a dimer of two protomers, each 
containing hACF1 and hSNF2h62. To be consistent with our data, only one protomer can 
functionally interact with and move DNA at a time. The other protomer may contact 
additional regions on the nucleosome core. The protomer that binds the flanking DNA moves 
it across the histone octamer. As DNA starts exiting, the second protomer can now bind the 
shorter DNA end and reverse the reaction at a slower rate.  This model results in the same 
distribution of nucleosome positions as described in Figure 4a of the main text.  The model is 
consistent with all of our data but does not require that hACF equilibrate rapidly between 
intermediates.
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The chromatin remodeler ACF acts as a dimeric motor to space nucleosomes
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Evenly spaced nucleosomes directly correlate with condensed chromatin and

gene silencing. The ATP-dependent chromatin assembly factor (ACF) forms such

structures  in vitro and is required for silencing in vivo. ACF generates and

maintains nucleosome spacing by constantly moving a nucleosome towards the

longer flanking DNA faster than the shorter flanking DNA. But how the enzyme

rapidly moves back and forth between both sides of a nucleosome to accomplish

bidirectional movement is unknown. We show that nucleosome movement

depends cooperatively on two ACF molecules, suggesting that ACF functions as a

dimer of ATPases. Further, the nucleotide state determines whether the dimer

closely engages one vs. both sides of the nucleosome. Three-dimensional

reconstruction by single particle electron microscopy of the ATPase-nucleosome

complex in an activated ATP state reveals a dimer architecture in which the two

ATPases face each other. Our results suggest a model in which the two ATPases

work in a coordinated manner, taking turns to engage either side of a nucleosome,

thereby allowing processive bidirectional movement.  This novel dimeric motor

mechanism differs from that of dimeric motors such as kinesin and dimeric

helicases that processively translocate unidirectionally and reflects the unique

challenges faced by motors that move nucleosomes.
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Chromatin-remodeling motors play essential roles in organizing the chromatin state

for regulating eukaryotic genomes, yet how they carry out their myriad activities is poorly

understood. Their substrate, the nucleosome, contains 147 bp of DNA wrapped in ~1.5

turns around an octamer of histone proteins. Even the smallest movement of the histone

octamer relative to the DNA presumably requires a coordinated process of breaking and

reforming the many histone-DNA contacts. The ACF chromatin-remodeling complex

exemplifies the task, as it is able to move nucleosomes to create evenly spaced

nucleosomal arrays that contain equal DNA on either side of each

nucleosome22,30,41,46,47,51,52,57,75,76.  These evenly spaced arrays are important for

packaging the underlying DNA into silent chromatin structures in

vivo22,30,41,46,47,51,52,57,75,76.

ACF is part of the ISWI family of remodeling complexes.  The ATPase subunits of

ISWI complexes can move nucleosomes by themselves while the accessory subunits

modulate this basic activity16,17,41,58,63,71.  The human ACF complex consists of one

ATPase subunit, SNF2h and one accessory subunit, Acf1 (also known as SMARCA5

and BAZ1A, respectively)46,47.  SNF2h is part of the SF2 family of DExx box proteins that

includes helicases and (also known as SMARCA5 and BAZ1A, respectively) nucleic acid

translocases12.  The ATPase domain of SNF2h has two RecA-like domains, which are

thought to form a cleft within which ATP binds. SNF2h also has an alpha-helical

extension comprised of three additional domains, HAND, SANT and SLIDE which are

thought to play a role in binding flanking DNA37,44. We showed previously that ACF

generates a dynamic equilibrium in which nucleosomes with equal flanking DNA on

either side accumulate76. Our data implied that ACF achieves the dynamic equilibrium by

constantly sampling either side of the nucleosome. This sampling mechanism raised the
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question of how ACF efficiently switches back and forth between both sides of a

nucleosome.  We hypothesized that understanding how the ATP state affects

interactions of the enzyme with the nucleosome would provide insight into the sampling

process.

Previous work has shown that ISWI enzymes require a basic patch, K16R17H18R19, on

N-terminal tail of histone H4 for maximal activity31-35,77,78. The role of the H4 tail is not

known, but it has been hypothesized that an acidic patch on the ATPase domain of ISWI

enzymes may interact with the basic patch on the H4 tail37. These previous observations

imply that the ATPase subunit contacts the H4 tail and that the contacts may change

during the ATPase cycle. We therefore used changes in the mobility of the H4 tail as a

handle to follow how changes in the nucleotide state alter interactions between SNF2h

and the nucleosome.  We used electron paramagnetic resonance (EPR) spectroscopy

for these studies79. We covalently attached a maleimide spin probe to a cysteine

introduced in place of an alanine at position 15 on the H4 tail (A15C-MSL,

Supplementary Fig.1b), which is directly adjacent to the basic patch. Thermal

fluctuations cause a spin label attached to a protein to undergo motion in a spatial region

defined by the adjacent protein surface. The resulting EPR spectrum is a highly sensitive

measure of the region accessible to the probe. Conformational changes can thus be

detected via changes in probe mobility, and these are monitored as changes in the EPR

spectrum.  EPR can also resolve and quantify multiple states and is particularly powerful

in monitoring transitions between unstructured and structured regions of proteins. The

A15C-MSL nucleosomes were assembled using an asymmetric DNA template

comprising the 601 positioning sequence with 60 bp of flanking DNA on one side (0-601-

60, Fig. 1a and Supplementary Fig. 1a)3. The presence of the probe did not alter the

maximal rate of nucleosome remodeling by SNF2h (data not shown).
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In the absence of SNF2h, the EPR spectrum of the A15C-MSL probe indicated a

highly mobile probe (Fig. 1a, top spectrum).  The high mobility of the probe in unbound

nucleosomes suggested that the H4 N-terminal tails are largely unstructured.  Next, we

determined how binding of SNF2h altered the mobility of the H4 tail. When the

nucleosomes were saturated with SNF2h in the absence of nucleotide (apo state), the

EPR spectrum shows two sets of spectral components as indicated by the arrows (Fig

1a, middle spectrum). The inner spectral components (blue arrows) are indicative of a

highly mobile probe whereas the wider set of spectral components (highlighted by the

red dashed lines) and the broadening of the central peak are indicative of a second state

with more restricted mobility. A given peak height in the left-most immobilized spectral

component represents 4.1 times more spins than the same peak height for the mobile

component.  Deconvolution of the spectra indicated that about half of the H4 tails were in

each of the two states (56±5.4% in the immobilized state, see Supplementary Fig. 2 for

fitting and quantification method)80. In the presence of ADP, the immobilized

subpopulation also constituted half of the probes (spectra not shown). Our attempts to

trap the SNF2h-nucleosome complex in the ATP state using ATP analogs were

unsuccessful as these analogs either supported low levels of remodeling (AMP-PNP,

ATPγS) or did not detectably inhibit remodeling (AMP-PCP). We were however able to

mimic an activated ATP state using the analog, ADP•BeFx. In contrast to the data in the

apo state and with ADP, almost all of the probe on the H4 tail became immobilized in the

presence of SNF2h and ADP•BeFx (91.5±2.6% of probe in the immobilized peak). This

change is shown by the increase in spectral intensity of the immobilized component (left-

most peak, Fig. 1a, bottom spectrum).  This dramatic increase in the amount of probes

immobilized indicated that both H4 tails were bound by SNF2h in the presence of

ADP•BeFx. Together, these data indicate that SNF2h induces nucleotide-dependent
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changes in the H4 tail conformation such that in the apo and ADP states, half the H4

tails are immobilized and in an activated ATP state mimicked by ADP•BeFx, all H4 tails

are immobilized.

The EPR data raised two possibilities for how SNF2h binds the nucleosome in the

apo and ADP states:  (a) SNF2h symmetrically binds both H4 tails and each H4 tail

exists in a two-state equilibrium between mobile and immobile states (with an equilibrium

constant of 1) or, (b) SNF2h asymmetrically binds only one of the two H4 tails.  For

model (a), we expect immobilization to increase upon lowering temperature as the highly

mobile state is entropically favored whereas the structured immobile state is

enthalpically favored, as seen for docking of the kinesin neck linker81.   The fraction of

H4 tails immobilized was unchanged, within error, from 23°C to 4°C (Fig. 1d, 54.6%

immobilized at 4°C and 23°C).  A van ’t Hoff plot of the equilibrium constant for H4 tail

mobility as a function of temperature yields a ΔH of 0.76 kJ/mol, and ΔS of 4.4x10-3

kJ/mol-K (Supplementary Fig. 3), values that are substantially smaller than the favorable

ΔH of 50 kJ/mol and unfavorable ΔS of 0.17 kJ/mol-K for docking of the kinesin neck

linker81. These data rule out model (a) and provide strong support for the asymmetric

binding of model (b). To further test model (b) we used hydroxyl radical footprinting of

the same nucleosome construct to follow changes in ACF contacts as a function of

nucleotide state (Fig. 1c). In the apo state, ACF binding induces asymmetric protection

of nucleosomal DNA: protection is observed in the SHL(-2) region, but not the SHL(+2)

region, consistent with other ISWI complexes and with model (b)29,30. In contrast, in the

ADP•BeFx state, ACF binding results in significant protection in both SHL(-2) and

SHL(+2) regions, consistent with the EPR data.
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The asymmetry with respect to H4 tail binding observed in the apo state could arise

either (a) due to the presence of asymmetric flanking DNA or (b) due to structural

constraints placed by the apo state. To distinguish between these possibilities we

repeated the EPR experiment using nucleosomes with 60bp of flanking DNA on both

sides (60-601-60 template). Apo-SNF2h still immobilized only one of the two H4 tails in

the context of this symmetric nucleosome (Fig. 1b).  These data strongly support a

model in which apo-SNF2h can only bind one H4 tail at a time, and the availability of

flanking DNA biases which side of the nucleosome the enzyme binds preferentially.

Together the above data suggest that the enzyme switches between an asymmetric

conformation where it interacts with one H4 tail at a time in the apo state and a more

symmetric conformation where it binds both H4 tails in the ADP•BeFx state.

The observation that SNF2h binds both H4 tails in the presence of ADP•BeFx

suggests that either (a) one SNF2h molecule bridges both H4 tails or, (b) SNF2h binds

as a dimer such that each ATPase contacts an H4 tail. To distinguish between these

models we first investigated the oligomeric state of SNF2h alone .Using equilibrium

analytical ultra-centrifugation we found that unbound SNF2h is a monomer (data not

shown). Because several well-studied dimeric helicases dimerize upon binding their

DNA substrates, we next determined if SNF2h dimerizes on nucleosomes61. If

dimerization of SNF2h is tightly coupled to nucleosome binding we expected to see

cooperative SNF2h binding. We measured the binding to nucleosomes by taking

advantage of our observation that the fluorescence of a Cy3 dye attached near the entry

site of the DNA increases upon SNF2h binding (Fig. 2a).  We find that in the apo state,

SNF2h binds to the nucleosome cooperatively, consistent with previous observations of

cooperative binding by the Drosophila ISWI protein82.  The Hill Coefficient of 1.8

suggests that at least two molecules of SNF2h bind in a manner such that binding of one
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molecule is strongly coupled to binding of the second (Fig. 2b).  The EPR data from

Figure 1 and the Hill Coefficient of 1.8, together suggest that in the apo state, SNF2h

binds as a dimer but only one of the two SNF2h molecules engages an H4 tail.

To determine whether two SNF2h molecules were necessary to mediate maximal

nucleosome remodeling, we measured the dependence of chromatin remodeling activity

on SNF2h concentration using a FRET-based method (Fig. 2c).  The rate constant of

remodeling also depends cooperatively on SNF2h concentration with a Hill Coefficient of

1.8 (Fig. 2d, left panel).  We next determined if the entire ACF complex also functions

most effectively as a dimer. We analogously saw a cooperative dependence of the

remodeling rate constant on ACF concentration with a Hill Coefficient of 1.9 (Fig. 2d,

right panel). Together, these data strongly suggest that the predominant functional form

of ACF is a dimer of ATPases.

A hallmark of dimeric motors such as kinesin and the E. coli Rep helicase is that they

cycle between states in which one motor subunit is engaged with the substrate and

states in which both motor subunits are transiently engaged61.  By working in

coordinated pairs, one motor subunit can serve as an anchor to the other moving motor

to prevent dissociation from the substrate. The ATP state helps regulate the affinity of

the motor for the substrate.  Our EPR results suggest that a SNF2h dimer analogously

cycles between at least two states, one in which only one ATPase engages an H4 tail

and another in which both ATPases engage the two H4 tails.  To determine if these

different conformational states reflect states with different affinities, we measured the

affinity of SNF2h for the nucleosome in different ATP states (Fig. 2e). In the presence of

ADP, SNF2h bound cooperatively but with slightly weaker affinity than in the apo state.

In both the apo and ADP states, the high cooperativity of binding indicates that binding

of one SNF2h molecule by itself is very weak and requires the presence of another
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SNF2h molecule to increase its overall affinity. The cooperativity could arise either from

direct SNF2h-SNF2h contacts or could be mediated through a conformational change in

the nucleosome without direct SNF2h-SNF2h contacts. In the presence of ADP•BeFx,

the K1/2 for SNF2h binding is ~3-fold lower than that in the apo state indicating a stronger

binding affinity.  Further, SNF2h binding in the presence of ADP•BeFx is not cooperative

(Hill Coefficient =1). These data suggest that in presence of ADP•BeFx the affinity of

each SNF2h molecule is sufficiently high such that binding of one SNF2h molecule is no

longer highly dependent on the presence of the other.

Our finding that two ATPases are required for maximal nucleosome remodeling

raises the question of how the nucleosome structure accommodates two SNF2h

molecules. Other dimeric motors, such as kinesin and helicases, are oriented such that

each ATPase subunit can take turns translocating on the polymeric substrate in the

same direction61.  We used negative stain electron microscopy to visualize the complex

of SNF2h with nucleosomes in the presence of ADP•BeFx (Fig. 3 and Supplementary

Fig. 4 and Supplementary Methods). Nucleosomes with 60bp of flanking DNA (0-601-60)

were incubated with SNF2h concentrations comparable to the  K1/2 for nucleosomes in

the presence of ADP•BeFx, adsorbed to a glow discharged carbon film, and negatively

stained with uranyl formate. The specimen was imaged at tilt angles of 60° and 0°

(Supplementary Fig. 5). A total of 10,059 pairs of particles were interactively selected

from 100 image pairs. Classification of particles from images of untilted specimen shows

three distinct classes (Fig. 3a, b) that can be clearly recognized as a nucleosome by

itself and a nucleosome with either one or two SNF2h molecules bound.  On average

~70% of the complexes contained two SNF2h molecules bound. The singly bound

SNF2h molecules could reflect the use of non-saturating SNF2h, a technical necessity to

prevent particle crowding on the grid.  In the complexes with two SNF2h molecules
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bound, the flanking DNA was not clearly visible in the two-dimensional (2D) class

averages, possibly because the flanking DNA is flexible and gets averaged out.  An

alternative possibility is that in most of the complexes, the flanking DNA is rearranged

due to interaction with a domain of SNF2h. Consistent with this possibility we do not

clearly observe the extended HAND-SANT-SLIDE domain that has been shown to

interact with flanking DNA in the apo state37. We hypothesize that there may be a

conformational rearrangement of the HAND-SANT-SLIDE domain in the presence of

ADP•BeFx.  Further, no large region of direct contact between the two SNF2h molecules

is apparent, consistent with the Hill Coefficient of 1.0 in this state (Fig. 2e).

In the 2D class averages, the region of each SNF2h monomer that interacts with the

nucleosome appears to contain two globular lobes (Fig. 3a). These lobes may represent

the two RecA-related ATP binding folds observed in SF2 family motors42,43. The two

lobes are also apparent in the 2D class averages of SNF2h alone (Fig. 3c and

Supplementary Fig. 6). Three-dimensional (3D) reconstructions of the nucleosome with

two (or one) SNF2h bound were calculated using the well-established random conical tilt

approach to a resolution of ~ 27 Å without the explicit application of any two-fold

symmetry (Fig. 3a and Supplementary Figs 5 and 7)83. The two SNF2h molecules face

each other on the nucleosome, and seem to obey the 2-fold symmetry of the

nucleosome with one putative ATPase domain at SHL(+2) and one at SHL(-2) (Fig. 3a,

2-fold or opposing symmetry most apparent in  the middle panel). Consistent with the

EPR and footprinting data in Figure 1, each SNF2h monomer seems to directly contact

one H4 N-terminal tail and the SHL(-2)/(+2) regions in the ADP•BeFx  state. While the

overall architecture appears almost symmetric, given the 27 Å resolution, any local

structural asymmetries that may exist between the two SNF2h molecules cannot be

resolved.
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The above architecture raises the question of how the dimeric partners cooperate

rather than compete in a “tug of war.” Our findings suggest an “alternating action” model

schematized in Figure 4. In this model, each ATPase takes turns in engaging the

flanking DNA on either side and the corresponding H4 tail at SHL(-2) or (+2)29,30,37. An

ability of the two ATPases to take turns, as suggested by our observation that the apo

state of the enzyme engages only one H4 tail at a time, would help avoid a “tug of war”

situation. The ATPase that engages the longer DNA hydrolyzes ATP faster, as

previously shown27,76. This ATPase becomes the leading ATPase and sets the direction

of nucleosome movement by translocating on nucleosomal DNA19,27,28,76.  The leading

ATPase generates a DNA loop/wave that can propagate across the histone octamer as

suggested previously84-86.  The second, subordinate ATPase could then further act as

another anchor to stabilize the intermediate while the leading ATPase is translocating

(Fig. 4, mimicked by ADP•BeFx).   Interaction with the second H4 tail may help in the

binding of the subordinate ATPase. In the simplest version of this model, the subordinate

ATPase does not bind or hydrolyze ATP once the leading ATPase fires87. This division

of labor between identical subunits is analogous to hexameric helicases where

occupancy of one ATPase subunit regulates the affinity of an adjacent subunit for

nucleotide88. Whether the communication between the two ATPases is direct or through

the nucleosome remains an important future question.  A variation of this model in which

the non-leading ATPase also hydrolyzes ATP is described in Supplementary Figure 8.

Successive rounds of sampling and translocation would then equalize the DNA on either

side of a nucleosome. A dimer-based mechanism is also indicated by single-molecule

data showing that dimeric ACF complexes can switch the direction of nucleosome

translocation several times without dissociation89.Our results help explain the

significance of previous observations that two Drosophila ACF molecules can bind in the

58



context of DNA and provide a mechanistic explanation for the processive action of ISWI

complexes62,85,90.

We hypothesize that in contrast to kinesin and dimeric helicases, whose biological

functions require unidirectional translocation along a largely uniform polymeric substrate,

the biological functions of chromatin-remodeling enzymes like ACF place very different

demands on motor architecture. The opposing architecture of the two motors in ACF

may enable ACF to rapidly and processively change the direction of nucleosome

movement in order to achieve a defined spacing. It will be interesting to investigate

whether bidirectional movement via dimerization is a general feature of enzymes that

space nucleosomes, and whether remodeling enzymes with other activities use different

strategies.

METHODS SUMMARY

EPR measurements were performed with an EMX EPR spectrometer from Bruker

Instruments (Billerica, MA). First derivative, X-band spectra were recorded in a high-

sensitivity microwave cavity using 50-s, 100-Gauss wide magnetic field sweeps.  EM

samples were adsorbed to a glow-discharged copper grid coated with carbon film for 30

seconds followed by conventional negative stain with 0.75% uranyl formate.  Images

were collected using a Tecnai T12 microscope (FEI company, Hillsboro, OR) and

recorded at a magnification of 52,000X with an UltraScan 4096 x 4096 pixel CCD

camera (Gatan Inc, USA). Full methods are described in Supplementary Methods.
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Supplementary Information accompanies the paper on www.nature.com/nature.
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FIGURE LEGENDS

Figure 1. ATP state regulates immobilization of the histone H4 tail and proximal

interactions. a, Left panels: EPR spectra of MSL labeled 0-601-60 nucleosomes. Right

panels: Schematic interpretation of EPR spectra, based on data from (a), (c), & (d).

Binding of Apo SNF2h to the nucleosome decreases the mobility of half the H4 tails.

SNF2h binding in the presence of ADP•BeFx decreases the mobility of both H4 tails. b,

EPR spectrum of Apo SNF2h bound to spin-labeled 60-601-60 nucleosomes reveals

that only one of the two H4 tails is immobilized. c, Hydroxyl radical footprinting of ACF

on 0-601-60 nucleosomes. Top panel: schematic of mononucleosome structure with 12

bp of flanking DNA on one side, with dyad in green, histone H4 in blue, and the region

surrounding SHL (-2) and (+2) in red.  Middle panel: Protection patterns for nucleosomes

alone (black line, N) compared to nucleosomes bound by Apo-ACF (red line, N+ACF).

Bottom panel: nucleosomes alone (black line, N) compared to nucleosomes bound by

ACF in the presence of ADP·BeFx (red line, N+ACF+ ADP·BeFx). Yellow bars highlight

protection in the SHL (-2) and (+2) regions. d, Temperature dependence of probe

immobilization in the Apo SNF2h-nucleosome complex. Slope of the straight line = 0

immobilized fraction per °C within experimental error.  Error represents s.e.m.

Figure 2.  SNF2h and ACF function as dimers of ATPases. a, Schematic of

nucleosome structure with dye attachment sites for (b) and (d).  The DNA is end-labeled

with Cy3 (blue) on the shorter flanking DNA.  The octamer is labeled with Cy5 at H2A-

120C (yellow). b, Cy3 fluorescence intensity of the construct shown in (a) as a function

of SNF2h concentration, using nucleosomes with 78bp of flanking DNA on one side.  A
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representative replicate curve is shown.  Data are fit to the general equation for

cooperative binding (see Methods).  Hill Coefficient (n) = 1.8 ±0.17; K1/2 = 353±30nM. c,

Schematic of FRET-based nucleosome remodeling assay.  Rate constant of remodeling

is measured by following the decrease in FRET between Cy3 and Cy5 in the presence

of ATP. d, Left panel: Nucleosome remodeling rate constant as a function of SNF2h

concentration for nucleosomes with 78bp of flanking DNA.  Right panel: Nucleosome

remodeling rate constant as a function of ACF concentration for nucleosomes with 20 bp

of flanking DNA. Hill Coefficient (n) = 1.8±0.1; K’1/2 = 281±32 nM for SNF2h and Hill

Coefficient (n) = 1.9±.3; K’1/2 = 26±3 nM for ACF.  Each panel represents global fits to

data obtained from three independent experiments.  e, SNF2h binds as a cooperative

dimer to the nucleosome in the absence of nucleotide (black circles), and in the

presence of ADP (blue squares).  In the presence of ADP•BeFx, SNF2h binds non-

cooperatively (red triangles). These binding measurements were carried out with

nucleosomes containing 40bp of flanking DNA on one side and a Cy3 label on the short

DNA end.  Binding of SNF2h to these nucleosomes is ~2-fold weaker relative to the

nucleosomes used in (b)18,30.  A representative replicate curve with each nucleotide

analogue is shown (left panel), and the average K1/2 and Hill Coefficient from three

replicates is shown (table). Errors represent s.e.m.

Figure 3. Visualization of SNF2h bound to the nucleosome in the presence of

ADP•BeFx using EM.  a, three different views of the 3-D reconstruction of dimeric

SNF2h bound to the nucleosome (left panels) and corresponding representative 2-D

class averages (right panels). The crystal structure of the core mononucleosome was

placed manually into the 3D reconstruction.  Histone H4 is highlighted in red.  The

isosurface of the 3-D reconstruction at high threshold is shown in blue, and low threshold
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in grey. b, Left panel: representative 2-D class average of negative stain EM images of

unbound nucleosomes.  Right panel:  representative 2-D class average of one SNF2h

bound to a nucleosomes. Numbers used to calculate a particular class average shown in

lower left corner in (a) and (b). c, Representative 2-D class averages of SNF2h alone.

Figure 4.  Simple model for how a dimeric ACF moves nucleosomes. H4 tail is in

red and the two ATPases in ACF are shown in blue and purple. Only one subunit binds

ATP at a time. In the ATP state, each ATPase subunit takes turns in binding the flanking

DNA. The ATPase that binds the longer flanking DNA (purple) hydrolyzes ATP faster

and starts translocating DNA across the nucleosome. During and post hydrolysis, the

second ATPase (blue) also engages the nucleosome, preventing loss of the DNA loop-

containing intermediate (mimicked by ADP•BeFx).  In the ADP state, the non-

translocating monomer disengages and the translocating monomer remains engaged

with the nucleosome. ATP state may also regulate the extent of any direct contacts

between the two ATPase subunits and such contacts may be substantially fewer in the

ADP-BeFx state than in other ATP states.
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SUPPLEMENTARY METHODS

Protein purification.  Human SNF2h and the ACF complex were assembled and

purified from SF9 cells as previously described76.

Nucleosome Assembly.  Nucleosomes were assembled as previously described on

DNA containing the 147 bp 601 positioning sequence3,72,76. DNA constructs with 20, 40,

60, or 78bp of DNA flanking the nucleosome were generated by PCR as previously

described (Fig S1a).  For fluorescence intensity-based binding studies, nucleosomes

were labeled with a single Cy3 dye on the short DNA end by PCR using end-labeled

primers (IDT).   For measurement of nucleosome remodeling kinetics by FRET, histone

H2A of the octamer was labeled with Cy5.  A unique cysteine was engineered at residue

120 using QuikChange mutagenesis (Stratagene), and labeled with Cy5-maleimide

under denaturing conditions as previously described before octamer assembly.

Octamers with H2A-120C-Cy5 were then assembled into nucleosomes using Cy3 end

labeled DNA with 20 or 78 bp of flanking DNA on one side.  For negative stain EM

experiments, nucleosomes were assembled as previously described with 60 bp of

flanking DNA on one end, but in the absence of NP-40. For EPR studies, a unique

cysteine was engineered into histone H4 at residue 15.  Nucleosomes were assembled

under reducing conditions with 0.5mM DTT.  After nucleosome assembly, nucleosomes

were transferred into DTT free labeling buffer (10mM KCl, 20mM MOPS, pH 7.0) by

successive rounds of concentration and dilution using the centrifugal filter units,

Microcon YM-100 (Millipore).  Five-fold excess of Maleimide Spin Probe (N-(1-oxyl-

2,2,6,6-tetramethyl-4-piperidinyl) maleimide) to cysteines was immediately added after

buffer exchange and nucleosomes were left at room temperature overnight for labeling.

Free spin probe was removed from the H4-A15C-MSL labeled nucleosomes by

successive rounds of buffer exchange using centrifugal filter units.
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EPR Spectroscopy. EPR measurements were performed with a Bruker EMX EPR

spectrometer from Bruker Instruments (Billerica, MA). First derivative, X-band spectra

were recorded in a high-sensitivity microwave cavity using 50-s, 100-Gauss wide

magnetic field sweeps. For clarity only 80-Gauss are shown in Figure 1. The instrument

settings were as follows: microwave power, 25 mW; time constant, 164 ms; frequency,

9.83 GHz; modulation, 1 Gauss at a frequency of 100 kHz. Each spectrum used in the

data analysis is an average of 50-150 sweeps from an individual experimental

preparation. 4 uM nucleosomes (8uM spin probes, as the nucleosome has two H4 tails)

were measured in the presence of 8uM SNF2h at room temperature in reaction buffer

(12mM HEPES pH 7.9, 4mM Tris pH 7.5, 60mM KCl, 0.5-1mM free MgCl2, 0.32mM

EDTA, 12% glycerol, 0.4mM DTT, 0.4mM BenzHCl, 0.4 mg/ml Flag Peptide) and various

nucleotides and nucleotide analogues. For spectra in the presence of ADP, 2mM ADP-

Mg2+  was used.  For spectra in the presence of ADP•BeFx, 0.5mM ADP, 0.5mM BeCl2

and 2.5mM NaF, along with 0.5mM MgCl2 was used.  For temperature dependence

experiments, a stream of dry, temperature-controlled air was passed through the sample

cavity, and the temperature of the sample was monitored by a thermistor in the chamber.

The setup achieves temperature control within <2°C precision.

Deconvolution of spectra. The fraction of immobilized probe was calculated by

deconvolution of spectra into mobile and immobilized components.  Spectra were then fit

using these two components as described in supplementary figure 180.   For the

temperature dependence experiments, at each temperature, the fraction mobile and

immobile probe was obtained by non-linear least squares fit of the spectrum to a sum of

mobile and immobile representative spectra. EPR spectra of spin labeled nucleosomes

without SNF2h only have a mobile component and were used as the mobile

representative spectra.  The immobilized component spectrum was obtained by
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subtracting the mobile representative spectrum from nucleosome + SNF2h spectra

which represent a mixture of mobile and immobile probe.  A separate basis set was

derived at each temperature to correct for the low temperature broadening of the

spectra.

Hydroxyl Radical Footprinting.  ACF and nucleosomes with 60 bp of flanking DNA

were dialyzed separately into reaction buffer (12mM HEPES pH 7.9, 4mM Tris pH 7.5,

60mM KCl, 3mM free MgCl2, 0.32mM EDTA, 1mM DTT and 1mM BenzHCl) to remove

glycerol. Nucleosomes were end-labeled with 32P on the 5’ end of the shorter flanking

DNA side.  20nM nucleosomes were incubated with 100nM ACF, and enzyme activity

was verified by gel shift (data not shown). For reactions containing ADP•BeFx, 2mM

ADP, 2mM BeCl2 and 10mM NaF, along with 2mM MgCl2 was used. Digestion with

hydroxyl radicals was carried out as described previously, with a few modifications29.

0.5 ul each of the following solutions were placed on the inner wall of the reaction tube:

(i) 20mM ferrous ammonium sulfate and 40 mM EDTA,  (ii) 100mM sodium ascorbate,

and (iii) 30% H2O2.  The reaction was initiated by spinning down the solutions, incubated

for 1 min at room temperature, and stopped by the addition of 5 ul of 100mM thiourea

and 0.5 ul 0.5M EDTA.  Reactions were then ethanol precipitated using 5 ug of blue

dextran per sample as a carrier.  The DNA was resuspended in loading buffer (90%

formamide, 10% Bromophenol Blue- Xylene Cyanol loading solution (Sigma)), heated at

90C for 5 min and loaded on an 8% sequencing gel containing 7M urea.  Using SAFA

software, gels were corrected for distortions and the band intensities were measured91.

Gel-loading efficiencies were normalized by aligning band intensities in the 30-45 bp

region.  Base pair assignments were determined using standards from the 601

sequence, generated using the Thermo Sequenase Dye Primer Manual Cycle

Sequencing Kit (United States Biochemical Corporation).  Depiction of the nucleosome
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with flanking DNA was generated by fusing the crystal structure of the nucleosome (PDB

1KX5) with a segment of 12bp B-form DNA (PDB 1BNA) in Coot and then visualized

using Chimera92-94.

Fluorescence Binding Assay.  Nucleosomes end labeled on the shorter DNA side of

the nucleosome with Cy3 and either 40 or 78 bp of flanking DNA were incubated for 20

minutes at room temperature with varying amounts of SNF2h in reaction buffer (12mM

HEPES pH 7.9, 4mM Tris pH 7.5, 60mM KCl, 3mM MgCl2, 0.32mM EDTA, 12% glycerol,

0.02% Nonidet P40, 0.4mM DTT, 0.4mM BenzHCl, 0.4 mg/ml Flag Peptide) along with

0.1mg/mL BSA and nucleotide analogues concentrations as above. Fluorescence

intensity of the cy3 probe was measured either using an Analyst HT plate reader

(Molecular Devices) or an ISS K2 fluorometer.  In the Analyst HT, the following filter set

was used: 520-10 bandpass filter, 561 dichroic, and 580 bandpass.  In the fluorometer,

samples were excited at 515nm and emission measured at 565nm.  Longpass filters of

495nm and 530nM were used for excitation and emission monochromators respectively.

The fluorescence intensity (z) as a function of SNF2h concentration (X) was fit to the

following equation:

z = [a(K1/2
n)+b(Xn)]/[(Xn)+(K1/2

n)] Eqn (1)

where a is the fluorescence intensity of unbound Cy3-labeled nucleosomes, b is the

fluorescence intensity of fully bound Cy3-labeled nucleosomes, n is the Hill Coefficient,

and K1/2 is the concentration of SNF2h at which half the nucleosomes are bound.  The

average values for n and K1/2 from three independent data sets are reported in the table

in Figure 2e.  In Figure 2b and 2e, for ease of visualization and comparison of different

nucleotide analog states in the same plot, representative curves are shown, normalized

from 0 to 1.  Data was normalized as follows:
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y =  (z-a)/(b-a) Eqn (2)

where y is the normalized fluorescent intensity, z is the raw fluorescent intensity value at

a given concentration of SNF2h, a is the fluorescent intensity of unbound Cy3-labeled

nucleosomes determined from the fit in Eqn (1), and b is the fluorescent intensity of fully

bound Cy3-labeled nucleosomes determined from the fit in Eqn (1).  The normalized

fluorescent intensity (y) was then fit to Hill Equation:

y = (Xn)/[(Xn)+(K1/2
n)] Eqn (3)

where X is the concentration of SNF2h, n is the Hill Coefficient, and K1/2  is the

concentration of SNF2h at which half the nucleosomes are bound.

FRET-based experiments.  Nucleosome remodeling rates were measured as described

previously76. For the SNF2h remodeling experiments, 5nM of FRET-labeled

nucleosomes with 78bp of flanking DNA were incubated with varying concentrations of

enzyme, 0.1mg/ml BSA, and reaction buffer (12mM HEPES pH 7.9, 4mM Tris pH 7.5,

60mM KCl, 3mM MgCl2, 0.32mM EDTA, 0.02% Nonidet P40, 0.4mM DTT, 0.4mM

BenzHCl, 12% glycerol, 0.4 mg/ml Flag Peptide) for 10 minutes at 30ºC before initiation

by adding ATP/MgCl2 (2mM).  The rate constants were obtained from an exponential fit

as described previously76.  ACF experiments were conducted in an identical manner as

the SNF2h experiments except that FRET-labeled nucleosomes with 20bp of flanking

DNA were used instead of 78bp because ACF kinetics are too rapid to measure by

manual mixing with longer flanking DNA lengths under saturating ATP concentrations.

The observed rate constants (kobs) were fit to the following equation:

kobs = (kmaxXn)/[(Xn)+(K’1/2
n)]
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where kmax is the maximal rate constant for remodeling, X is the concentration of SNF2h,

n is the Hill Coefficient, and K’1/2 is the concentration of enzyme at which kobs = (1/2)kmax.

Electron microscopy and image processing.  10nM nucleosomes with 60bp of

flanking DNA were incubated with 100 to 200nM freshly purified SNF2h for 10 minutes at

30ºC in reaction buffer with low glycerol (12mM HEPES pH 7.9, 4mM Tris pH 7.5, 60mM

KCl, 3mM MgCl2, 0.32mM EDTA, 1-3% glycerol, 0.4mM DTT, 0.4mM BenzHCl, 0.4

mg/ml Flag Peptide) and 2mM ADP•BeFx•Mg generated from 2mM ADP, 2mM BeCl2

and 10mM NaF, 2mM MgCl2).  Images of SNF2h by itself were also obtained in the

above conditions.  2.5uL reaction mixture was adsorbed to a glow-discharged copper

grid coated with carbon film for 30 seconds followed by conventional negative stain with

0.75% uranyl formate95. Images were collected using a Tecnai T12 microscope (FEI

company, Hillsboro, OR) with a LaB6 filament and operated at 120 kV accelerating

voltage. All images were recorded at a magnification of 52,000X with an UltraScan 4096

x 4096 pixel CCD camera (Gatan Inc, USA). Images of tilt pairs were recorded with a

defocus of -1.5um using an automated procedure as previously described96.

All images were 2x2 pixel binned to the final pixel size of 4.04A before any further

processing. A total of 10,059 pairs of particles were selected interactive from 101 tilt pair

images using the display program WEB associated with the SPIDER software package

and windowed into 90 x 90 pixels images97. All subsequent image processing was

performed using the SPIDER software package. Particles windowed from untilted

images were subject to standard iterative multi-reference alignment and classification (K-

mean, specifying 50 classes). All class averages were divided into 5 distinct views

(shown in Figure 3a and b), and classes of the same view were merged together.
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Images of nucleosome with two SNF2h bound (shown in Figure 3a, top) were used for

calculating 3D reconstruction by random conical tilt (RCT) technique83. Images of side

views (Figure 3a, middle and bottom) were included during the angular refinement of the

initial 3D reconstruction calculated from top view only. Adding side view images reduces

the flattening and missing cone effects of random conical tilt 3D reconstruction. A total of

8,440 particles, including ten percent of the particle from untilted images of the same

classes, were included in the final 3D reconstruction. We did not enforce any symmetry

in the 3D reconstruction or during the refinement. The resolution of final 3D

reconstruction was estimated to be ~ 27Å, based on Fourier Shell Correlation (FSC) =

0.5 criteria. 3D reconstruction of the nucleosome with a single SNF2h bound was

calculated following the same procedure. 3D reconstructions were visualized by UCSF

Chimera, atomic structure of the nucleosome (PDB 1KX5) was placed manually into the

3D volume. The handedness of the final 3D reconstruction was determined

unambiguously by the calibrated RCT procedure. The handedness obtained by this

procedure has been validated by all subsequent 3D reconstructions that have been

generated using the same procedure.   Once the handedness was determined, the

nucleosomal “disc” could only be placed in one way into the 3D volume.  In this

placement we inferred the location of the nucleosome dyad from the “V” shaped protein

density observed in the top view (see top panel in Fig. 3a) as this shape correlates with

the protein density in the crystal structure. We hypothesize that due to selective positive

staining of the DNA, the density corresponding to DNA is weaker than that

corresponding to protein.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. Nucleosome constructs used in this work. a,  Schematic

of nucleosomal constructs.  The locations of SHL(-2) and (+2) with reference to the linker

DNA are shown.  b, Maleimide spin labelling of histone H4 tail of the nucleosome.  Left

panel: nucleosome structure with histone H4 in blue and the site of attachment of the

spin label (MSL) in red (residue A15 of H4 is mutated to cysteine). Superhelical locations

(SHL) –2, 0, and +2 (black arrows) are defined relative to the flanking DNA on one side.

Right panel: structure of MSL.

Supplementary Figure 2.  Deconvolution of spectra to determine the fraction of

bound spin probes.  The fraction of immobilized probe was calculated by deconvolution

of spectra into a mobile and immobilized component.  a, Representative mobile (blue)

and immobilized (green) spectra were added so that the sum (red) best matched the

sample spectrum (black in part b.) by least squares minimization. The spectra of spin

labeled nucleosomes alone contained no evidence of the immobilized component and

the average of three such spectra was taken as 100% mobile compound.  The spectra

from spin-labeled nucleosomes with SNF2h and ADP•BeFx are primarily immobilized

with a small mobile component, approximately 90% and 10% respectively.  The

representative immobilized spectrum was derived by averaging 3 samples, followed by

subtraction of 9.4% representative mobile spectrum to yield a pure immobilized

spectrum. c, Residuals (grey) from fitting in b.
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Supplementary Figure 3.  A van’t Hoff plot for A15C-MSL nucleosomes with 60 bp

of flanking DNA on one side (0-601-60) bound by SNF2h in the apo state.

Deconvolution of spectra into mobile and immobile components as described in

supplementary methods was used to obtain values for the equilibrium constant for H4

tail mobility as a function of temperature (4°C to 23°C):  K = [(immobile fraction)/(mobile

fraction)]. These data are displayed as a plot of -Rln(K) in kJ/(Kelvin-mol) vs. 1/T in

Kelvin-1.  A fit to the van’t Hoff equation gives a ΔH of    0.76 + 2.3 kJ/mol, and ΔS of

4.4x10-3 + 8.1x10-3 kJ/mol K. For comparison, the ΔH and ΔS values associated with the

classic example of the unstructured to structured transition of the kinesin neck-linker are

respectively -50 kJ/mol and      -0.17 kJ/mol K, which are two orders of magnitude

greater in absolute value81.

Supplementary Figure 4. SNF2h-nucleosome complex. a, An image of negatively

stained SNF2h-nucleosome complex. Indicated by arrowhead in the raw image are three

types of particles: nucleosomes alone (1), nucleosomes with one SNF2h bound (2), and

two SNF2h bound (3).  Class averages calculated from images of untilted specimen. b,

Nucleosome with monomeric SNF2h bound and c, Nucleosome with dimeric SNF2h

bound. Only particles with SNF2h bound were selected for multiple rounds of multi-

reference alignment and classification.  Numbers in b and c indicate the total number of

particles in each class.

Supplementary Figure 5. Random conical tilt 3D reconstruction of SNF2h-

nucleosome complex. a, b, raw images of a typical tilt pair images. c, Fourier Shell

Correlation (FSC) curve of 3D reconstructions calculated by standard random conical tilt
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approach. FSC=0.5 criteria is used to estimate the resolution of the 3D reconstruction as

~27Å.

Supplementary Figure 6. Images of negatively stained nucleosomes and SNF2h

alone.  a, Negative stain electron microscopy images of nucleosomes with 60bp of

flanking DNA on one side alone.  2-D Class average shows two top views (insert).  b,

images of SNF2h monomers alone; c, 2-D Class averages show multiple views of

SNF2h monomers.  d, 2-D Class average of SNF2h dimer bound to the nucleosome as

a reference for size.

Supplementary Figure 7.  Monomeric SNF2h bound to the nucleosome in the

presence of ADP•BeFx.  a, Top view of 3-D reconstruction by random conical tilt of

1454 particle pair images of monomeric SNF2h bound to the nucleosome with 60bp of

flanking DNA on one side, docked manually onto the core mononucleosome crystal

structure.  Histone H4 is highlighted in red.  Isosurface with higher threshold is in blue,

and lower threshold is in grey. b and c alternate views.  d, 2-D class average of singly

bound nucleosome.  e, resolution of the 3-D reconstruction is estimated from FCS=0.5

as ~30 angstroms.

Supplementary Figure 8. An alternative model for how the two ATPase molecules

cooperate to achieve nucleosome movement. In this model, different ATP hydrolysis

events occur in the two ATPase sites. The dimeric ATPase samples both sides of the

nucleosome such that at any point only one ATPase subunit engages one of the two
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flanking DNAs. The ATPase that engages the longer flanking DNA (purple) more often

hydrolyzes ATP first and thereby determines the directionality of subsequent

nucleosome movement. This hydrolysis event loosens a small stretch of DNA from the

histone octamer making it available for translocation. The second ATPase (blue) then

hydrolyses ATP and translocates the DNA to generate a DNA loop. At this stage both

the ATPase subunits closely engage the nucleosome to prevent loss of the loop

containing intermediate. In this model, the two ATPase subunits cooperate through a

division of labor. One subunit hydrolyzes ATP to loosen DNA and the other hydrolyzes

ATP during translocation. The direction of nucleosome movement is switched when the

division of labor is switched based on which subunit engages the longer flanking DNA.

Such coordination is achieved by ATPase cycles that are offset. One way in which these

cycles can be offset is shown in the Figure. As shown, ADP•BeFx may mimic a state in

which one ATPase has ADP•Pi (blue) and the other (purple) has ADP.  Because

ADP•BeFx is formed by mixing ADP and BeFx, it is possible that one subunit is occupied

by ADP and the other is occupied by ADP•BeFx.
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CHAPTER 4

Dynamics of nucleosome remodelling by individual ACF complexes
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The ATP-utilizing chromatin assembly and remodelling factor (ACF) functions to

generate regularly spaced nucleosomes, which are required for heritable gene

silencing. The mechanism by which ACF mobilizes nucleosomes remains poorly

understood. Here we report a single-molecule FRET study that monitors the

remodelling of individual nucleosomes by ACF in real time, revealing previous

unknown remodelling intermediates and dynamics. In the presence of ACF and

ATP, the nucleosomes exhibit gradual translocation along DNA interrupted by

well-defined kinetic pauses that occurred after approximately 7 or 3 – 4 base pairs

of translocation.  The binding of ACF, translocation of DNA, and exiting of

translocation pauses are all ATP-dependent, revealing three distinct functional

roles of ATP during remodelling. At equilibrium, a continuously bound ACF

complex can move the nucleosome back-and-forth many times before

dissociation, indicating that ACF is a highly processive and bidirectional

nucleosome translocase.
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The packaging of DNA into chromatin represses essential nucleic acid transactions,

such as transcription, replication, repair and recombination. This repression is in part

regulated by chromatin remodelling enzymes, which couple the energy of ATP

hydrolysis to the assembly and mobilization of nucleosomes. ATP-dependent chromatin

remodelling enzymes can be classified into several subfamilies, SWI/SNF, ISWI,

CHD/Mi2 and INO80, depending on their composition and function98-102. Despite

possessing a conserved superfamily 2 ATPase subunit that facilitates DNA

translocation27,66, different subfamilies exhibit highly divergent remodelling activities.  For

example, the ISWI enzymes have been shown to translocate the histone octamer along

DNA and generate a repositioned nucleosome with a canonical structure15,17,56,103,

whereas the SWI/SNF enzymes generate a variety of products including repositioned

nucleosomes, alternative nucleosome structures containing DNA loops, and

nucleosomes with altered histone composition98-102. The kinetic intermediates and

pathways through which the nucleosome structure evolves during remodeling, however,

remain largely elusive. Single molecule experiments are ideally suited to probe these

dynamics. Recently, optical and magnetic tweezers have been used to study individual

SWI/SNF remodelers, providing direct measurements of DNA translocation and loop

formation by these enzymes39,40,104. In this work, we established a single-molecule

Förster resonance energy transfer (FRET)105-107 assay to characterize the structural

dynamics and kinetic intermediates of nucleosomes during remodelling. Human

ACF40,46,47,51,63,104,108, a representative member of the ISWI family remodelers, was

investigated using this approach.
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Probing nucleosome translocation by FRET

For FRET characterizations, we labelled histone octamers with a donor dye (Cy3) on

histone H2A76 and reconstituted mononucleosomes with the Cy3-labeled octamer and a

double-stranded DNA that contained an acceptor dye (Cy5) and a biotin at opposite

ends. Unless otherwise indicated, we used the 601 nucleosome positioning sequence3

to place the octamer 3 base pairs (bp) away from the Cy5-labelled exit end of the DNA,

leaving 78 bp of linker DNA on the entry side (Fig. 1a, Supplementary Fig. 1a, n = 3 bp).

The nucleosomes were then anchored to a microscope slide via a biotin-streptavidin

linkage and imaged by a total-internal-reflection-fluorescence (TIRF) microscope109. The

presence of two H2A subunits in each octamer led to a heterogeneous population of

nucleosomes with three different labelling configurations: 1) donor on the H2A subunit

proximal to the acceptor, 2) donor on the H2A subunit distal to the acceptor, 3) donor on

both H2A subunits. Single-molecule detection allowed these configurations to be

discriminated. Three distinct peaks centred at FRET = 0.88, 0.75 and 0.58 were

observed in the FRET distribution (Fig. 1b). The assignment of these peaks to the three

labelling configurations was further confirmed by individual FRET time traces, which

showed one- or two-step photobleaching for nucleosomes bearing one or two donor

dyes, respectively (Supplementary Fig. 2). In the following, we focus our analyses on

nucleosomes containing a single donor on the proximal H2A (FRET = 0.88) to maximize

the dynamic range in our experiments.

Recombinant ACF, comprised of a catalytic ATPase subunit, SNF2h, and an

accessory subunit, Acf146,47,63,108, was added to the surface-anchored nucleosomes to

induce remodelling. FRET decreased substantially upon addition of ACF and ATP (Fig.

1b), whereas incubation with ACF alone resulted in no significant change in FRET (data

91



not shown). The observed decrease in FRET is consistent with the ability of ACF to

centre mononucleosomes on DNA17-19,76,103 (Fig. 1a). The average remodelling rate

measured from nucleosomes anchored to the surface was quantitatively similar to that

determined from measurements of nucleosomes in solution, indicating that surface-

anchoring of nucleosomes did not inhibit the activity of ACF (Supplementary Fig. 3).

In order to correlate the observed FRET value to the octamer position quantitatively,

we measured FRET for a series of nucleosome constructs with different linker DNA

lengths (n) on the exit side (Fig. 1c). The FRET value decreased monotonically with

increasing exit linker length, in a way similar to the distance-dependence of FRET

observed between donor and acceptor dyes attached to a DNA duplex (Supplementary

Fig. 4). To further test whether the ACF-induced FRET change was indeed due to

translocation of the histone octamer on DNA, we designed nucleosomes with stall sites

defined by single-stranded (ss) DNA gaps. It has been shown that the ATPase domain

of ISWI remodellers contacts a DNA region two helical turns (~20 bp) from the dyad axis

of the nucleosome, and that ssDNA gaps located in this region inhibit nucleosome

translocation29,36,37. We thus prepared a series of nucleosomes with the same linker DNA

lengths (78 bp on the entry side and 3 bp on the exit side), each possessing a two-

nucleotide ssDNA gap at a specified distance (m bp) away from the dyad axis (Fig. 1d).

While the initial FRET values of these constructs were similar to that observed for the

construct without the ssDNA gap, the final FRET value after remodelling showed a

strong dependence on the position of the ssDNA gap (Fig. 1d), with little FRET change

for the construct with m = 20 bp and a FRET versus m slope identical to that observed

for the exit linker length dependence shown in Fig 1c. These results demonstrate that

the observed ACF-induced FRET changes can be quantitatively interpreted in terms of

nucleosome translocation along DNA, though we cannot formally exclude the possibility
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that other alterations in nucleosome structure could also make a minor contribution. An

interesting consideration is the spontaneous site exposure due to fraying DNA ends,

previously reported to occur in the 0.01 – 0.05 s time scale110, which should not cause

significant fluctuations in FRET observed here with 0.1 – 2 s time resolution.

Multiple ATP-dependent remodelling steps

Next we characterized the remodelling kinetics by adding ACF and ATP to the

nucleosomes in situ during data acquisition. After the addition of ACF and ATP,

individual nucleosomes exhibited a “waiting” period prior to any detectable change in

FRET, followed by a “translocation” period, during which FRET decreased to the

background level (Fig. 2a). The duration of the waiting period (twait) depended on both

ACF and ATP concentrations (Fig. 2b). The distributions of twait obtained at various ACF

and ATP conditions suggest that the waiting phase included at least two steps, one

depending on the ACF concentration and the other on ATP (Supplementary Fig. 5). To

determine the order of these two steps, we performed a three-colour experiment with

dye-labelled ACF, in which signal from the Alexa 488 dye on ACF directly reports the

binding of the enzyme, while the FRET pair on the nucleosome reported the nucleosome

position on the DNA. Notably, the binding of ACF preceded the onset of FRET decrease

(Fig. 2c). Both the time before ACF binding (tbind) and the time lag (tlag)  from ACF binding

to the onset of FRET decrease depended on the ATP concentration (Fig. 2c), indicating

that the waiting phase consisted of an ATP-dependent ACF binding step followed by an

additional ATP-dependent step after the enzyme bound.

In contrast to the waiting phase, the duration of the translocation phase (ttranslocate)

was only dependent on the ATP, but not ACF, concentration (Fig. 2d and Supplementary
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Fig. 6), suggesting that binding of additional ACF molecules was not required during this

phase. Consistent with this notion, when we prebound nucleosomes with ACF and then

removed unbound ACF with a buffer containing to initiate remodeling, the majority (86%)

of the remodelled nucleosomes showed a complete decrease in FRET to below 0.1,

indicating that the translocation phase did not require binding of additional ACF from the

solution.

Translocation pauses during remodelling

Notably, translocation of the nucleosome did not proceed at a constant rate. Instead,

the translocation phase exhibited periods of gradual decrease in FRET interrupted by

translocation pauses (Fig. 3a). For nucleosomes with the initial exit linker length n = 3

bp, the first pause occurred at a FRET value of 0.53 ± 0.03 (Fig. 3b), corresponding to

an increase of linker length to 9.9 ± 0.6 bp and thus nucleosome translocation by 6.9 ±

0.6 bp. The pause position appeared to be independent of the initial linker length: for

nucleosome constructs with four different linker DNA lengths (n  = -3, 0, 3 and 6 bp), the

first pause all occurred after approximately 7 bp of DNA translocation (Supplementary

Fig. 7a).

In addition, we tested the dependence of the pause position on DNA sequence using

a weaker positioning sequence “A-100” (Supplementary Fig. 1b), which has ~100 fold

lower affinity than the 601 sequence111. The first pause of these nucleosomes again

occurred after approximately 7 bp of translocation (Supplementary Fig. 7b). While we

cannot formally rule out the possibility that the positioning sequences contributed to the

position of this initial pause, the observation that nucleosomes with two substantially
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different DNA sequences exhibit the same initial pause position suggest a potentially

general feature of remodelling by ACF.

In addition to the first pause, subsequent translocation pauses were observed at

lower FRET values (Fig. 3a, c). For nucleosomes with initial exit linker length n = 3 bp, a

second and third pause preferentially occurred at FRET = 0.34 ± 0.03 and 0.17 ± 0.03,

corresponding to 3.8 ± 0.6 bp and 3.3 ± 0.6 bp of translocation prior to pausing,

respectively (Fig. 3a, b). Similar pauses were also observed for the n = -3 bp

nucleosomes, except that the shorter exit linker length after the third pause allowed

detection of a fourth pause, which occurred after 3.6 ± 0.8 bp of translocation from the

third pause (Fig. 3c, d). Taken together, these results indicate that the nucleosomes

were translocated by a shorter distance (3 – 4 bp) between the subsequent pauses.

Both the dwell time of the pauses and the duration of the translocation phases in

between pauses depended on the concentration of ATP, indicating that ATP binding was

required in both phases (Fig. 3e and Supplementary Fig. 8). The dwell times of the

subsequent pauses were similar to each other but substantially shorter than that of the

first pause.

We note that the sum of 7 bp and a 3 – 4 bp step and the sum of three 3 – 4 bp

steps are both  close to the 10 bp periodicity of DNA-histone contacts within the

nucleosome112. Interestingly, the remodelling intermediates at a fraction of the periodicity

(7 bp and 3 – 4 bp) were not stable in the absence of the remodelling enzyme: upon

removal of ACF, these intermediates collapsed to nucleosomal states in which the

histone octamer is repositioned by a multiple of ~10 bp from the pre-remodelling position

(Supplementary Fig. 9). These collapsed states, consistent with the previously observed

accumulation of remodelling products at ~10 bp intervals of nucleosome

translocation29,36, are likely imposed by the structural constraints of the nucleosome.
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Processive and birdirectional translocation

The above experiments with end-positioned nucleosomes provide quantitative

analyses of remodelling kinetics and intermediates. The limited dynamic range of FRET,

however, made it difficult to characterize the equilibrium state(s) after remodelling using

these substrates. Considering that ACF tends to centre the nucleosome on the DNA, we

reasoned that a centre-positioned nucleosome with an initial FRET value within the

dynamic range of FRET would facilitate the analysis of equilibrium remodelling

dynamics. To this end we constructed a centre-positioned mononucleosome with the

601 sequence flanked by 78 bp of DNA on each side and an internal acceptor label (Fig.

4a, Supplementary Fig. 1a).  The initial FRET distribution showed a narrow peak at

FRET = 0.3 (Supplementary Fig. 10). After equilibration with ACF and ATP, the FRET

distribution broadened substantially (Supplementary Fig. 10) and the time traces of

individual nucleosomes exhibited large-amplitude oscillations in FRET (Fig. 4b),

indicating that the histone octamer was translocated back-and-forth along the DNA by

the remodelling enzyme. Bidirectional remodelling was observed to be the predominant

behaviour, (>70% of remodelled nucleosomes), even sub-saturating conditions in which

a low concentration (1 nM) of ACF was added to induce remodelling of only a small

fraction (<10%) of the nucleosomes. Autocorrelation analysis of these FRET time traces

revealed a characteristic oscillation time that was dependent on the ATP concentration

but independent of the ACF concentration (Fig. 4b), suggesting that the observed

bidirectional translocation was accomplished by continuously bound ACF without

requiring dissociation and rebinding of ACF from the solution. To further test this notion,

we performed three-colour experiments with Alexa 488-labelled ACF and FRET-labelled

nucleosomes, in which signal from the Alexa 488 dye directly reported the binding of

ACF. Repeated back-and-forth movement of the nucleosomes was observed within
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individual ACF binding events (Supplementary Fig. 11), further confirming that the

bidirectional nucleosome translocation was accomplished by a continuously bound ACF

complex.

To further quantify the processivity of ACF, we performed buffer exchange

experiments in which ACF and ATP were added and unbound ACF (but not ATP) was

subsequently removed in situ as the position of individual nucleosomes was monitored.

Remarkably, the ACF-induced bidirectional movement persisted for a long period of time

after unbound ACF was removed from the solution (Fig. 4c).  The nucleosomes were

translocated with an average speed of approximately 2 bp/s. The lower-bound estimate

of the cumulative distance travelled by the nucleosome after removal of unbound ACF

exhibits a broad distribution with a mean of 200 bp (Fig. 4c). Taken together, these

results indicate that ACF is a highly processive and bidirectional nucleosome

translocase. The observed processivity is consistent with  the strong commitment of

ISWI enzymes to nucleosomal templates once chromatin assembly and remodelling are

initiated85,90.

It is striking that an ACF complex remaining bound to the nucleosome could cause such

a highly processive, back-and-forth nucleosome movement. Such a demanding task

could be accomplished if ACF preferentially binds the nucleosome as a dimer, in which

the two ACF monomers, in particular their corresponding ATPase domains, are bound

on opposite sides of the nucleosome and oriented for translocation in opposing

directions. Coordinated action of the two monomers would then allow processive back-

and-forth translocation of the nucleosome. This hypothesis is supported by our three-

colour experiments with Alexa 488-labelled ACF and FRET-labelled nucleosomes. To

determine the number of ACF bound to the nucleosome, we performed statistical

analyses of the Alexa 488 intensity and the number of Alexa 488 photobleaching steps
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associated with each ACF binding event. These analyses suggested that the binding

events leading to bidirectional nucleosomal remodelling preferentially contained two ACF

monomers, whereas the binding events leading to unidirectional remodelling

preferentially contained a single ACF monomer (Supplementary Fig. 12). Further

supporting this model, electron microscopy and biochemical data showed cooperative

binding of two SNF2h proteins to a single nucleosome with each SNF2h occupying one

side of the nucleosome in an activated ATP state113. The diffusion coefficient of ACF

bound to DNA is also consistent with a complex of two Acf1 and two SNF2h subunits62.

Interestingly, the SWI/SNF subfamily enzymes can also reversibly create and retract

DNA loops39,40, but it is unclear whether the bidirectional nucleosome translocation by

ACF and the reversible DNA loop formation by SWI/SNF share a common mechanism.

Discussion

We have developed a single-molecule assay to monitor the remodelling of individual

nucleosomes by chromatin remodelling enzymes in real time. This assay allowed

quantitative characterization of the structural dynamics and kinetic intermediates of

nucleosomes during remodelling. Using this approach, we showed that the human ACF

enzyme induced gradual translocation of nucleosomes along DNA interrupted by well-

defined kinetic pauses. ATP plays multiple functional roles in the remodelling process.

The three distinct steps during remodelling, namely binding of ACF, translocation of the

nucleosome, and translocation pauses, were all ATP dependent, revealing a versatile

usage of ATP by an enzyme with only one type of ATP binding site.

Quantification of the FRET traces of end-positioned nucleosomes showed that the

first kinetic pause occured after approximately 7 bp of nucleosome translocation
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whereas subsequent pauses were separated by only 3 – 4 bp. Although it is currently

unclear whether these remodelling intermediates occur only at the beginning or continue

into the processive remodelling phase, similar translocation pauses were also observed

during the continuous remodelling process of centre-positioned nucleosomes (Fig. 4b)

and thus may represent a fundamental property of ACF-induced remodelling. One

possible origin of these intermediates is an ATP-dependent conformational change of

the remodelling enzyme that prepares the nucleosome for the next round of DNA

translocation (for example, by forming a DNA loop for subsequent propagation around

the nucleosome)37,84,114. The unique properties of the first pause, as compared to the

subsequent pauses, may imply a complex initiation phase of remodelling.

On centre-position nucleosomes, ACF was observed to exhibit remarkable

processivity and bidirectionality: an ACF complex continuously bound to a nucleosome

could translocate the histone octamer back-and-forth by a total distance of more than

200 bp and switch directions more than 20 times on average before dissociation.

Statistical analyses suggest that the bidirectional remodelling is most probably caused

by ACF dimers. The processive and bidirectional translocation of nucleosomes

potentially allows ACF to rapidly sample the DNA on both sides of the nucleosome to

generate regular inter-nucleosomal spacing.

METHODS SUMMARY

Detailed description of sample preparation and single-molecule FRET

measurements are given in Online Methods. Briefly, various mononucleosome

constructs, with different DNA sequences, DNA linker lengths, and ssDNA gap locations,
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were reconstituted using histone octamers that were labelled with a green FRET donor

dye (Cy3) and double stranded DNA that was labeled with a red FRET acceptor dye

(Cy5) and a biotin. The nucleosomes were then anchored to a microscope slide via a

biotin-streptavidin linkage. Unlabelled ACF or ACF labelled with a blue dye (Alexa 488)

were added to the surface-anchored nucleosomes together with ATP to induce

remodelling. The fluorescence signals from Alexa 488, Cy3, and Cy5 were detected by a

TIRF microscope, separated by dichroic mirrors, and imaged on to separate areas of an

amplified-CCD camera after passing through various fluorescence emission filters.

Custom-written software was used to identify single nucleosomes on the slide and to

monitor the Alexa 488, Cy3 and Cy5 fluorescence at these positions for extended

periods of time. The FRET value was defined as IA / (ID + IA), where ID and IA represent

the fluorescence signals detected in the Cy3 and Cy5 channels, respectively.

Supplementary Information is linked to the online version of the paper at

www.nature.com/nature.
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FIGURE LEGENDS

Figure 1. Monitoring ACF-catalyzed nucleosome remodelling by single-molecule

FRET. a, (upper panel) The nucleosome structure112 with labelling sites for Cy3 and Cy5

indicated by green and red stars, respectively. Additional B-form DNA is modelled onto

the entry and exit sides of the nucleosome to show the flanking DNA linkers. (lower

panel) A linear nucleosome scheme showing the footprint of the histone octamer (yellow

oval) on the DNA (black line) before and after ACF-catalyzed remodelling. b, The FRET

distribution of the n = 3 bp nucleosomes before (blue bars) and after (red bars)

remodelling. The three initial peaks centred at FRET = 0.88, 0.75 and 0.58 (derived from

Gaussian fit, black line) result from the three distinct Cy3-labeling configurations. After

equilibration with ACF and ATP, the FRET values reduce to below 0.1. c, The initial

FRET values of nucleosomes as a function of the exit linker DNA length (n). The data

were fit to a line with a slope of -0.051 ± 0.002 (black line). The last point near zero

FRET is excluded from the linear fit. In this and subsequent figures, data from

nucleosomes with a single Cy3 dye on the proximal H2A subunit are presented. The

selection criteria for these nucleosomes are described in Online Methods. d, The final

FRET values after remodelling by ACF as a function of m, the number of base pairs

between the ssDNA gap and the nucleosome dyad (denoted as 0). The linear fit (black

line) gives a slope of -0.050 ± 0.002. Error bars are ± s.e.m.

Figure 2. Real-time dynamics of ACF-catalyzed nucleosome translocation. a,

Donor fluorescence (green), acceptor fluorescence (red), and FRET (blue) traces

showing the ACF-induced remodelling of a single nucleosome (n = 3 bp).  ACF (6 nM)

and ATP (2 µM) were added at time zero. The durations of the waiting phase and the
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translocation phase are denoted as twait and ttranslocate, respectively b, Dependence of the

mean twait value on the concentrations of ACF and ATP.  c, Simultaneous monitoring of

the binding of ACF and the remodelling of nucleosomes. (left panels) The upper trace

shows the fluorescence signal from the Alexa 488-labelled ACF. The lower trace shows

FRET between Cy3 and Cy5 on the nucleosome. ACF (4 nM) and ATP (20 µM) were

added at the time indicated by the solid black line. The binding event of ACF (indicated

by the first dashed line) further divides twait into two phases, tbind and tlag. (right panels)

The distributions of tbind and tlag at two different ATP concentrations and 4 nM ACF. The

distributions at different ATP concentrations are statistically distinct with 95% confidence

for tbind and more than 99% confidence for tlag according to the Kolmogorov-Smirnov test.

d, Dependence of the mean ttranslocate value on the concentrations of ACF and ATP.  Error

bars are ± s.e.m.

Figure 3. ACF-catalyzed nucleosome translocation is interrupted by well defined

kinetic pauses. a, FRET time trace of a nucleosome (exit linker length n = 3 bp)

showing kinetic pauses that divide the entire translocation phase into several

translocation and pause sub-phases: t1, tp1, t2, tp2…. ACF (6 nM) and ATP (2 µM) were

added at time zero. b, FRET distribution of the pauses observed for the n = 3 bp

nucleosomes. The peak FRET values, 0.53, 0.34, and 0.17 (obtained from Gaussian fit,

black line), corresponds to 6.9 bp of translocation between the initial position and the

first pause, 3.8 bp between the first and the second pauses, and 3.3 bp between the

second and the third pauses. c, FRET time trace of a n = -3 bp nucleosome after

addition of ACF (6 nM) and ATP (2 µM) at time zero. The proximity of the initial donor

and acceptor positions causes partial quenching of their fluorescence and thus relatively

large fluctuations in FRET at the beginning. d, FRET distribution of the pauses observed

for the n = -3 bp nucleosomes. The peaks correspond to 7.3 bp of translocation between
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the initial position and the first pause, 3.4 bp between the first and the second pauses,

4.0 bp between the second and the third pauses, and 3.6 bp between the third and the

fourth pauses. e, ATP-dependence of the mean  t1, tp1, t2, and tp2 values. Error bars are ±

s.e.m.

Figure 4. ACF catalyzes processive and bidirectional translocation of the

nucleosome. a, A centre-positioned nucleosome flanked by 78 bp of linker DNA on both

sides is subject to remodelling. b, (left panel) FRET trace of a nucleosome in equilibrium

with 7.5 nM ACF and 3 µM ATP showing back-and-forth translocation on DNA. (right

panel) The characteristic time of the FRET fluctuations (τ) depends on the ATP, but not

on ACF, concentration. The τ values were derived from autocorrelation analysis as

described in Online Methods. c, (upper panel) A FRET trace showing processive and

bidirectional nucleosome translocation by a continuously bound ACF complex.  ACF (3

nM) and ATP (2 mM) were added at the time indicated by the solid black line. Unbound

ACF (but not ATP) was then removed from the solution at the time indicated by the

dashed black line. (lower left panel) Distribution of the translocation speed within each

unidirectional segment. (lower right panel) Distribution of the cumulative distance

travelled by individual nucleosomes after removal of unbound ACF. The estimate of the

travelling speed and distance is described in Online Methods. Error bars are ± s.e.m.
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Figure 3
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Figure 4
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SUPPLEMENTARY METHODS

Preparation of mononucleosomes.   Various double-stranded (ds) DNA constructs

with different sequences and flanking linker lengths, as shown in Supplementary Fig. 1,

were made by PCR and purified by PAGE. When needed, two-nucleotide (nt) single-

stranded DNA (ssDNA) gaps were generated in the dsDNA by excision of two adjacent

deoxyuridine residues by the Uracil-Specific Excision Reagent (USER, New England

Biolabs), which contains a mixture of uracil DNA glycosylase and endonuclease VIII36.

Prior to USER digestion, the full length dsDNA was constructed by ligation of two

separate, PAGE-purified, PCR products with complementary sticky ends made by

restriction digestion. Deoxyuridine, 5’-Cy5 and 5’-biotin modifications were incorporated

synthetically into PCR primers (Integrated DNA Technologies).  For internal Cy5

labelling, PCR primers containing an internal amino modifier (dT C6) (Integrated DNA

Technologies) were labeled with a monoreactive Cy5 (GE Healthcare) and purified by

reverse-phase HPLC over a C8 column (GE Healthcare) before use in PCR.

To label the histone H2A protein with the FRET donor, a unique cysteine substitution

was introduced to residue 120 of H2A. A Cy3 dye (GE Healthcare) was attached to the

cysteine as described previously76.  The Cy3-labelled and unlabelled H2A were mixed at

a ratio of 1:1 together with other histone proteins (H2B, H3 and H4) to form histone

octamers. Mononucleosomes were reconstituted from DNA and octamers by salt

gradient dialysis and purified by ultracentrifugation over a 10-30% (v/v) glycerol

gradient115. Without addition of the remodelling enzyme, the FRET values from the

nucleosomes remained unchanged for at least one hour after the nucleosomes were

anchored to the surface, indicating that the nucleosomes were stable during this time

scale.

109



Preparation of ACF.  The procedure to prepare ACF was previously described71,76.

Briefly, HA-Acf1 and flag-SNF2h were individually over-expressed in Sf9 cells using a

baculovirus expression system.  Excess HA-tagged Acf1 extract was mixed with flag-

tagged SNF2h extract, and the ACF complex was purified using M2-affinity

chromatography71. For experiments that directly monitor the binding of ACF to

nucleosomes, we labelled the ACF complex with the Alexa 488 dye.  Prior to M2 elution,

the resin was washed with labelling buffer (20% glycerol, 20 mM HEPES pH 7.0, 0.2 mM

EDTA, 100 mM KCl, 1 mM Benz HCl, 1 mM TCEP) followed by addition of Alexa 488

maleimide (Molecular Probes) to 100 µM final concentration. After 30 min at 4oC, the

labelling reaction was quenched with 80 mM BME for 15 min.  The resin was washed

extensively with wash buffer (20% glycerol, 20 mM HEPES pH 7.9, 0.2 mM EDTA, 100

mM KCl, 1 mM Benz HCl, 1 mM DTT) and the protein was then eluted. Stoichiometry of

Acf1 to SNF2h was confirmed by SYPRO staining.

Single-nucleosome FRET measurements.  Quartz microscope slides were coated with

methoxy poly(ethylene glycol) (PEG, Nektar Therapeutics or Laysan Bio Inc), biotin-PEG

(Nektar Therapeutics or Laysan Bio Inc) and streptavidin as described previously109. The

biotinylated nucleosomes were then linked to the streptavidin-coated slide surface via a

biotin-streptavidin linkage. The donor and acceptor fluorescence signals from the

surface-anchored nucleosomes were excited with a 532 nm Nd:YAG laser (Cyrstal

Laser) in the total internal refection geometry and fluorescence emission from Cy3 and

Cy5 was detected with a 60x water immersion objective (Olympus), filtered with a 550

nm long-pass filter (Chroma Technology), spectrally spilt by a 630 nm dichroic mirror

(Chroma Technology), and imaged onto two halves of a CCD camera (Andor iXon 897

or iXonEM+ 888)109. Unlabelled ACF was added to the surface-anchored nucleosomes

together with ATP to induce remodeling. In experiments that monitored both the binding
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of ACF and the remodeling of nucleosomes, ACF labelled with Alexa 488 was added to

the nucleosomes. Alexa 488 and Cy3 were excited by alternating 488 nm argon ion and

532 nm Nd:YAG laser lines, respectively.

Since the FRET donor Cy3 is attached to the H2A subunit of the histone octamer,

the presence of two H2A subunits in each octamer led to a heterogeneous population of

nucleosomes with three different labelling configurations: 1) donor on the H2A subunit

proximal to the acceptor, yielding a high FRET level, 2) donor on the distal H2A, yielding

a lower FRET level, 3) donor on both H2A subunits, yielding an intermediate FRET

value. For example, three distinct peaks centred at FRET = 0. 88, 0.75 and 0.58 were

observed in the FRET distribution of the nucleosomes with exit linker length n = 3 bp

(Fig. 1b). In this work, we focus our analyses on nucleosomes containing a single donor

on the proximal H2A. In the FRET histogram analysis, the histograms were fit with three

Gaussian peaks and the peak with the highest FRET value was selected. In the FRET

trace analysis, traces starting with a mean FRET > 0.75 and exhibiting a single donor

bleaching step were selected. This selection process allowed us to include the entire

population of nucleosomes with a donor on the proximal H2A without contamination from

nucleosomes with donor on both H2A subunits, which exhibit two donor bleaching steps.

Such selection process indeed resulted in a single population of nucleosomes with

FRET centred at 0.88 (Supplementary Fig. 2e). Similar selection criteria were used for

nucleosomes with exit linker length n = 6 bp, 0 bp and -3bp: Traces starting with a mean

FRET larger than a threshold value (0.6 for n = 6 bp, 0.75 for n = 0 bp and n = -3 bp)

and exhibiting a single donor bleaching step were selected for further analysis. To

generate the calibration curve in Fig. 1c, nucleosomes with n = 3, 6, 8, 10, 11, 13, 18

and 23 bp were used. The FRET distributions in each case were fit to three Gausians

and the peak with the highest FRET value were selected, except for the n = 18 or 23 bp

nucleosomes exhibited only very low FRET values that appeared as one peak.  In these
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two latter cases, the FRET distribution was fit to a single Gaussian function to extract the

peak position.

In experiments where buffer exchange was used to add or remove ACF and ATP,

the sample chamber was infused with new buffer using a syringe pump (KD Scientific).

To ensure complete buffer exchange within the sample chamber (~20 µL), a large

excess of the new buffer was flown through the chamber upon infusion. In the case of

ACF and ATP addition, 300 µL or ~15 chamber volumes of new buffer was infused. In

the case of ACF removal, 600 µL of new buffer was infused. The dead time for buffer

exchange was measured to be 1.3 s.

Nucleosomes were imaged at 30°C in a buffer consisting of 12 mM Hepes, 40 mM

Tris pH 7.5, 60 mM KCl, 0.32 mM EDTA, 3 mM MgCl2, 10% glycerol, 0.02% Igepal

(Sigma Aldrich), an oxygen scavenging system (10% glucose, 800µg/mL glucose

oxidase, 40µg/mL catalase) to reduce photobleaching of the dyes116, 2mM Trolox

(Sigma) to reduce photoblinking of the dyes, and 0.1 mg/mL BSA (Promega) to prevent

non-specific sticking of nucleosomes and ACF to the surface.

Estimate of the characteristic oscillation time, the translocation speed and the

total travelling distance of centre-positioned nucleosomes.   The characteristic

FRET fluctuation time (τ) of the originally centre-positioned nucleosomes in the presence

of ACF and ATP was derived using autocorrelation analysis. Briefly, the autocorrelation

function at each condition was constructed from ~100 FRET time traces. The

characteristic time τ was derived as the decay constant from single exponential fitting of

the autocorrelation function.

To estimate the cumulative distance (not net distance) of octamer translocation on DNA

induced by a bound ACF complex as shown in Fig. 4c, FRET traces during the period
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nucleosome were divided into unidirectional segments of monotonically changing FRET.

The FRET change in each segment was converted into the number of base pairs

translocated by comparison with the calibration curve shown in Fig. 1c. The results from

all segments of a trace were summed to give the total distance travelled by the octamer.

The following reasons make the estimated total distance an approximate, lower bound

estimate of the distance travelled by the histone octamer: (i) Only unidirectional

segments with a FRET change greater than 0.3 were selected for the sum to avoid

counting noise in the FRET signal. To characterize noise, FRET fluctuations from the

nucleosomes in the absence of ACF were analyzed and the probability of observing a

FRET change greater than 0.3 in the absence of ACF was found to be less than 0.002.

Therefore, 0.3 is a rather conservative threshold for nucleosome translocation, leading to

underestimate of travelling distance; (ii) The slope in the calibration curve Fig. 1c was

used to estimate distance from changes in FRET, but as the FRET value gets near 0 or

1, it saturates and becomes an insensitive measure of distance, also causing an

underestimate. The possibility that the DNA trajectories within the nucleosome or on the

entry side could differ from that of the exit linker DNA may give additional error in the

distance estimate.  To estimate the speed of octamer translocation, the distance change

within each unidirectional segment determined above was divided by the duration of the

segment. To determine the number of times a nucleosome switched its direction, only

events switching from a decreasing trend to an increasing trend in FRET were counted,

as the switching from an increasing trend to a decreasing trend could be due to the

FRET acceptor on the DNA passing by the FRET donor on the octamer without

switching direction. Therefore, this is also an underestimate, as some of the latter type of

switching events may also represent real directional switching of the nucleosome

translocation.
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Supplementary Figure 1. DNA sequences used to construct nucleosomes in this work. a, 

DNA sequences containing the 601 positioning sequence (blue)3  with a PstI restriction site 

modification (red)76, 78 bp of linker DNA on the entry side, and various lengths of linker DNA 

on the exit side (n = -3 bp, 0 bp, 3 bp, 6 bp and 78 bp). The n = -3 bp case corresponds to the first 

3 base pairs missing from the 601 sequence on the exit side.  b, A DNA sequence taken from a 

region of the pFastBac1 bacterial plasmid111. This DNA sequence, referred to as “ARB” 

previously111 and “A-100” in this work, has ~100-fold lower affinity for a histone octamer than 

the 601 sequence111.  
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Supplementary Figure 2. Assignment of the FRET = 0.88, 0.75 and 0.58 levels to the three 

donor labelling configurations for the n = 3 bp nucleosomes. The FRET donor Cy3 (green 

star) can be attached to two sites on the histone octamer, one of which is on the H2A subunit 

proximal to the FRET acceptor Cy5 (red star) on the DNA and the other is on the H2A subunit 

distal to Cy5. a, Histone octamers labelled with a single Cy3 on the proximal H2A exhibit a high 

FRET level at 0.88 and single-step photobleaching of Cy3. After donor bleaching, the FRET 

level is assigned to zero. b, Octamers labelled with a single Cy3 on the distal H2A exhibit a 

relatively low FRET level at 0.58 and single-step photobleaching of Cy3. c and d, Octamers 

labelled with two Cy3 dyes (on both the proximal and distal H2A) initially exhibit an 

intermediate FRET level at 0.75 and two-step photobleaching of the Cy3 signal. After the first 

bleaching step (dotted line), fluorescence from a single Cy3 dye remained from either the 

proximal H2A, exhibiting a FRET = 0.88 intermediate before the second bleaching step (c), or 

the distal H2A, exhibiting a FRET = 0.58 intermediate before the second bleaching step (d). e, 

FRET histogram (hollow bars) derived from the starting mean FRET value of many FRET traces 

as shown in (a)-(d). The histogram shows three main peaks at 0.88, 0.75 and 0.58. To establish 

criteria for selecting nucleosomes with a single FRET donor on the proximal H2A, traces starting 

with a mean FRET > 0.75 and exhibiting a single donor bleaching step were selected. The 

histogram of the starting FRET values of these traces is shown in solid bars. As expected, such a 

selection process resulted in a single population of nucleosomes centred at FRET = 0.88. 

 

115



 

 
Supplementary Figure 3. Comparison of nucleosome remodelling measured by the single-

molecule FRET assay and ensemble experiments. a, The overall remodelling kinetics 

measured by single-molecule FRET for surface-anchored nucleosomes are compared with results 

from an ensemble FRET measurement performed on freely diffusing nucleosomes in a solution. 

The single-molecule data (red) were obtained by taking the average Cy5 intensity of more than 

500 single-nucleosome time traces as shown in Fig. 2a. The ensemble data (black) represent the 

total acceptor signal from a solution of 2 nM nucleosomes measured by a fluorimeter. In both 

cases, 4 nM ACF and 20 μM ATP were added to the nucleosome samples to initiate the 

remodelling reaction. As the nucleosomes were translocated to the center of the DNA, the FRET 

value decreased, resulting in a decrease in the acceptor Cy5 signal. The quantitatively similar 

time courses of the Cy5 signal in both cases indicate that surface anchoring of the nucleosomes 

did not inhibit the remodelling activity of ACF.  b, Native gel electrophoresis shows that the 

FRET-labelled nucleosomes after remodelling remained intact, exhibiting an expected 

retardation in electrophoretic mobility as compare to the nucleosomes before remodelling, 

consistent with previous gel electrophoresis on unlabelled and similarly labelled 

mononucleosomes76. 
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Supplementary Figure 4: Distance dependence of FRET measured on double-stranded 

DNA. For this experiment, we constructed a series of duplex-DNA sample (alone without 

attached histone octamer) with different dye labeling sites. A FRET acceptor (Cy5) was attached 

to the end of one DNA strand, while the FRET donor (Cy3) was attached to an internal site on 

the opposite DNA strand. For different duplex DNA samples, the donor-acceptor separation R 

was varied and measured in base-pairs. The observed FRET value as a function of the donor-

acceptor separation shows a similar dependence to that observed for the nucleosome calibration 

samples (Fig. 1c): the FRET value shows a roughly linear dependence on the donor-acceptor 

separation over a large FRET range; both the linear range and its slope are similar to those of the 

nucleosome calibration samples. The deviation from the expected nonlinear dependence is likely 

due to the flexible linkers connecting the dyes to the DNA or nucleosome. Indeed, a simulation 

shows that the FRET efficiency exhibits a sharp nonlinear dependence on the dye separation 

when the FRET dyes are directly connected to the DNA, whereas in the case where the dyes are 

connected to the DNA via a flexible linker, the distance dependence becomes shallower and 

appears linear over a larger distance range (data not shown). In the simulation, the attachment 

sites of the dyes were determined from the crystals structure of double-stranded DNA and the 

positions of the dyes were simulated by a diffusive probability density with maximum distance 

from the attachment site defined by the linker length. Error bars are ± s.e.m. 
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Supplementary Figure 5. Distributions of twait at various ATP and ACF concentrations. a, 

16 nM ACF and 2 μM ATP. b, 4 nM ACF and 2 μM ATP. c, 4 nM ACF and 20 μM ATP. The 

mean values of twait at these and additional ACF and ATP concentrations are shown in Fig. 2b. 

The distribution of twait at the lowest ACF and ATP concentrations (b) exhibits a pronounced lag, 

indicating that the waiting phase consists of at least two steps. The lag decreased as either the 

ACF (a) or the ATP (c) concentration was increased, suggesting that one of the two steps is ACF 

dependent and the other is ATP dependent. These distributions were fit to a lagged exponential 

with two rate constants: # of molecules = A[exp(-k1t) - exp(-k2t)]. The two rate constants (k1, k2) 

are (0.018 s-1, 0.018 s-1) at 4 nM ACF and 2 μM ATP, and (0.06 s-1, 0.16 s-1) at 4 nM ACF and 

20 μM ATP. These results are comparable to the rate constants 1/tbind and 1/tlag derived at the 

same ACF and ATP concentrations from a more direct kinetic analysis by simultaneously 

monitoring the binding of ACF and the FRET from the nucleosome (Fig. 2c). From the 

distributions shown in Fig. 2c, we derived (1/<tbind>, 1/<tlag>) = (0.024 s-1, 0.023 s-1) at 4 nM 

ACF and 2 μM ATP, and (0.05 s-1, 0.1 s-1) at 4 nM ACF and 20 μM ATP. 
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Supplementary Figure 6. Distributions of ttranslocate at various ATP and ACF concentrations.  

a, 1 nM ACF and 2 mM ATP. b, 15 nM ACF and 2 mM ATP. c, 6 nM ACF and 2 μM ATP. d, 6 

nM ACF and 2 mM ATP. The distributions of ttranslocate appear similar at different ACF 

concentrations but distinct at different ATP concentrations (note the different time axes). The 

mean values of ttranslocate at these and additional ACF and ATP concentrations are shown in Fig. 

2d.  
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Supplementary Figure 7. The first translocation pause for nucleosomes with different exit 

linker DNA lengths and different DNA sequences. a, FRET histogram of the first 

translocation pause for nucleosomes with the 601 positioning sequence and different initial exit 

linker lengths (n = -3, 0, 3 and 6 bp, See supplementary Fig. 1a). The mean FRET value of the 

first translocation pause in each remodelling trace was used to construct the histograms. The 

pause FRET values for the n = -3, 0, 3 and 6 bp constructs correspond to an exit linker length of 

4.3, 6.9, 9.9 and 12.6 bp, respectively, and thus translocation of 7.3, 6.9, 6.9 and 6.6 bp prior to 

the pause, respectively. b, FRET histogram of the first translocation pause for nucleosomes with 

the “A-100” sequence (See supplementary Fig. 1b). The A-100 sequence largely positions the 

octamer near the end of the DNA, but with ~100 fold lower affinity than the 601 sequence. To 

allow for a direct comparison with the n = 3 bp nucleosome positioned by the 601 sequence 

(initial FRET = 0.88), FRET traces of the A-100 nucleosomes that started with an initial FRET = 

0.88 ± 0.05 were selected for pause analysis. The mean pause FRET value was found to be 0.54 

± 0.05, which corresponds to ~7 bp of translocation prior to the pause. 
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Supplementary Figure 8. Dwell time distributions of the first translocation phase t1, the 

first pause tp1, the second translocation phase t2, and the second pause tp2 at various ATP 

concentrations.  a, Dwell time distributions of t1. b, Dwell time distributions of tp1. c, Dwell 

time distributions of t2. c, Dwell time distributions of tp2. The mean values of t1, tp1, t2, and tp2 at 

these and additional ATP concentrations are shown in Fig. 3e. 
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Supplementary Figure 9. Relaxation of the remodelling intermediates to more stable 

nucleosomal states upon removal of ACF. In this experiment, nucleosomes with initial exit 

linker length n = 3 bp were subject to remodelling by ACF. ACF (15 nM) and ATP (2-3 μM) 

were added at time zero to initiate remodelling. The enzyme and ATP were then chased out at 

time = 115 s by buffer exchange with a solution containing 2 mM ATPγS and 1 mg/ml plasmid 

DNA as competitors. The nucleosomes were allowed to relax in the absence of the ACF enzymes 

for 10 minutes. a, FRET time trace of a nucleosome showing ACF-induced nucleosome 

translocation as indicated by the decrease in FRET, a translocation pause at FRET = 0.53 

corresponding to 7 bp of nucleosome translocation, and relaxation to a more stable nucleosomal 

state with a new FRET level (FRET = 0.37) after removal of ACF and ATP (black line). This 

final FRET level corresponds to 10 bp of translocation from the initial, pre-remodelling 
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nucleosomal state. b, FRET histograms of the nucleosomes before addition of ACF and ATP 

(left panel) and 10 minutes after removal of ACF and ATP (right panel). Nucleosomes with a 

FRET donor on the proximal H2A were selected for analysis, exhibiting FRET values centred at 

0.88 before remodelling (left panel). After remodelling by ACF for 115 s and removal of the 

enzyme to allow nucleosome relaxation for 10 minutes, the FRET distribution exhibits three 

distinct peaks (right panel, blue bars). The histogram was fit to three Gaussian functions (black 

line) to determine the peak positions. The peak at the highest FRET value (FRET = 0.88) is 

identical to the initial FRET before remodelling, corresponding to unremodelled nucleosomes. 

The middle peak (FRET = 0.37) corresponds to a final exit linker length of 13 bp, and thus 10 bp 

of translocation from the initial nucleosomal state. The lowest peak (FRET ~ 0.1) is comparable 

to the FRET obtained from nucleosomes with exit linker length n = 23 bp, which corresponds to 

~20 bp of translocation from the initial state, though this quantification is less accurate due to the 

low sensitivity of FRET to distance change at very low FRET values.      

123



 

 

Supplementary Figure 10. FRET distribution of centre-positioned nucleosomes before and 

after remodelling by ACF. A centre-positioned nucleosome was flanked by 78 bp of linker 

DNA on both sides (left panel). The FRET distributions of nucleosomes prior to and after 

equilibration with 5 nM ACF and 2 mM ATP are shown in the upper and lower right panels, 

respectively. 
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Supplementary Figure 11. Three-colour experiment showing back-and-forth nucleosome 

translocation within single ACF binding events. In this experiment, ACF was labelled with 

blue Alexa 488 dye and the centre-positioned nucleosomes flanked by 78 bp DNA linkers on 

both sides were labeled with a FRET donor Cy3 and acceptor Cy5 (See Fig. 4a). Signal from the 

Alexa 488 dye (upper panel) reports the binding of ACF to the nucleosome, while the FRET 

signal between Cy3 and Cy5 (lower panel) reports the position of the octamer on the DNA. The 

FRET trace shows multiple oscillations, indicating back-and-forth movement of the nucleosome, 

during a single ACF binding event that started at time = 29 sec (black line). The ACF signal 

shows a two-step decrease toward the background level consistent with the bleaching of two 

Alexa 488 dyes. The decrease in the Alexa 488 intensity is unlikely due to dissociation of ACF 

as the back-and-forth nucleosome movement continued even after the Alexa 488 signal was 

reduced to the background level. 
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Supplementary Figure 12: Intensity and photobleaching step analyses of dye-labeled ACF 

associated with the unidirectional and bidirectional nucleosome remodelling events.  In this 

experiment, ACF was labelled with Alexa 488 and the centre-positioned nucleosomes were 

labeled with FRET donor Cy3 and acceptor Cy5. a, Time traces of the Alexa 488 intensity and 

Cy3-to-Cy5 FRET associated with a unidirectional remodelling event (left) and a bidirectional 

remodelling event (right). The Alexa 488 signals from ACF are shown in the upper panels; the 
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FRET values from the nucleosomes are shown in the lower panels.  b, The Alexa 488 intensity 

distributions for individual ACF enzymes bound to a surface (left panel), ACF complexes bound 

to nucleosomes exhibiting unidirectional movement (middle panel), and ACF complexes bound 

to nucleosomes exhibiting bidirectional movement (right panel). The observed intensity 

distribution of ACF bound to nucleosomes exhibiting unidirectional movement is quantitatively 

similar to that of individual ACF enzymes bound to a surface. The mean Alexa 488 intensities in 

the two cases are identical to each other within 1%. These results suggest that the unidirectional 

remodelling events were preferentially cause by ACF monomers. In contrast, the intensity of 

ACF bound to nucleosomes exhibiting bidirectional movement is substantially higher, with a 

mean Alexa 488 intensity that is 1.6 times that measured for single ACF enzymes. To 

quantitatively interpret the 1.6 fold higher Alexa 488 intensity, we estimated the number of 

Alexa 488 dyes per ACF. The non-specifically labelled ACF has a dye-to-enzyme ratio of 0.85. 

Considering the large number of potential labelling sites on ACF (41 cysteines), the number of 

dye molecules per ACF should follow a Poisson distribution with a mean of 0.85. This 

corresponds to 43% of enzymes unlabelled, 36% labelled with one dye, 16% with 2 dyes, 4% 

with 3 dyes, and 1% with more than 3 dyes. Among the binding events that exhibit detectable 

ACF signal (this excludes binding events of unlabelled ACF), the average number of associated 

Alexa 488 molecules should be 1.4 if ACF binds as a monomer, and 2.0 if ACF binds as a dimer. 

The ratio of 2/1.4 is similar to the 1.6 ratio observed for the mean intensity of ACF bound to 

nucleosomes exhibiting bidirectional movement versus that of single ACF bound to a surface, 

suggesting that bidirectional nucleosome movement is preferentially caused by ACF dimers. c, 

The statistical distributions of the Alexa 488 photobleaching steps associated with ACF bound to 

nucleosomes exhibiting bidirectional (left panel) and unidirectional (right panel) movement. The 

experimental data (blue shaded bars) are compared with the theoretical predictions of the 

distribution of photobleaching steps for an ACF dimer (red hollow bars, left panel) and monomer 

(red hollow bars, right panel) derived using the Poisson distribution described earlier. Again, 

binding events of unlabeled ACF are excluded from the analysis. (left panel) The number 

distribution of Alexa 488 photobleaching steps associated with nucleosomes exhibiting 

bidirectional movement is quantitatively similar to the distribution predicted for an ACF dimer. 

According to the Kolmogorov-Smirnov test, the experimental distribution is statistically different 

from those predicted for an ACF monomer and trimer with 84% and 99% confidence, 
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respectively, whereas the difference between the experimental distribution (blue bars) and the 

prediction for an ACF dimer (red bars) is statistically insignificant (<1%). These results again 

suggest that bidirectional nucleosome movements were caused by ACF dimers. (right panel) The 

observed number distribution of Alexa 488 “photobleaching” steps associated with nucleosomes 

exhibiting unidirectional movement appears fewer than that predicted for an ACF monomer. The 

former mostly shows a single-step decrease to zero. Interestingly, the duration of these “single-

step-to-zero” events (8 s on average) is substantially shorter than the time it takes to photobleach 

an Alexa 488 molecule (39 s on average), while the duration of individual decreasing steps 

observed for ACF associated with bidirectional remodelling events is comparable to the 

photobleaching time. These results suggest that the observed disappearance of Alexa 488 signal 

in the case of unidirectional remodelling is due to ACF dissociation rather than photobleaching 

of the dye, and that ACF monomers bind to nucleosomes with substantially lower affinity than 

ACF dimers.  
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CHAPTER 5

Summary and Future Directions
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The FRET experiments in Chapter 2 support a model in which ACF kinetically

discriminates against shorter DNA lengths to generate a dynamic equilibrium in which

centered nucleosomes accumulate.  Our studies show that the Acf1 subunit increases

the rate of remodeling by SNF2h and enhances its sensitivity to flanking DNA.  This

finding raises the question of how the Acf1 subunit measures DNA length and transmits

this information to SNF2h.  Acf1 contains a WAC domain that has been shown to bind

DNA, however preliminary REA data suggests that Acf1 may not form extended contacts

with flanking DNA (see Appendix A)48.  The nature of this discrepancy is currently

unclear.   The addition of Acf1 increases enzyme affinity for the nucleosome, however

the mechanism behind this effect is unknown18.  In addition to mediating interactions with

the nucleosomal substrate, Acf1 may stabilize changes in SNF2h conformation during

the reaction cycle, or may aid in communication between SNF2h monomers.  Future

studies will benefit from the direct comparison between key features of SNF2h and ACF

remodeling, such as the efficiency of ATP usage, the effects on enzyme processivity and

the presence of different nucleosomal intermediates during the reaction.  Structural

studies of the ACF-nucleosome complex may also help resolve this question.

Determining how Acf1 modulates SNF2h activity will be key in understanding the role of

non-catalytic subunits in other chromatin remodeling complexes.

We find that ACF functions as a dimeric motor to efficiently sample both sides of the

nucleosome, thereby allowing processive bidirectional movement.  As shown in Chapter

3, SNF2h exhibits cooperativity in vitro and adopts a dimeric head-to-head orientation on

the nucleosome.  Single molecule experiments suggest that two ACF molecules are

necessary for back-and-forth movement of the nucleosome over long distances.  How do

two ACF molecules coordinate their action?  By analogy to other dimeric motors such as

helicases and kinesin, we speculate that the substrate-binding and nucleotide state of
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one ACF monomer influences the other61.  Furthermore, we hypothesize that the ACF

dimer uses staggered catalysis to facilitate movement.  Transient kinetic approaches will

be necessary to determine if the two ACF monomers bound to the nucleosome are

nonequivalent.  For example, the kinetics of nucleotide dissociation could show a

biphasic off-rate, suggesting that the nucleotide occupancy state of one monomer affects

its partner ATPase.  If the ACF monomers do exhibit an alternating-site mechanism for

catalysis, how do the two monomers communicate to maintain this coordination?

Notably, the crystal structure of the c-terminal end of Xenopus ISWI provides evidence

that SNF2h may dimerize via the HAND domain, and thus this region may be a potential

interface for communication45.

Our single molecule experiments distinguish the individual steps in ACF remodeling.

Detailed kinetic data reveal that the remodeling reaction relies on three different ATP-

dependent steps: an ACF binding step, a pause step and a subsequent translocation

step.   What happens during the pause?  One hypothesis is that the ACF dimer is

sampling the two sides of the nucleosome during the pause step.  Based on the linker

lengths of the nucleosome, the enzyme then commits to remodeling in one direction and

exits the pause phase.  More in depth analysis of back-and-forth nucleosome

movements may help discern the nature of the pause.  Furthermore, the distances

observed for each translocation step poses additional questions.  We found that the

initial step is always 7 bp, and all subsequent steps are 3-4 bp, regardless of

nucleosome positioning sequence.   What defines these distances, and what is different

about the initial versus subsequent steps?

In molecular motors, the ATP reaction cycles drives a distinct sequence of

conformational changes in the enzyme.  Each nucleotide-dependent conformation is in
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turn coupled to a nucleosomal intermediate.  Our EPR and footprinting studies

demonstrate that the nucleotide state modifies ACF-nucleosome contacts.  In the apo

and ADP states, the dimeric ACF closely engages only one side of the nucleosome, and

in contrast interacts with both sides in the ADPBeFx state.  These studies provide a

starting point to understanding how ACF couples the energy from ATP to nucleosome

remodeling.  Sedimentation velocity AUC experiments using yeast Isw2 show that the

enzyme adopts a more compact conformation in the presence of ATPγs in comparison to

the apo and ADP states114.  Continuation of our EM studies with ACF alone or ACF-

nucleosome complexes in different ATP states may provide further insight into these

nucleotide-dependent conformational changes.  Furthermore, ACF activity is strongly

regulated by the H4 tail and flanking DNA length28,31,35.  It will be important to determine

how contacts with flanking DNA vary based on nucleotide state, and how these changes

are organized together with changes at the H4 tail.  It will also be interesting to

investigate if these nucleosomal epitopes are mechanical elements used in generating

force during the remodeling reaction, or if they stimulate ATP hydrolysis in a different

way.

The above findings pave the way for a detailed understanding of the mechanism of

ACF remodeling.  It will be interesting to see how these and future findings on ACF

relate to other ISWI remodeling complexes as well. The modular nature of the core ISWI

ATPase subunit raises the question of how the non-catalytic subunits affect remodeling.

From our current studies, one plausible mechanism is that the non-catalytic subunits

determine the oligomeric state of the complex, and thus affects the remodeling products.

More broadly, how do the reaction cycle, oligomeric state and nucleosomal requirements

of ACF compare to that of other families of chromatin remodeling enzymes?  Future

studies will hopefully answer these outstanding and challenging questions.
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APPENDIX A

Unpublished data
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REA linker protection

The work in Chapter 2 demonstrated that ACF has an enhanced sensitivity for longer

lengths of flanking DNA when compared to SNF2h alone.  It is not yet known how Acf1

senses and relays DNA length information to regulate the ATPase activity to SNF2h.

The C-terminal HAND, SANT and SLIDE domains of SNF2h form a long helical

extension which is believed to bind DNA, and Acf1 contains a WAC domain that has also

been shown to interact with DNA44,48.  Based on footprinting and crosslinking data using

yeast Isw2, it is hypothesized that the Acf1 subunit extends the contacts of the complex

on nucleosomal DNA30.

To test this prediction, we used an REA assay to compare the footprint of ACF and

SNF2h on flanking DNA.  An NspI restriction enzyme site was engineered at different

locations along flanking DNA.  SNF2h or ACF was then bound to nucleosomes, and the

rate of DNA cutting was measured.  Additionally, the nucleotide state was varied to test

how the reaction cycle affected enzyme-nucleosome contacts or the enzyme off-rate.

Based on our kinetic discrimination data, we anticipated that ACF would interact with

larger regions of flanking DNA than SNF2h.  Surprisingly, we found that linker DNA was

better protected by SNF2h than by the ACF complex (Tables 1 and 2).  SNF2h can

protect at least 50 bp of linker DNA.  Linker DNA was most protected in the ADPBeFx

state and least protected in the AMPPCP state.  The ADPBeFx state may represent a

stage in the mechanochemical cycle in which the linker DNA is engaged and used as a

mechanical element to generate force.  Furthermore, in the ADPBeFx and ADP states,

there was the greatest change in protection as a function of the linker DNA cut site.  For

example, in the ADPBeFx state, the linker is well protected at 3, 30 and 50 bp, and less

so at 10 bp.  Thus SNF2h may engage the entry site of the nucleosome and reach to

engage the linker DNA further away from the nucleosome.
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The linker protection by ACF in comparison to SNF2h is unexpected.  It is possible

that these results reflect a change in enzyme off-rate rather than changes in nucleosome

contacts, however this is unlikely given that ACF has a higher affinity for nucleosomes

than SNF2h.  Given the large amount of error in the measurements, it will be crucial to

repeat these experiments before further interpretation.

Coupling of ATP binding and hydrolysis to remodeling

Molecular motors undergo a defined program of conformational changes driven by

the ATP reaction cycle.  Moreover, each enzyme conformation exhibits differential

substrate-binding activity.  Our EPR and hydroxy radical footprinting show that the

nucleotide state can affect ACF interactions with the SHL(2) regions on opposites sides

of the nucleosome.  To further understand how SNF2h couples the energy from ATP to

nucleosome remodeling, a series of affinity measurements were conducted to compare

how nucleotide state affects the binding and release of different features on the

nucleosome substrate.

Preliminary studies involved two different substrates, nucleosomes with 45 bp of

flanking DNA and a 35mer of duplex DNA.  We rationalized that preferential binding of

one substrate over another may provide a clue as to the nature of nucleosomal reaction

intermediates.  Initially, fluorescent anisotropy was used to measure the affinity of

SNF2h for the nucleosome. Unfortunately the gain in mass (~220 kD to 440 kD) was not

large enough to adequately change the polarization of light, even when using

fluorophores with a long fluorescence lifetime.

To circumvent this problem, ATPase assays were employed to measure the Km of

SNF2h for the substrates in the presence of either ATP or ADP (Fig 1).  As expected,

SNF2h had a lower Km for nucleosomes in comparison to DNA alone.  Furthermore,
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SNF2h affinity for ATP was ~1000 fold less in the presence of saturating DNA in

comparison to that for nucleosomes.  SNF2h affinity for the nucleosome does not seem

to vary significantly under saturating or subsaturating ATP conditions. The affinity for

DNA may be altered slightly as a function of ATP concentration, however these

experiments should first be repeated to draw convincing conclusions.

Stoichiometry of the SNF2h-nucleosome complex in solution

Our cooperativity measurements and EM and single-molecule experiments suggest

that SNF2h binds the nucleosome as a dimer, however the exact stoichiometry of the

SNF2h-nucleosome complex is not known.  Two reagent-intensive techniques were

employed to measure the molar mass of the complex in solution, with limited success.

First, equilibrium analytical ultracentrifugation was used to measure the molecular

weight of SNF2h alone, the nucleosome alone, and the SNF2h-nucleosome complex.

The experimental value for SNF2h alone revealed that the enzyme exists as a monomer

in solution (Fig 2a).  The molecular weight of the nucleosome alone corresponded with

its expected calculated value (Fig 2b).  Unfortunately, binding of SNF2h to the

nucleosome was not detected under conditions suitable for equilibrium AUC (Fig 2c),

despite the fact that the SNF2h concentration was well above the Kd for nucleosomes.

Several limitations can explain this result.  Considering that equilibrium AUC requires

long overnight spinning to ensure complete equilibration of the sample, it is conceivable

that SNF2h was no longer is active after such extensive incubation at 4C.  Additionally,

equilibration is achieved most rapidly in less viscous solutions, and thus the sample

buffer did not contain any glycerol, which may have affected the stability of the enzyme.

Lastly, while the UV detection wavelength was optimized to detect nucleosomes, the
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absorbance contribution from excess protein may have obscured the presence of the

complex monitored at 254 nm.

A subsequent attempt involved size exclusion chromatography in conjunction with

multi-angle light scattering (MALS).  These studies were complicated by the fact that this

method is not an equilibrium technique.  Given the fast off-rate for SNF2h, we were

unable to isolate a homogenous sample of the complex.  Multiple conditions were tested

in order to stabilize the complex, including the addition of nucleotide analogs, the

extension of flanking DNA, and variation in the concentration of SNF2h.  While a shifted

species was eluted from the size exclusion column, distinct from that of SNF2h or

nucleosomes alone, heterogeneity within the peak invalidated molar mass

measurements (Fig 3).

While these efforts were unsuccessful, it is possible that other methods could yield

meaningful results.  Velocity sedimentation AUC is a relatively fast technique that can

discriminate between different species in a heterogeneous sample.  However, analysis

of velocity AUC data may be complicated due to the influence of molecular shape in

calculations.  As detected by size-exclusion chromatography, SNF2h is believed to have

an elongated shape, and elution of the nucleosome varies with the presence of flanking

DNA.

The ACF dimer may use two types of ATP hydrolysis

Our single molecule experiments reveal three distinct ATP-dependent steps in the

ACF remodeling reaction: a nucleosome binding step, and a pause step followed by a

translocation step.  It is formally possible that an ACF monomer could use ATP in three

different ways, however there is no precedent for such a diverse mechanochemical

cycle.  In light of our finding that ACF functions as a dimer, we favor a model in which
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the ACF dimer uses two types of hydrolysis to catalyze nucleosome movements (Fig 4).

In this model, binding of the first ATP results in binding of ACF to the nucleosome.  ATP

binding at the other ATPase site renders the two monomers equivalent, and in this state

ACF is able to sample both sides of the nucleosome.  The ACF monomer that engages

the longer flanking DNA more often hydrolyzes ATP first, and this first hydrolysis stops

sampling and commits the enzyme to a unidirectional nucleosome movement.  ATP

hydrolysis at the second ATPase site drives translocation of the DNA relative to the

histone octamer.  To accommodate the three ATP-dependent steps, two types of

hydrolysis coordinated in an alternating manner are necessary to “reset” the enzyme for

further remodeling.
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TABLE AND FIGURE LEGENDS

Table 1.  SNF2h protection of linker DNA is modulated by nucleotide state.  The

cutting rate at different locations along linker DNA as a function of SNF2h nucleotide

state.  Rates are shown as a fraction of the rate when compared to a no enzyme control

reaction.

Table 2.  ACF protection of linker DNA is modulated by nucleotide state. The

cutting rate at different locations along linker DNA as a function of ACF nucleotide state.

Rates are shown as a fraction of the rate when compared to a no enzyme control

reaction.

Figure 1.  Preliminary kinetic and thermodynamic framework for remodeling

reaction of SNF2h by ATPase assay.  a, b, Measurements of parameters for SNF2h

and 0/45 nucleosomes.  c, d,  Measurement of parameters for SNF2h and 35mer duplex

DNA.

Figure 2.  Equilibrium ultracentrifugation of SNF2h-nucleosome complex.  a,

Equilibrium distribution of SNF2h alone (open circles) as a function of radial distance.

Predicted curves for tetrameric (red), trimeric (orange), dimeric (green) and monomeric

(red) species. b, Equilibrium distribution of 0/60 nucleosomes alone. c, Equilibrium

distribution of SNF2h-nucleosome complex.  Predicted curve for nucleosome alone

shown in red.

Figure 3.  Multi-angle light scattering analysis of SNF2h-nucleosome complex. a,

SNF2h alone.  Left panel: Derived molar mass (green line, left y- axis) and relative
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refractive index (blue line, right y-axis) as a function of the elution volume.  Right panel:

alignment of detector voltage, a measurement of light scattering (red line, left y-axis) and

relative refractive index (blue line, right y-axis). b, Core nucleosomes.  c, SNF2h-

nucleosome complex.  The misalignment and broadness of the complex peak seen in

the right panel is due to the heterogeneity of the complex and results in inaccurate molar

mass determination.

Figure 4.  Model for coordinated ATP cycles of the ACF dimer. See text for

description.
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Table 1

linker bp 3 10 30 50
apo 0.21 ± 0.12 0.34 ± 0.06 0.22 ± 0.10 0.34 ± 0.01

AMPPCP 0.52 ± 0.30 0.7 ± 0.46 0.63 ± 0.03 0.64 ± 0.04
ADPBeFx 0.2 ± 0.01 0.6 ±0.08 0.1 ± 0.00 0.27 ± 0.02

ADP 0.21 ± 0.01 1.45 ± 0.32 0.79 ± 0.65 0.33 ± 0.15

SNF2h, cutting rate as fraction of no enzyme control

linker bp 3 10 30 50
apo 0.56 ± 0.19 1.26 ± 0.25 0.98 ± 0.63 0.66 ± 0.18

AMPPCP 0.61 ± 0.09 0.42 ± 0.01 0.76 ± 0.16 0.54
ADPBeFx 0.82 ± 0.32 0.74 ± 0.12 0.58 ± 0.32 0.37 ± 0.06

ADP 0.23 ± 0.01 0.78 ± 0.08 0.98 ± 0.67 0.57 ± 0.09

ACF, cutting rate as fraction of no enzyme control

Table 2
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A

E + ATP + Nuc E•ATP + Nuc

E•ATP•NucE•Nuc + ATP

Km = 30 nM

KI (AMPPNP) = 190 uM

Km = 36 nM
kcat = 19 min-1

Km =36 nM
kcat = 19 min-1

E + ADP + Nuc E•ADP + Nuc

E•ADP•NucE•Nuc + ADP

KI (ADP) = 2 uM

KI (ADP) = 4.7 uM

E + ATP + DNA E•ATP + DNA

E•ATP•DNAE•DNA + ATP

Km = 400 nM

Km = 25 uM
kcat = 6 min-1

Km = 88 nM
kcat = 6 min-1

E + ADP + DNA E•ADP + DNA

E•ADP•DNAE•DNA + ADP

KI (ADP) = 5.1 uM

KI (ADP) = 5.4 uM

DC

B

Figure 1

142



227

SNF2h alone

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

6.35 6.40 6.45 6.50 6.55 6.60 6.65

R (cm)

Absorbance

Raw Data

Monomer

Dimer

Trimer

Tetramer

Fit

ln(A) vs. R2/2

y = 0.5483x - 12.172

R2 = 0.991
-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0
20.0 20.5 21.0 21.5 22.0 22.5

R2/2 (cm2)

ln(A)

Residuals

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

6.35 6.40 6.45 6.50 6.55 6.60 6.65

R (cm)

predicted MW = 123 kD
measured MW = 122 kD

0/60 nucleosomes

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

5.80 5.85 5.90 5.95 6.00 6.05

R (cm)

Absorbance

Raw Data

Monomer

Dimer

Trimer

Tetramer

Fit

ln(A) vs. R2/2

y = 1.2223x - 22.574

R2 = 0.9862
-2.0

-1.8

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0
17.0 17.5 18.0 18.5

R2/2 (cm2)

ln(A)

Residuals

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

5.80 5.85 5.90 5.95 6.00 6.05

R (cm)

ln(A) vs. R2/2

y = 1.2683x - 32.42

R2 = 0.998
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0
23.5 24.0 24.5 25.0 25.5

R2/2 (cm2)

ln(A)

Residuals

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

6.85 6.90 6.95 7.00 7.05 7.10 7.15

R (cm)

SNF2h + 0/60 nucleosomes

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

6.85 6.90 6.95 7.00 7.05 7.10 7.15

R (cm)

Absorbance

predicted MW = 236 kD
measured MW = 228 kD

predicted dimeric MW = 454 kD
predicted monomeric MW = 331 kD
measured MW = 236 kD

Figure 2

A B

C

Raw Data

Monomer

Fit

nuc monomer

143



0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

7 7.5 8 8.5 9 9.5 10

ri
scatter

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10
0

200

400

600

800

1000

A

0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

7 7.5 8 8.5 9 9.5 10
0

200

400

600

800

1000

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10

0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

7 7.5 8 8.5 9 9.5 10
0

100

200

300

400

500

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10

mls

re
la

tiv
e 

re
fra

ct
iv

e 
in

de
x

m
ol

ar
 m

as
s 

(k
D

)

re
la

tiv
e 

de
te

ct
or

 v
ol

ta
ge

re
la

tiv
e 

re
fra

ct
iv

e 
in

de
x

mls

mls

re
la

tiv
e 

re
fra

ct
iv

e 
in

de
x

m
ol

ar
 m

as
s 

(k
D

)

re
la

tiv
e 

de
te

ct
or

 v
ol

ta
ge

re
la

tiv
e 

re
fra

ct
iv

e 
in

de
x

mls

mls

re
la

tiv
e 

re
fra

ct
iv

e 
in

de
x

m
ol

ar
 m

as
s 

(k
D

)

re
la

tiv
e 

de
te

ct
or

 v
ol

ta
ge

re
la

tiv
e 

re
fra

ct
iv

e 
in

de
x

mls

SNF2h

predicted MW = 123 kD
measured MW = 110 kd

core nucelosomes

predicted MW = 208 kD
measured MW = 178 kD

SNF2h + nucleosomes

predicted dimeric MW = 454 kD
predicter monomeric MW = 331 kD
measured MW = 371 kD

A

B

C

Figure 3

144



T T T T D

D T

TT T

Sampling
(requires both ATPase sites to be occupied)

*

T T
*

*

D T
*

T T
*

T D
*

ATP hydrolysis stimulated by 
longer flanking DNA stops sampling 

and activates/commits enzyme

Sampling
(requires both ATPase sites to be occupied)

TranslocationTranslocation

T
D

D
T

T

T

ATP hydrolysis stimulated by 
longer flanking DNA stops sampling 

and activates/commits enzyme

ACF and ATP dependent
Binding to nucleosome 
not shown

Figure 4

courtesy Geeta Narlikar145



APPENDIX B

FRET-based methods to study ATP-dependent changes in chromatin structure
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Abstract

DNA packaging into chromatin imposes several levels of regulation on the central

nuclear processes of DNA replication, recombination, repair and transcription.  ATP-

dependent chromatin remodeling enzymes play a critical role in this regulation by

altering the accessibility of nucleosomal DNA.  Remodeling can result in large-scale

changes in chromatin, such as the formation of heterochromatin, or smaller changes in

exposure or occlusion of specific DNA regions.  To understand the mechanisms of

chromatin remodeling, we report a FRET-based method to follow remodeling of a single

histone octamer on DNA.  This technique provides a non-perturbing, solution-based

approach to quantitatively track the movement of DNA with respect to the octamer in

real-time.  The method can easily be altered to examine other conformational changes

within the nucleosome, and is applicable to study the enzymatic activity of several

classes of chromatin-remodeling complexes.
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1. Introduction

When eukaryotic DNA is packaged into chromatin, it is not only compacted into a

small dense volume, but also becomes less accessible for transcription, replication,

recombination and DNA repair.  Hence understanding how DNA access is regulated is

key to understanding most nuclear processes.  DNA accessibility is reduced even in the

smallest level of packaging, the nucleosome.  The nucleosome contains 147 base pairs

of DNA wrapped around an octamer of histone proteins112. There are two main classes

of enzymes that regulate DNA access in chromatin.  One class uses ATP to alter the

conformation of a nucleosome, while the other class covalently modifies histone

residues (for a review, see101).  It has been hypothesized that specific combinations of

covalent modifications may form a histone code that can then be recognized by certain

downstream regulatory proteins117.  In contrast, ATP-dependent chromatin-remodeling

complexes can modify DNA accessibility by directly altering histone-DNA contacts on the

nucleosome.

While the list of new members of ATP-dependent remodelers is growing, the

mechanisms by which these enzymes function are not well understood.  To study ATP-

dependent chromatin-remodeling complexes, a variety of biochemical methods have

been developed to monitor the movement of the histone octamer relative to DNA.  These

include restriction enzyme accessibility assays, cross-linking assays, electrophoretic

mobility shift assays and various enzymatic and small molecule-based mapping

methods. While a wealth of information has been gained using these techniques, the

techniques do not easily allow detection of fast steps or transient intermediates, both of

which are crucial for obtaining mechanistically relevant information.  To address these

limitations, we have developed a FRET-based approach to follow the movement of DNA

with respect to the histone octamer in real-time.  FRET (fluorescence resonance energy

transfer) can be used to measure biologically relevant changes in distance using two
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fluorophore labels.  Upon excitation of the donor dye, energy is transferred to the

acceptor dye, resulting in increased acceptor fluorescence and quenching of the donor

emission. The FRET efficiency is inversely proportional to the distance between the two

dyes and hence can be used to monitor movement of one dye relative to the other using

the following equation:

where R is the Förster radius and r is the distance between the two dyes.  Based on the

Förster radius of specific dye pairs, changes in distance of the order of 1-10 nm can be

monitored by FRET 118.

Here we describe the preparation and use of mononucleosomal substrates for

FRET studies.  This detailed procedure is used to observe the change in FRET between

DNA and the histone octamer on nucleosomes as a function of SNF2h remodeling.

SNF2h is the core ATPase subunit for several different human ATP-dependent

chromatin-remodeling complexes71.  Previous work has shown that SNF2h moves

mononucleosomes away from DNA ends14.  Here we follow SNF2h remodeling of

labeled nucleosomes in a quantitative, real-time manner.  This solution-based method

allows for continuous data collection on a short time-scale.  The protocol below

measures bulk steady-state reactions, but can be modified to follow rapid kinetics or

single molecule experiments.

2. Assembly of fluorescently-labeled nucleosomes

2.1 Design of nucleosome constructs
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Using the crystal structure as a guide, we assess the region of interest on

the nucleosome for appropriate fluorophore attachments sites2. Two examples of

suitable FRET nucleosomes are diagramed in Figure 1.  Both constructs contain

DNA labeled with Cy3 (white) and histone octamer labeled with Cy5 (dark gray)

at residue 120 on histone H2A.  The construct in Figure 1A is designed to follow

the movement of the DNA end at the exit site of the nucleosome.  In Figure 1B

the nucleosome is designed to follow the movement of internal DNA relative to

the exit site.  Given the composition of the histone octamer, there are two labeled

histones per octamer.  Thus the dye attachment site on the histone should be

designed such that only one dye acts as an efficient donor or acceptor.

2.1       Purification of labeled DNA

Mononucleosomes can be highly positioned using the 601 positioning sequence

defined by Lowary and Widom3.  DNA is labeled using an HPLC-purified fluorescently

conjugated PCR primer (Integrated DNA Technologies, IBA GmbH).  Large-scale PCR is

carried out in a 96-well plate, followed by ethanol precipitation and purification by native

gel electrophoresis.  A 5% polyacrylamide gel (acrylamide/bisacrylamide, 29:1, w/w in 1x

TBE) with large loading wells is ideal for gel purification.  Upon separation of the PCR

product and primers, the product band is then excised from the gel, crushed and soaked

overnight in TE.  The slurry is put over a 0.2 micron filter to separate the DNA from gel

pieces.  The filtrate is reprecipitated and the resulting DNA pellet is resuspend in TE.

The DNA concentration is measured by absorbance.

2.2 Labeling and purification of labeled histones

Xenopus histone H3 is the only histone that has a native cysteine residue (at

position 110). This is mutated to alanine using the QuikChange Site-Directed
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Mutagenesis Kit (Stratagene) to prevent attachment of the dye to this position. The dye

attachment site in the relevant histone is then introduced by site-specific cysteine

mutagenesis. The modified histone is then individually bacterially expressed, purified

and lyophilized, as described previously72.

The lyophilized histone is resuspended to 0.1 mM in Labeling Buffer (20 mM Tris,

pH 7.0, 7 M Guanidinium HCl, 5 mM EDTA) at room temperature.  The histone is

incubated for 2 hours after addition of 0.5 M, pH 7.0 TCEP (Pierce) to a final

concentration of 1.25 mM.  Maleimide-conjugated Cy5 (GE Healthcare) is dissolved to

100 mM in anhydrous DMF and added to the histone at 3 mM final concentration.  The

reaction is kept in the dark at room temperature for 3 hours, and is subsequently

stopped by adding beta-mercapto-ethanol to a final concentration of 80 mM.  A small

aliquot of the reaction is saved for quantification later. Unreacted dye is removed from

the remaining reaction by three successive rounds of concentration and dilution at room

temperature using a Microcon unit with a 10 kDa MW cut-off (Millipore).  Each round

consists of concentration to one-third the original volume followed by resuspension to

the original volume with Labeling Buffer.  A fresh Microcon unit is used for each round.

The concentration of the labeled histone after the Microcon step can be

determined by running the histone next to an equal volume of material prior to the

microcon step on a 15% SDS gel.   Since the concentration of the histone before

microcon treatment is known, this is used to determine the concentration of the histone

after microcon treatment by comparing the fluorescence signals for the two samples.

Prior to loading on the gel, it is necessary to dilute an aliquot of the sample ~ 50-fold in

water to prevent the guanidium in the reaction mixture from causing precipitation on the

SDS gel. The gel is scanned with a Typhoon Variable Mode Imager (GE Healthcare) at

the appropriate excitation and emission wavelength.  An optional control is to perform
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the labeling with a histone lacking any cysteine residues to ensure that labeling is

specific to the single desired cysteine.

2.3 Assembly of histone octamers and nucleosomes

Histone octamers are assembled by mixing appropriate amounts of the labeled

histone in Labeling Buffer with other histones dissolved in Refolding Buffer (7 M

Guanidinium HCl, 20 mM Tris, pH 7.5, 10 mM DTT), as described previously72.  It is also

possible to assemble octamers with two different, singly-labeled histones to follow

conformational changes between individual histones within an octamer.  Octamers are

assembled and purified, and subsequently assembled into nucleosomes with the labeled

DNA as described72.

3. Use of FRET to study ATP-dependent chromatin-remodeling

3.1 End point emission scans

All fluorescence studies are conducted on an ISS K2 fluorometer. Variable

parameters such as excitation/emission wavelength, temperature, filters, number of

iterations and step size depend on each individual experiment.  For example, when

conducting emission scans on nucleosomes containing a Cy3-Cy5 pair, samples were

excited at 520 nm with a 400 nm cutoff filter and emission spectra collected from 540 to

710 nm with a 495 nm cutoff filter (Melles Griot).  10 iterations were collected at 30°C

with a step size of 1 nm.  In Figure 2, the end-labeled nucleosome from Figure 1A was

remodeled with the ATP-dependent chromatin remodeler SNF2h.  Based on previous

data, it is known that SNF2h moves mononucleosomes away from the ends of DNA (Fig.
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2A)14.  Before remodeling, the nucleosomes displayed robust FRET (Fig. 2B, gray),

since the two dyes were close together.  Following remodeling by SNF2h, the donor

emission increased and the acceptor became quenched (Fig. 2B, black), indicating that

the two dyes had moved apart. This is consistent with movement of the octamer away

from the DNA end.

3.2 Kinetics measurements

Either donor un-quenching or acceptor quenching can be measured in real-time.

In Figure 3A, the nucleosome shown in Figure 1A was remodeled by SNF2h.  Samples

were excited at 520 nm and collected at the Cy3 (565 nm) or Cy5 (668 nm) peak

intensity, blue and red, respectively.  The data in Figure 3B follows Cy3 unquenching of

the nucleosome shown in Figure 1B as a function of SNF2h remodeling.  Reactions

were initiated by addition of ATP, and data were collected at 30°C for at least 10 minutes

and sampled once per second.

A detailed protocol of the experiment is below:

(1) Prepare the ATP mix (40 µl):

a. 16 µl BC100 (20 mM Hepes, pH 7.9, 100 mM KCl , 0.2 mM

EDTA, 20% glycerol) with 1 mg/ml FLAG peptide (Sigma)

b. 8 µl Nucleosome Buffer (20 mM Tris, pH 7.5, 1 mM EDTA,

20% glycerol, 0.1% NP-40)

c. 8 µl BC100 without glycerol

d. 6 µl 100 mM MgCl2 (3 mM final)

e. 2 µl 120 mM Mg.ATP (2 mM final)

(2) Set up the reaction mix on ice, keep in the dark (80 µl):
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a. 16 µl 15 mM MgCl2 (3 mM final)

b. 16 µl BC100 buffer

c. 16 µl 37.5 nM nucleosomes in Nucleosome Buffer (5 nM final)

d. 32 µl 1.125 mM SNF2h in BC100 with 1 mg/ml FLAG (300 nM

final)

(3) Immediately after addition of the enzyme in (2d), incubate both the

ATP stock and reaction mix at 30°C for 5 minutes in the dark.

(4) Add the 80 µl reaction mix to a pre-warmed cuvette and perform an

emission scan at 30°C as described in Section 3.1.

(5) Begin kinetics measurement of the 80 µl reaction mix.  Verify that the

fluorescence intensity is stable over at least 10 seconds.  Pause the

data acquisition, manually mix in the 40 µl of pre-warmed ATP mix,

pipetting up and down at least five times.  Avoid introducing air into

the sample.  After thorough mixing, resume data recording.  The time

elapsed between the start of mixing and continuation of data

acquisition should be accurately recorded, as this lag will be critical

when fitting the data (usually about 10-15 seconds).

(6) Upon completion of the reaction, a final emission scan is performed to

ensure the proper change in donor and acceptor fluorescence

intensities.
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The final concentrations for the reaction are as follows: 12 mM Hepes, pH 7.9, 4

mM Tris, pH 7.5, 60 mM KCl, 3 mM MgCl2, 0.32 mM EDTA, 12% glycerol, 0.02% NP-40,

0.4 mg/ml FLAG peptide, 2 mM Mg.ATP, 5 nM nucleosomes, 300 nM SNF2h.

3.3 Data fitting and interpretation

Data are best fit to single or multiple exponentials using a program such as

Kaleidagraph, Berkeley Madonna or MATLAB (Fig. 3).  Variables to fit include rate

constants as well as fluorescence values for the starting material, any intermediates and

the end product.  The fluorescence intensity obtained from the fit for the starting material

should be very close to the value obtained from dilution of the reaction mix with the ATP

mix.  For example, in the above experiment, the starting fluorescence intensity should

equal 2/3 the fluorescence intensity before addition of ATP (80 µl diluted to 120 µl final).

The first data point and actual starting value may be very different since the reaction

may have proceeded partially between manual mixing and data acquisition.  Thus one

must also correct for this lag at every time point.  Lastly, R-values of 0.99 are routinely

obtained.

The rate constants obtained from fitting the data only represent the change in

fluorophore distances that is detectable by FRET, which is based on the Förster radius

of the fluorophores.  Thus there may be portions of a remodeling reaction that are not

measurable using a particular FRET pair.  The fit of data to multiple exponentials may

indicate the presence of intermediates in the remodeling reaction or the presence of two

populations of nucleosomes, which react with different rates. By moving the Cy3 dye to

an internal location on the DNA, as shown in Figures 1B and 3B, it is possible to identify

intermediates in the reaction.  During SNF2h remodeling, the nucleosome starts with low

FRET, transiently increases to high FRET intensity, and then returns to low FRET.  This

indicates that the Cy3 and Cy5 dyes transiently come close together, suggesting the
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presence of an intermediate in which part of the DNA has moved across the histone

octamer.  Finally, while FRET cannot distinguish the exact distances between dyes due

to orientation effects, this technique can reliably detect changes in distance between

dyes.

4. Concluding Remarks

The FRET-based method described above allows for the direct visualization of

mononucleosome remodeling in real-time.  This technique is well suited for quantitative

analysis of remodeling kinetics in solution.   By changing the location of the FRET pairs,

remodeling can be monitored at several different locations on the nucleosome.

Furthermore, this technique can be applied to directly compare the remodeling rates for

several different ATP-dependent chromatin-remodeling complexes.
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FIGURE LEGENDS

Figure 1.  Schematic of DNA and nucleosome constructs.  a, b, Left, labeled Cy3

DNA containing the 601 positioning sequence.  Right, DNA assembled on a histone

octamer with H2A residue 120 mutated to cysteine and labeled with Cy5.  (a) is an end-

labeled construct, and (b) is an internally-labeled DNA construct.

Figure 2.  Emission scan of nucleosomes before and after remodeling.  a,

Schematic of the change in dye positions as a function of SNF2h remodeling of the end-

labeled nucleosome. b, 5 nM nucleosomes were incubated with 450 nM SNF2h for 30

min in the absence (gray) or presence (black) of 2 mM ATP at 30°C.  Samples were

excited at 520 nm, the absorption maximum of Cy3.

Figure 3.   Real-time measurement of remodeling reactions.  a, Left, raw data

collected from remodeling of end-labeled nucleosomes (Fig. 1A) with SNF2h, following

either Cy3 donor un-quenching (black) or change in Cy5 FRET intensity (gray). Right, fit

of data to two exponentials.  Rate constants (sec-1) are: Cy3: first phase 3.3, second

phase 0.1; Cy5: first phase 2.0, second phase 0.1.  b, Remodeling of internally labeled

nucleosomes (Fig. 1B) following Cy3 donor unquenching.   Right, fit of data to two

exponentials.  Rate constants (sec-1) are: first phase 3.2, second phase 0.1.  All

reactions were performed at 30°C with 2 mM ATP.
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