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Organization
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positions nucleosomes locally. Journal of Molecular Biology (2009)
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titled "Investigating the Role of Histone Chaperone NAP1 in Nucleosome 
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The fourth chapter explores the mechanism of interaction between the 
remodeling enzyme ACF and nucleosome.  This work has been published as:  

Racki LR, Yang JG, Naber N, Partensky PD, Acevedo A, Purcell TJ, Cooke R, 
Cheng Y, Narlikar GJ.  The chromatin remodeler ACF acts as a dimeric motor to 
space nucleosomes. Nature (2009)

My role is in conceiving and developing the use of EPR to track conformational 
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Contributions of DNA, histone chaperones, and chromatin 
remodeling enzymes to nucleosome positioning

The eukaryotic genome is packaged by wrapping ~147 bp units of DNA around 

histone octamers to form chains of nucleosomes. The packaging of the DNA 

within a nucleosome reduces access of the DNA to most transcription factors and 

polymerases. In between nucleosomes, there are regions of more accessible 

DNA, called linker regions that vary from a few base pairs to several hundred 

base pairs.  Thus within any given cell type, the precise partitioning of the 

genome into nucleosome-bound and nucleosome-free DNA regions can have 

large consequences on gene regulation and help define a particular cellular 

state.  Recent studies suggest that the genome plays a large role in encoding its 

own packaging through differences in affinity of the underlying sequence for the 

histone octamer.  Nucleosome locations are also regulated by several different 

ATP-dependent chromatin remodeling enzymes, which enable rapid 

rearrangements in chromatin structure in response to developmental cues.  

Thirdly, the in vivo nucleosome assembly process involves proteins called 

histone chaperones.  No individual factor is capable of playing a dominant role in 

generating the immense specificity required to regulate transcription in 

eukaryotes.  This gives rise to the question of what are the relative contributions 

to nucleosome positions due to each of these factors.  This question has been 

investigated with biochemical reconstitutions and activity assays, which tracked 

nucleosome position distributions and kinetics in the presence of various factors.  

Our data support a model in which remodeling enzymes move nucleosomes to 
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new locations by a general sequence-independent mechanism. However, 

consequent to the rate-limiting remodeling step, the local DNA sequence 

promotes a collapse of remodeling intermediates into highly resolved positions 

that are dictated by thermodynamic differences between adjacent positions.  

Analogously, histone chaperones have been found to reduce thermodynamic 

equilibration among all available nucleosome positions, but leads to local 

equilibration after a rapid histone deposition step.  Future understanding of how 

these factors coordinate their activities in vivo and in the presence of 

transcription factors, will hopefully lead to better predictive models of gene 

regulation.
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Chapter 1 - Cooperation of DNA and chromatin remodeling machines in 
nucleosome positioning

Running title: Remodelers and Sequence Cooperate to Position Nucleosomes 
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Summary

The precise placement of nucleosomes has large regulatory effects on gene expression. 

Recent work suggests that nucleosome placement is regulated in part by the affinity of 

the underlying DNA sequence for the histone octamer. Nucleosome locations are also 

regulated by several different ATP-dependent chromatin remodeling enzymes. This raises 

the question whether DNA sequence influences the activity of chromatin remodeling 

enzymes. DNA sequence could most simply regulate nucleosome remodeling through its 

effect on nucleosome stability. In such a model, unstable nucleosomes would be 

remodeled faster than stable nucleosomes. It is also possible that certain DNA elements 

could regulate remodeling by inhibiting the interaction of nucleosomes with the 

remodeling enzyme. A third possibility is that DNA sequence could regulate the outcome 

of remodeling by influencing how reaction intermediates collapse into a particular set of 

stable nucleosomal positions. Here we dissect the contribution from these potential 

mechanisms to the activities of yeast RSC and human ACF, which are representative 

members of two major classes of remodeling complexes. We find that varying the 

histone-DNA affinity over three orders of magnitude has negligible effects on the rates of 

nucleosome remodeling and ATP hydrolysis by these two enzymes. This suggests that the 

rate-limiting step for nucleosome remodeling may not involve the disruption of histone-

DNA contacts. We further find that a specific curved DNA element previously 

hypothesized to inhibit ACF activity does not inhibit substrate binding or remodeling by 

ACF. The element however, does influence the distribution of nucleosome positions 

generated by ACF. Our data support a model in which remodeling enzymes move 

nucleosomes to new locations by a general sequence-independent mechanism. However, 

consequent to the rate-limiting remodeling step, the local DNA sequence promotes a 
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collapse of remodeling intermediates into highly resolved positions that are dictated by 

thermodynamic differences between adjacent positions.
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Introduction 

The eukaryotic genome is packaged by wrapping ~147 bp units of DNA around histone 

octamers to form chains of nucleosomes. The packaging of the DNA within a nucleosome 

reduces access of the DNA to most transcription factors and polymerases. In between 

nucleosomes, there are regions of more accessible DNA, called linker regions that vary 

from a few base pairs to several hundred base pairs.1 Thus within any given cell type, the 

precise partitioning of the genome into nucleosome-bound and nucleosome-free DNA 

regions can have large consequences on gene regulation and help define a particular 

cellular state.2

Recent studies suggest that the genome plays a large role in encoding its own packaging 

through differences in affinity of the underlying sequence for the histone octamer 3 (Fig. 

1a). Genome wide nucleosome mapping studies have found that ~80% of all yeast 

nucleosomes adopt specific positions. 1, 4, 5 The nucleosome positions are often predicted 

from the primary DNA sequence based on the ability of the DNA sequence to bend in a 

manner required for nucleosome formation.6, 7 Other work has mapped local changes in 

nucleosome positions in promoter regions across the yeast genome upon environmental 

stress such as heat shock.2 These changes in nucleosome positions alter the accessibility 

of promoter regions to transcription factors. Since such changes in nucleosome positions 

are generally thought to accompany cellular differentiation and adaptation, it is of interest 

to understand to what extent and how DNA sequence influences transitions between 

different chromatin states. 
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While nucleosomes can assemble on any sequence, under physiological conditions, most 

nucleosomes do not move on their own,8 but remain kinetically trapped in their locations. 

In vivo, transitions between chromatin states are catalyzed by ATP-dependent chromatin 

remodeling machines that rapidly reorganize histone-DNA contacts.9-12 Thus, 

understanding whether DNA sequence affects the activity of remodeling enzymes is a key  

aspect of understanding how DNA sequence might influence transitions between different 

chromatin states. 

One way in which DNA sequence can regulate remodeling activity is by affecting the 

stability of a nucleosome. This model draws on previous observations that nucleosomes 

assembled on strong positioning sequences are thermally repositioned more slowly than 

nucleosomes on weak positioning sequences.8, 13, 14 If the rate-limiting transition state for 

remodeling primarily involves loosened histone-DNA contacts, then remodeling 

enzymes, like heat, will also move unstable nucleosomes more readily than stable 

nucleosomes. In such a mechanism, the main function of a remodeling enzyme would be 

to catalyze rapid equilibration between different nucleosome positions (Fig. 1b). This 

model predicts that remodeling enzymes will move nucleosomes occupying high affinity 

DNA sequences more slowly than nucleosomes occupying lower affinity DNA 

sequences. Another recently proposed possibility is that certain DNA sequences adopt 

topological properties within nucleosomes that inhibit binding by chromatin remodeling 

complexes and thereby help stabilize nucleosomes in specific locations.15 While some 

biochemical studies have shown that ATP-dependent remodeling enzymes can move 

nucleosomes away from strong nucleosome positioning sequences16-19 other studies 
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suggest that nucleosome positioning properties of the DNA do play an important role in 

determining the locations of remodeled nucleosomes.14, 20 These observations have 

suggested a third model in which DNA sequence does not directly affect the activity of 

remodeling enzymes but instead more locally regulates the outcome of remodeling by 

influencing the collapse of remodeling intermediates into a particular set of stable 

nucleosomal positions.14

To distinguish amongst the three models, we separately measured the effects of 

nucleosome stability and DNA structure on nucleosome remodeling rates. We tested the 

activities of two major classes of ATP-dependent remodeling complexes, the ISWI class 

and the SWI/SNF class on nucleosomes with different stabilities. These two classes of 

complexes are highly abundant, act broadly at a number of different loci, and generate 

substantially different products. We therefore reasoned that results with these two classes 

would lead to generalizable principles of how DNA sequence influences ATP-dependent 

nucleosome reorganization. We chose yeast RSC as a representative member of the SWI/

SNF class and human ACF as a representative member of the ISWI class. Surprisingly, 

we find that the rates of nucleosome movement by these complexes are insensitive to 

1000-fold changes in histone-DNA affinity. These and other results presented here 

support the model that DNA sequence regulates ATP-dependent remodeling by locally 

influencing the final nucleosome positions adopted by remodeling intermediates.
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Results

To determine how DNA sequence regulates the activity of remodeling complexes, we 

took two complementary approaches. In the first approach we measured whether 

changing the stability of nucleosomes by changing DNA sequence affected the 

remodeling rates of ACF and RSC. In the second approach we tested whether the 

introduction of a specific curved DNA element inhibits remodeling by ACF. 

Characterization of nucleosomes assembled on four different DNA sequences.                                   

We selected 4 different DNA sequences as our experimental inputs designated as 601,21 

TPT,22 5S,23 and ARB.18 601 is a synthetically selected positioning sequence. It has 

amongst the highest known affinities for the histone octamer and is commonly used as an 

experimental tool in nucleosome-based assays because of its strong ability to position 

nucleosomes in vitro. TPT is another previously used, synthetically derived positioning 

sequence. 5S is a naturally occurring nucleosome positioning sequence that has 

commonly been used to position nucleosomes in vitro. ARB is a sequence arbitrarily 

chosen from a bacterial plasmid that we have used previously.18

We used two approaches to measure differences in affinity amongst the test sequences for 

the histone octamer (Fig. 2). In the first approach, we used a competitive nucleosome 

assembly method developed previously.21, 24-26 In this method, a tracer amount of a 

specific sequence competes with a large amount of a background DNA sequence for a 

limiting amount of histone octamer. The tracer sequence is fluorescently labeled while the 

background sequence is unlabeled. Comparing the fraction of tracer DNA incorporated 

into nucleosomes for the different sequences then allows calculation of the relative free 

energies for nucleosome assembly, (see methods for more details). We visualized the 
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tracer DNA by end-labeling it with Cy3. To ensure we were measuring the energetics of a 

specific nucleosome position, our competition experiment was done on 147 bp core 

segments of DNA. Using this approach we found that our sequences vary in affinity for 

the histone octamer over several hundred fold, representing a 3.0 kcal/mol range in the 

free energy differences at 4 °C (Table 1, ΔΔGARB). The free energy difference that we 

obtain between 601 and 5S agrees well with previous measurements.27 Furthermore, the 

range of free energy differences covered by our test sequences is comparable to the 

maximal range seen in vitro8 and substantially larger than the variability in affinity 

observed in vivo.26

In the second approach, we measured differences in the propensity of the DNA sequences 

to transiently unravel from the histone octamer.  We used this additional approach for the 

following reasons. Nucleosomal DNA can spend as much as 10% of its time away from 

the octamer and exposed to solution and it has therefore been proposed that capturing 

unraveled nucleosomal DNA may be an early step in ATP-dependent chromatin 

remodeling.28-30 Further, the free energy required to unravel the same amount of DNA can 

vary by as much as ~7.3 kcal/mol depending on sequence, raising the possibility that 

sequence may regulate remodeling through effects on DNA unraveling.31 As described 

previously, the equilibrium between the unraveled and bound states of DNA can be 

obtained from the rate of restriction enzyme cutting at a restriction site within a 

nucleosome,31 (see Materials and Methods).  We engineered a PstI site at the same 

location (~18 bp in from one end) within all four test sequences. Further, as with the 

competitive assembly experiments, we assembled nucleosomes on 147 bp sequences. By 

comparing the rates of cutting across the four sequences, we found that the free energy 

required to expose the PstI site varied by ~1000-fold (~4 kcal/mol at 37 °C) (Fig. 2cd & 
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Table 1).

Nucleosomes assembled on these sequences represent quantitatively different energy 

barriers for disruption of histone-DNA interactions and were consequently used as tools 

to investigate the reaction mechanisms of chromatin remodeling enzymes ACF and RSC. 

Rates of remodeling are insensitive to affinity of DNA sequence for histone octamer.                          

To measure the rates of remodeling we used a previously developed FRET-based 

technique18 that allows detection of nucleosome movement in real time (Fig. 3a). We 

assembled nucleosomes on the four test sequences with 60 base pairs of flanking DNA. 

The DNA was end-labeled with the FRET donor Cy3 and histone H2A was labeled with 

Cy5 at residue 120. This design gives the maximal FRET value when a nucleosome is 

positioned on one end of the DNA and any FRET decrease accompanying translational 

movements of up to 15 base pairs away from this end position is easily detectable.18 Due 

to the strong positioning power of 601, nucleosomes assemble readily on the end of the 

601 sequence with 60 flanking base pairs, corresponding to the maximal FRET position. 

Since weaker affinity sequences are also inherently weaker positioning sequences, for the 

rest of the sequences, we enriched the end positioned nucleosomal population through 

glycerol gradient purification. The 5S sequence with 60 flanking base pairs, however re-

equilibrates away from the end position on the time scale of purification and gives rise to 

a higher variability of the FRET signal due to heterogeneity in the starting material.  

Therefore, as described below, for nucleosomes assembled on the 5S sequence we cross-

validated our FRET-based results using independent gel-based assays. 

To isolate effects of nucleosome stability on the maximal rates of remodeling, the 

remodeling reactions were carried out with excess and saturating remodeling enzyme. 
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These conditions were also chosen to mimic the in vivo conditions where the effective 

concentration of the remodeler is increased by specific recruitment.

On short stretches of DNA, ACF moves nucleosomes from end positions to centered 

positions that contain approximately equal flanking DNA on either side. 32 Using changes 

in FRET to measure ACF catalyzed nucleosome movement we find that ACF remodels 

all 4 nucleosomes with comparable rate constants (Fig. 3c). Thus the ACF nucleosome 

remodeling rate is insensitive to large changes in nucleosome stability. As described 

above, the initial positions of 5S nucleosomes are more heterogeneous and therefore 

result in a more variable FRET signal. To control for this variability, we also compared 

the rates of remodeling using a gel-based assay that allows direct visualization of the final 

centered product. Centered nucleosomes migrate more slowly through a polyacrylamide 

gel and appear as an accumulation of a higher band in the course of an ACF remodeling 

reaction.18 Time courses of remodeling showed similar rates of movement to the centered 

position for all nucleosome constructs (Fig. 3f, see figure legend for quantification). This 

result also showed that the final remodeled state for all sequences was dominated by the 

nucleosome centering mechanism of ACF.

RSC remodels nucleosomes by generating a variety of nucleosomal products that include 

repositioned nucleosomes and nucleosomes with altered structures.9, 33 Many of these 

remodeled products involve displacement of the nucleosome away from its starting 

position on the DNA are therefore expected to result in reduced FRET. We used changes 

in FRET to measure RSC catalyzed nucleosome movement and found that RSC remodels 

three of the constructs with comparable rate constants (Fig. 3b). The heterogeneity in the 

initial positions of 5S nucleosomes combined with the heterogeneity of RSC products 

prevented us from using FRET to accurately measure remodeling for the 5S nucleosome, 
10



presumably because some products resulted in increased FRET, while others resulted in 

decreased FRET. We therefore instead assembled nucleosomes on core segments of the 

5S and the 601 sequences to ensure a unique starting position, and compared RSC 

remodeling using a gel-based restriction enzyme accessibility assay. It has previously 

been shown that at low concentrations of the restriction enzyme PstI (0.2 U/µl) a 

nucleosomal PstI site is cut very slowly in the absence of remodeling, but is cut up to 

1000-fold faster in the presence of remodeling enzyme and ATP.34 In these assays, the 

rate of cutting by PstI reflects the rate of remodeling by the remodeling complex. Using 

this approach we found that the rate of remodeling was the same for the high affinity 601 

as the ~3 kcal/mol lower affinity 5S sequence (Fig. 3b,e). 

In summary, by using two independent assays we found that both ACF and RSC remodel 

all tested nucleosomes at similar rates. Significantly, the minor differences in the rates 

show no correlation with the relative stabilities of the nucleosomes (Fig. 3 & Table 1).

Rate of ATP hydrolysis is insensitive to affinity of sequence for histone octamer.                              

The observed insensitivity of remodeling rates to DNA sequence can arise if the 

remodeling enzymes compensate by hydrolyzing more ATP to remodel the more stable 

nucleosomes. To test this possibility, we measured the initial rates of ATP hydrolysis by 

ACF and RSC with each of the four nucleosomes. The nucleosomes were assembled on 

core 147 bp DNA segments and we used excess nucleosomes over remodeling enzymes. 

The magnitude of the differences in ATPase rates is small (at most 3 fold) and shows no 

correlation with nucleosome stability (Table 1). This indicates that RSC and ACF are able 

to reposition nucleosomes assembled on all test sequences using similar amounts of ATP. 

Together, the above results indicate that DNA sequence does not regulate the activity of 
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ATP-dependent chromatin remodeling complexes by changing nucleosome stability. We 

next investigated if a particular curved DNA sequence can inhibit remodeling activity. 

A highly curved sequence element does not alter remodeling rate or binding affinity by 

ACF.              It has recently been suggested that the activity of ACF may be regulated in 

a sequence specific manner. It was proposed that a particular 40 base pair stretch of DNA 

with a high degree of intrinsic curvature, when positioned over the nucleosomal dyad 

adopts a conformation on the nucleosome that is incompatible with ACF binding.15 In this 

model, the ACF catalyzed remodeling of nucleosomes containing this sequence results in 

an accumulation of nucleosomes with the 40 base pair segment aligned with the dyad 

because these nucleosomes cannot be bound by ACF. 

To dissect the effect of the 40 bp element on ACF remodeling, we designed a construct in 

which the 40 base pair curved element replaced the central 40 bp of the 601 sequence 

(Fig. 4a). Insertion at this location is theoretically predicted to maintain the continuous 

curvature present in the 601 sequence, (Supplementary Figure 1). Despite this alignment, 

insertion of the 40 bp element slightly increased the proportion of alternative nucleosome 

positions (Fig. 4b).  However, the majority of the nucleosomes (>75% relative to 601) 

were still positioned at one end of the DNA corresponding to the starting substrate for the 

reaction (Fig. 4b and see Methods.). We first tested if the presence of this sequence 

affected the rate of remodeling by ACF under multiple turnover conditions. In these 

experiments, a limiting amount of ACF was used to remodel excess and saturating 

amounts of nucleosomes. These conditions reflect an in vivo situation where DNA 

sequence can influence recruitment. The two types of nucleosomes were labeled with 

different fluorescent dyes. ACF remodels both types of end-positioned nucleosomes with 

very similar rates (Fig. 4b, top panel, Fig. 4c, left panel).  We obtain a similar result when 
12



the 40 bp element is placed within centered nucleosomes (Supplementary Figure 3). 

Together these results indicating that the presence of the 40 bp element within 

nucleosomes does not slow down remodeling by ACF once ACF is fully bound.

To investigate if the 40 bp element reduced binding by ACF as previously hypothesized 

we used the same set of nucleosomes in a competitive remodeling experiment. Equal 

concentrations of nucleosomes with and without the curved element were mixed with a 

limiting amount of ACF. 35 The different fluorescent labels on each type of nucleosome 

allowed us to visualize their remodeling separately (Fig. 4b). Under these competitive 

conditions, ACF should partition between the two nucleosomes based on their relative 

binding affinities. The observed remodeling rates for the two types of nucleosomes then 

reflect both the binding preference and remodeling preference that ACF has for either 

type of nucleosome. As ACF does not show a remodeling preference, (Fig. 4b, top two 

panels and Fig. 4c, left panel) any observed difference in rates under competitive 

conditions would reflect a difference in the binding preference of ACF. We find that ACF 

remodels both types of nucleosomes with similar rates under these competitive 

conditions. This indicates that the 40 bp element does not inhibit binding by ACF (Fig. 

4c).   

Outcome of remodeling reaction is determined by sequence on local level.                                   

The above results raise the strong possibility that DNA mainly influences remodeling by 

influencing the collapse of remodeling intermediates into specific nucleosomal locations. 

We tested this possibility in the context of ACF because unlike RSC, ACF generates only 

canonical nucleosomes. This allows us to more clearly visualize any differences in final 

nucleosome positions. We also used a longer nucleosome construct for two related 

reasons: (i) it has previously been reported that local positioning differences in the 
13



products are not easily visualized by native gel when the DNA fragment is on the order of 

200 bp14 and (ii) on DNA constructs shorter than 250 bp, the DNA length sensing 

mechanism of ACF is expected to drive nucleosomes to a narrowly clustered set of 

centrally positioned nucleosomes, as seen in Figure 3f and described previously.18

We compared the outcome of ACF remodeling on two 347 bp constructs. Both constructs 

have a 601 sequence at one end to localize the starting nucleosome position. Unlike the 

experiment in Figure 4, the 40 bp sequence is not inserted within the 601 sequence. In 

this case, one construct contains the 40 bp curved DNA element in the center of the 347 

base pair sequence (Fig. 5a). Using this longer nucleosomal construct, we observe many 

different remodeled products that migrate more slowly than the starting nucleosome. The 

presence of the 40 bp element significantly changes the final distribution of products 

(Fig. 5b&c). The differences in outcome are not due to an incomplete reaction, as the 

product distributions did not change with longer times (data not shown).

These results taken together with thermodynamic modeling of the resulting positions 

(Supplementary Figure 2) suggest that DNA sequence can regulate remodeling activity 

by affecting product formation at a step subsequent to the rate-limiting step in the 

remodeling reaction. 
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Discussion 

ATP-dependent chromatin remodeling enzymes change the accessibility of DNA and alter 

transcriptional programs by directing nucleosomes to new positions. Here we analyze 

how the underlying DNA sequence influences ATP-driven transitions between different 

chromatin states. As it had already been shown that histone-DNA affinity can alter the 

rates of thermal repositioning,8, 13 we first considered the simple hypothesis that 

increasing the affinity between the histones and DNA would also slow down nucleosome 

repositioning by remodeling enzymes. By comparing the remodeling activities of two 

major classes of remodeling complexes on a series of nucleosomal templates controlled 

for DNA length, we found that variation of the affinity of histones for DNA did not affect 

the rates of remodeling. We next addressed whether the presence of a DNA sequence with 

strong intrinsic curvature properties could affect remodeling activity. It had previously 

been reported that a particular highly curved 40 bp sequence, when present within a 

nucleosome, inhibits binding by ACF and thereby helps stabilize nucleosomes in specific 

locations. By directly measuring ACF activity on nucleosomes containing this sequence, 

we found that the 40 bp sequence does not affect nucleosome remodeling or binding by 

ACF. The sequence however, does affect the preferred local positions adopted by the 

remodeled nucleosomes. We discuss the mechanistic and broader biological implications 

of these findings below. 

Mechanistic Implications 

Our observation that varying the strength of the binding interface between the histones 
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and nucleosomal DNA does not affect the rates of remodeling most simply suggests that 

disrupting histone-DNA interactions is not rate-limiting during the overall remodeling 

reaction.49  Previous work has shown that both the ISWI class and SWI/SNF class of 

chromatin remodeling enzymes can translocate on DNA36, 37 and it has been proposed 

that this activity is critical for displacing the DNA from histones. It is therefore possible 

that the energetically most costly and consequently the slowest step in chromatin 

remodeling is translocation of the remodeling enzyme on nucleosomal DNA. It is also 

possible that a conformational rearrangement in the remodeling enzyme required for 

activation is the slowest step.

Alternatively, the slowest step may still involve the breaking of histone-DNA contacts, 

but this step may be directly coupled to ATP hydrolysis and therefore limited by the rate 

of ATP hydrolysis. In this case the energy of ATP hydrolysis would be used to lower the 

activation energy for breaking histone-DNA bonds. For example, hydrolysis of ATP may 

promote a conformational change in the remodeling enzyme that allows the enzyme to 

stably capture nucleosomal DNA that unpeels from the histone octamer. Hydrolysis of 

one ATP is sufficient to completely dissociate half of the DNA contacts on even the 

strongest affinity sequence used here. 30, 31 Furthermore, it has been speculated that the 

step size of ATP-dependent chromatin remodeling complexes is of the order of 10 bp, 18, 

19, 38 in which case, the energy from one ATP hydrolysis event, if used efficiently, will be 

more than sufficient.

The data presented in this work leads to the question of how the activity of the enzyme 
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can remain unaffected by changes in DNA sequence while the outcome of the remodeling 

reaction is altered.14 (Fig. 5) A sequence-dependent outcome in the context of sequence-

independent activity can be explained if DNA sequence influences the collapse of a high-

energy intermediate generated by enzyme action into highly resolved nucleosome 

positions (Fig. 6a).  Our model conceptually divides the remodeling reaction in two 

components – local guidance based on sequence interaction with nucleosome versus 

global (or long-range) guidance by the remodeler.  We first present a model based on the 

physical properties of the nucleosome for how DNA sequence can locally direct 

nucleosome locations (Fig. 6b-d) and then discuss implications for the regulation of the 

enzyme within an in vivo context.

Effects of Sequence on Local Nucleosome Positions

When assembled into a nucleosome DNA adopts a high degree of curvature relative to 

the persistence length of DNA. The energetic cost of loop formation is balanced by the 

energy gained through forming 12 discrete contacts between histones and the DNA 

backbone.39 There are no base pair specific contacts between the histones and the DNA, 

so the base pair composition of a sequence is thought to influence affinity for the 

nucleosome only to the extent that it dictates its propensity and ability to curve around 

the histone octamer.6,7 

Since the DNA molecule has a helical structure with a ~10 bp repeat, the groove facing 

the nucleosome alters every 5 bp (Fig. 6b).  Correspondingly, it has been shown that 

sequences which contain 10 bp spaced repeats of AT and GC dinucleotides with 5 bp 

17



relative offsets preferentially bind nucleosomes.  This is because every 10 bp AT/TT/TA 

dinucleotides provide a favorable local structure for compression of the minor groove, 

while a 5 bp offset of GC dinucleotides lowers the energetic cost of compression of the 

corresponding major groove when it faces the nucleosome core.21, 24, 25 Such an 

arrangement of dinucleotides confers a handedness to the bend of the DNA molecule 

such that the direction of curvature of the DNA is aligned with the curvature of the 

histone octamer.  

Consider the effect of a 10 bp translation of such a sequence relative to the histone 

octamer on the overall free energy of the complex.  Given the ~10 bp helical periodicity, 

such a translation would retain the alignment between the handedness of the DNA 

curvature and the octamer while maintaining the discrete points of contact.  So, the 

change in overall affinity would be mostly attributable to the difference of the 

contributions from the departing and arriving 10 bp.  In contrast, a translation of such a 

sequence by half a helical turn (5 bp) would disrupt the correspondence between the 

preferred helical handeness of the DNA and the curvature of the nucleosome, resulting in 

a highly unstable position.

These local features of an energy landscape are represented in Figure 6d for an idealized 

sequence of continuously distributed intrinsic curvature.  This representation of the 

thermodynamic landscape is consistent with two properties of nucleosome positions in 

vivo; that many nucleosomes occupy highly resolved positions, and that nucleosomes 

tend to cluster at 10 bp offsets.4 A smooth energy landscape as in Figure 6c would 

correspond to a smooth probability distribution of nucleosome locations. In contrast, by 
18



analogy to the combination of positive and negative feedback to achieve higher precision 

in many biological control systems, the close interspersion of high and low affinity 

rotational registers (Fig. 6d) can achieve higher positioning precision. The distribution of 

bending properties may be periodic, as schematized in Figure 6d, or non-periodic. A non-

periodic distribution of bending properties within a sequence can give rise to irregular 

thermodynamic landscapes, with varying well depths and barrier heights. This is 

suggested for the 40 bp element, the presence of which, introduces non-uniform changes 

in the predicted thermodynamic landscape of nucleosome positions (Supplementary 

Figure 2). 

We hypothesize that the height of the peak that separates two wells representing adjacent 

rotational settings (Figure 6d) reflects the activation energy required for the nucleosome 

to switch between the two settings. This hypothesis is based on the assumption that 

switching requires transition through the intermediate rotational setting represented by 

the peak separating the two adjacent valleys.  When the energetic difference between the 

peak and valleys is less than thermal energy (<kT~0.6 kcal/mol), this would allow for 

rapid equilibration between adjacent rotational settings and the relative depths of the 

valleys will determine the distribution of rotational settings. In contrast, when difference 

between the peak and valleys is >> kT, equilibration between adjacent rotational settings 

would be slow on a physiological time-scale, and nucleosomes would get kinetically 

trapped in certain rotational settings.   Thus, high peaks will result in more sharply 

defined rotational positions and low peaks will result in a wider distribution of rotational 

positions (Figure 6d).  By this model, a strong rotational positioning sequence can be 
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defined, not just by its absolute affinity, but also by the height of the energy barriers 

between neighboring rotational positions, (Fig. 6d). 

Indeed, previous theoretical calculations suggest that the energetic barrier between 

neighboring nucleosome positions separated by 5 bp can span a large range depending on 

sequence. Calculations for K. lactis centromeric DNA sequences suggest that this local 

barrier can be as large as 15 kcal/mol41 while similar calculations for human telomeric 

DNA sequences suggest that the barrier is negligible compared to thermal energy.42 

Global Action of Remodeler 

We have shown that the thermodynamic stability of nucleosomes does not regulate the 

efficiency of chromatin remodeling enzymes. Rather, our data suggest that the intrinsic 

remodeling mechanism dictates major translational shifts while the local nucleosome 

positioning landscape resolves the final position and rotational phase.  We hypothesize 

that consequent to remodeling, the DNA sequence promotes the collapse of a high-energy  

remodeled intermediate into a particular set of stable nucleosomal positions.   In vivo, the 

available positions will be further restricted by neighboring nucleosomes, other DNA 

bound factors, and the state of chromatin compaction.  

The capacity of chromatin remodeling enzymes to remodel sequences of variable affinity 

at similar rates casts them as versatile molecular machines capable of preserving their 

specific function once recruited to any locus. This versatility with respect to the 

nucleosomal DNA sequence is consistent with substantial previous work suggesting that 

a large part of the specificity of remodeling enzymes arises from targeting via sequence-

20



specific DNA binding factors and factors that recognize specific histone modifications.

43,50 Significantly, ACF and RSC act globally at a diverse set of genomic loci dependent 

on cellular state, and participate in different functional pathways. Moreover, a key 

homolog of ACF in yeast, the Isw2 complex has been observed to directionally slide a 

nucleosome in vivo across low affinity dA-dT-rich sites shown to repel nucleosomes.44

Conclusion

Many nucleosomes occupy highly defined and reproducible positions in vivo, either at 

the level of single base pairs, or at the level of 10 bp rotational phases. While such 10 bp 

phasing could simply reflect the stochastic consequence of the dominant mode of 

curvature distribution within natural positioning sequences, recent work implies that the 

precise rotational position of the nucleosome has functional significance.  This argument 

is based on observations that shifts in nucleosome positions by a few base pairs can have 

profound impact on transcription45 and by the observation that transcription factors show 

preferential alignments on the surface of the nucleosome with helical periodicity.4 

Intriguingly, nucleosome bound sequences within regulatory regions exhibit selection 

against mutations that disrupt helical phase.51

Previous work has already revealed the potential of a sequence dependent nucleosome 

positioning code. Our study suggests a mechanism by which the remodeler and sequence 

can cooperate to switch nucleosomes between two different locally meaningful positions 

based on environmental stimuli.  We hypothesize that after providing the energy to 

overcome local kinetic barriers between neighboring positions, the remodeler releases the 
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nucleosome in the general vicinity of a regulatory region while the underlying DNA 

sequence directs the settling of the nucleosome into a functional rotational position.  This 

collaboration between remodeling enzymes, which provide range, and DNA sequence, 

which provides precision, may allow nucleosomes to toggle between well-defined 

cellular state dependent positions like clicks of a switch.
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Materials & Methods 

Protein Purification. RSC was purified from Saccharomyces cerevisiae via a TAP-tag 

attached to the Rsc2 subunit as described previously.46 The human ACF complex was 

purified assembled and purified from Sf9 cells via a FLAG tag attached to the SNF2h 

subunit as previously described.18

Nucleosome Assembly. The 601, TPT, 5S and ARB positioning sequences were modified 

to contain a PstI site 18 bp in from one end. DNA constructs of different lengths were 

generated by PCR and gel-purified. Specifically, for the FRET kinetics measurements, 

ACF gel mobility shifts, and ATPase experiments, test sequences included 60 base pairs 

of flanking DNA to accommodate movement of the nucleosome. The experiment in 

Figure 5 required a longer construct with 200 flanking bp and other experiments (Fig. 2, 

3c) were done on 147 bp sequences without any flanking DNA, as described in the text 

and figures. Cy3 or Cy5 labeled DNA was generated by PCR using end-labeled primers 

(IDT). (Primer sequences are available upon request.) DNA fragments were assembled 

into mononucleosomes with recombinant Xenopus histones using the gradient salt 

dialysis method.47 Nucleosomes used in the FRET kinetics experiment were assembled 

on octamers containing H2A labeled with Cy5 at residue 120, as described. 18 For 5S, 

TPT and ARB positioning sequence containing nucleosomes, we enriched for end 

positioned nucleosomes by glycerol-gradient purification.47

Competitive Assemblies.  In this method developed by Shrader and Crothers24, 25and 

further optimized by the Widom group,21, 26 labeled tracer DNA competes with a large 
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excess of unlabeled competitor DNA for limiting amounts of histone octamer.  The 

referenced method was used with slight modification. Tracer amounts of Cy3 labeled 147 

bp core DNA fragments of each test sequence were mixed with 40 µg of ARB core DNA 

serving as background.  Both were competing for 3 µg of octamer in a 60 µl reaction 

containing: 20 mM Tris-H Cl (pH 7.7), 10 mM DTT, 0.5 mM benzamidine. The reaction 

was gradually dialyzed at 4 oC from high salt 2M NaCl into TE buffer using an 

established assembly method shown to yield equilibrium measurements.21, 26 

Reconstitution reactions were repeated multiple times on different days. Measurements 

were further validated by repetition with different background DNA (30 µg 5S, not 

shown.). The assembled reactions were run on a 0.5X TBE non- denaturing 5% (v/v) 

polyacrylamide gels.  Tracer DNA was visualized by scanning on a Typhoon Variable 

Mode Imager (GE health care) with the Cy3 filter set, while total DNA was similarly 

visualized using SYBR gold staining (Invitrogen). ImageQuant (GE Healthcare) was 

used to quantify band intensities.

For a competitive assembly reaction with a given tracer sequence represented by “D”, an 

equilibrium constant (KeqD) was calculated from the molar ratio of nucleosomes to free 

DNA. A equilibrium constant was also obtained using the background sequence, ARB, as 

a tracer (KeqARB). The relative free energies were then obtained from Equation 1 for 4 oC.

ΔΔGARB=  -RT ln (KeqD/ KeqARB ) (R is the gas constant, T the absolute temperature)     (1)

For consistency the ΔΔG values calculated from the site exposure values are also reported 

relative to ARB.
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Proper equilibration was indicated by the value of KeqARB. This value is obtained under 

conditions where the tracer and background sequences are identical and therefore should 

be equal to the molar ratio of octamer to background DNA. This ratio should also be 

equal for all reactions when total DNA is quantified.  The variability of this ratio across 

all test conditions within a single dialysis experiment was used to calculate global 

experimental error (± 0.05 kcal/mol) and can be interpreted as the uncertainty of the ARB 

sequence, otherwise defined as 0, (see Table 1).

FRET experiments. FRET-based remodeling reactions contained either 25 nM ACF or 40 

nM RSC.  All reactions contained 10 nM nucleosomes (assembled on various sequences 

as reported) in reaction buffer: 20 mM Tris-H Cl (pH 7.7), 60 mM K Cl , 10% glycerol 

and 3 mM free Mg2+.  Reactions were initiated by the addition of 4 µM ATP at 30 oC. 

Both RSC and ACF activity under saturating ATP conditions is on a time scale too fast to 

be accurately measured by our FRET-based method. We therefore used a subsaturating 

ATP concentration of 4 µM to be able to follow the entire time course.  FRET-based  

kinetics data was collected on an ISS K2 fluorimeter. 18The data were fit to two 

exponentials using MATLAB (Mathworks). The rate constants reported in Table 1 are for 

the first fast phase. The second slower phase is thought to represent a small population of 

nucleosomes that get remodeled more slowly as explained previously. 18 Values reported 

in table are averaged across n>3 conditions, with error reported as SEM from a pool of 

individual runs with typical R values of >.99 to the fit.

ACF gel mobility shift experiments.  All the ACF reactions analyzed by gel mobility shift 
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were performed in the same basic buffer conditions as above with variations in ACF, 

nucleosome and ATP concentrations as described below. All reactions were stopped with 

2X stop buffer (115 mM ADP, 0.8 mg/ml unrelated stop plasmid DNA to compete off the 

enzyme) and run on a 0.5X TBE non- denaturing 5% (v/v) polyacrylamide gel. The ACF 

reactants and products were visualized by scanning the gel on a Typhoon Variable Mode 

Imager (GE healthcare) after SYBR gold staining (Invitrogen).  The reactions in Figure 

3f were carried out with the same ACF and ATP concentrations as used in the FRET 

experiments. The reactions in Figure 5b contained 25 nM ACF, 10 nM nucleosomes and 

2 mM ATP-Mg2+. We confirmed that these reactions had gone to completion by longer 

incubations and by controlling for time-dependent loss of enzyme activity and ATP 

depletion.

For limiting enzyme conditions used in the competition experiments (Fig. 4b) 15 nM 

ACF and a saturating concentration of 80 nM total nucleosome were used based on 

previous work 35 (and data not shown.) Three reactions were run in parallel.  The 

individual reactions (Fig 4b, top two panels respectively) contained either (1) 80 nM of 

nucleosomes assembled on 601+60 sequence end-labeled with Cy3, or (2) 80 nM of 

nucleosomes assembled on 601+60 sequence containing the 40 bp curved insert in the 

center of 601 and end-labeled with Cy5 dye. The third condition (3) combined 40 nM of 

each nucleosome for a final concentration of 80 nM. The nucleosomes were visualized by 

scanning the gels on the Typhoon using the appropriate filters to visualize either the Cy3 

or the Cy5 dyes. ImageQuant (GE Healthcare) was used to quantify band intensities, 

which were used to calculate the fraction of end positioned (i.e, unremodeled) 
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nucleosomes relative to all positions as a function of time and these were then normalized 

to time zero to obtain the normalized fraction of unremodeled nucleosomes [fr(U)]. The 

data in Figure 4C represents [1-fr(U)] plotted vs. time. Reported results are representative 

across three experiments conducted on different days.

Analysis of equilibrium constants for site exposure.  We adapted a previous restriction 

enzyme accessibility approach pioneered by the Widom laboratory.7, 31 We measured the 

initial rates of cutting at a PstI site located 18 bp in from the end of different core 

nucleosomes.  Restriction enzymes can cut nucleosomal DNA when it transiently 

unravels from the histone octamer. The rate of cutting by the highest achievable 

restriction enzyme concentrations is significantly slower than the rate at which the 

unraveled DNA rebinds the histone octamer.48 As a result, cutting of nucleosomal 

restriction enzymes is slowed down relative to cutting of free DNA by a factor equal to 

the equilibrium constant for unraveling the amount of DNA required to expose the 

restriction site. As described previously, we obtained the equilibrium constants for 

unraveling nucleosomal DNA (Keqconf) by taking the ratio of the rate of cutting on a 

nucleosome to the rate of cutting on the corresponding free DNA sequence.  The values 

in Table 1 are ΔΔG values calculated for 30 oC from differences between the given 

sequence and ARB for consistency and ease of comparison with the competition 

assembly values (Eq. 2).

ΔΔGARB=  -RT ln(Keqconf[ARB]/ Keqconf[D] )  (D is the test sequence)                 (2)

Reactions were initiated by adding 10 U/µl PstI to  20 nM nucleosomes assembled on 
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core segments of test sequences  in a reaction buffer containing: 20 mM Tris-H Cl (pH 

7.7), 60 mM K Cl , 5% glycerol and 3 mM free Mg2+ at 37o C  Aliquots were removed at 

various times and quenched in 1.5 volumes of 10% glycerol, 70 mM EDTA, 20 mM Tris 

(pH 7.7), 2% SDS, 0.2 mg/ml xylene cyanole and bromophenol blue.  Cut DNA was 

separated from uncut DNA on a 12%  native polyacrylamide gel (1XTBE) after 

deproteinizing at 37o C for 1 hr with 1 mg/ml proteinase K. The DNA was visualized 

using a Typhoon after staining with SYBR gold. For each time point, the fraction of uncut  

versus cut DNA was quantified. Initial rates were obtained by fitting the first 10% of the 

reaction to a straight line.

RSC remodeling kinetics by restriction enzyme accessibility. Reactions containing 40 nM 

RSC, 10 nM nucleosomes, 3mM free Mg2+ at 30o C, and 0.2 U/µl PstI were initiated by 

the addition of 2 mM ATP-Mg2+.  Reactions were stopped, separated, visualized and 

quantified as in the above section. Rate constants were obtained by applying a first order 

fit to the change in the fraction of uncut DNA as a function of time using MATLAB 

based on a previously established method.34

ATPase reactions. For reactions with ACF, 20 nM enzyme and 80 nM nucleosomes were 

mixed in 20 mM Tris-H Cl (pH 7.7), 60 mM K Cl , 10% glycerol and 3 mM free Mg2+.  

RSC reactions contained 1nM RSC and 40 nM nucleosome in the same buffer.  

Experiments were initiated by the addition of 4 µM ATP containing trace amounts of 

[g-32P]ATP. Reactions were quenched, processed and quantified as described.34
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Table 1

!!GARB   (Assembly) !!GARB(Breathing)‡ ACF kobs RSC kobs

i

ACF kATP RSC kATP

kcal/mol ± S.E.M kcal/mol min min min min

arb 0.0* 0.0 ±0.18 1.2 ±0.2 2.4 ±0.8 0.21 ±0.03 4.6 ±0.3
5s -0.15±0.05  0.27 ±0.35 1.1 ±0.2 N/A 0.34 ±0.06 7.7 ±1.0

tpt -0.22 ±0.04  0.23 ±0.20 1.3 ±0.3 2.8 ±0.1 0.58 ±0.08 8.3 ±1.1
601 -2.98 ±0.18 -4.19 ±0.29 1.4 ±0.1 2.7 ±0.3 0.49 ±0.09 6.2 ±0.6

  ± of S.E.M.  See methods for full details and fit R-values.

  § using 4 µM subsaturating ATP and saturating nucleosomes.  See methods.

  ‡ this is !!     G of PstI site exposure, relative to ARB assembled nucleosome.
  * ARB is used for reference so defined as 0.  

-1 -1 -1 -1

ATPase (P / enz) Remodeling ActivityThermodynamic Properties

quantitative measurements of nucleosomes assembled on different sequences

§
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Fig. 3
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Figure Legends

Figure 1:  Model: Chromatin Remodeling Enzymes Help Nucleosomes Equilibrate on 

the Genomic Thermodynamic Landscape. 

A. A schematic of a thermodynamic landscape representing differences in the free energy 

of interaction between DNA and the histone octamer.  Nucleosomes are thought to 

equilibrate on this energy landscape with the assistance of remodeling enzymes.  

B. One model for how histone-DNA affinity regulates the activity of remodeling 

enzymes. In the absence of remodeling enzyme, a high-energy barrier kinetically traps 

nucleosomes in non-equilibrium locations. A remodeling enzyme promotes rapid 

equilibration by lowering this energetic barrier. A prediction of this model is that if we 

could destabilize the pre-remodeled state, the remodeler would move the nucleosome 

with a faster rate.  Key alternative models are presented in the main text.

Figure 2: Characterization of Nucleosomes Assembled on Different Sequences. 

A. Excess background DNA (40 µg) and tracer amount of the 147 bp test sequence (< 

100 ng) were assembled on limiting quantity of histone octamer (3 µg).

B. Representative native gel of competitive assembly products.  The left panel shows that 

the same total quantity of DNA is assembled into nucleosomes in both lanes, independent 

of tracer.  The right panel shows the fluorescently labeled tracer in the same two lanes. 

The 601 sequence (lane 1) has much higher affinity for the nucleosome than the TPT 

sequence (lane 2) in the context of the competitor DNA.  See Table 1 for quantification.
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C.  A PstI restriction enzyme site was incorporated ~18 bp inside core nucleosomes 

assembled on 147 bp of DNA.  Previous work has shown that nucleosomal DNA 

transiently unravels from the histone octamer and becomes accessible to cutting by 

restriction enzymes.  To determine how DNA sequence affects this unraveling, the rate of 

cutting by PstI (10 U/µl) was measured.

D.  Representative time courses of restriction enzyme accessibility reactions.  

Comparison of top and bottom panel shows that in the context of the 601 sequence the 

PstI site becomes accessible almost 1,000 fold more slowly than in the context of TPT.  

See Table 1 for quantification.

 

Figure 3:  Chromatin Remodelers ACF and RSC Displace Nucleosomes from High 

Affinity Sequences at Similar Rates as Low Affinity Sequences.

A. Schematic of nucleosome structure with Cy5 dye (red) attached to the nucleosome and 

Cy3 dye (green) attached to the short flanking DNA end.  Nucleosomes were assembled 

on four different sequences of 207 bp length and only the end positions were isolated for 

the FRET assay, leaving 60 bp of flanking DNA.

B&C.  Kinetics of remodeling of the nucleosome constructs by RSC and ACF 

respectively, as measured by Cy3 unquenching. A single fit of the average data is 

included to indicate agreement in remodeling rates between constructs.  See Table 1 for 

quantification. 
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D. Restriction Enzyme Accessibility (REA) assay for 601 and 5S sequences. 

Nucleosomes were assembled on core length sequences of 147 bp such that the PstI site 

was positioned 18 bp into the nucleosome.  During remodeling, RSC destabilizes contacts 

between the histones and DNA and thereby makes the PstI site accessible to cleavage. 

This experiment is done at lower PstI concentrations (0.2 U/µl) than the experiment in 

Figure 2.   

E. Quantification of RSC remodeling of REA gel.  Rates are similar for 5S and 601 core 

nucleosomes. 1/kobs is 11 ± 2.3 and 12 ± 1.7 minutes for 601 and 5S respectively. Squares 

and triangles represent 601 and 5S sequences respectively, while solid versus empty 

shapes represent +/- addition of ATP.

F.  ACF remodeling verified with gel-based assay.  Centered nucleosomes migrate more 

slowly though gel matrix and appear as an “upshifted” band.  ACF moves nucleosomes to 

central positions independent of sequence. The half times in minutes for the 601, TPT, 5S 

and ARB reactions are respectively 2.1, 2.3, 5.2 and 2.6

Figure 4:  Curved Sequence Does Not Affect Remodeling Rate or Binding Affinity of 

Remodeling Enzyme.

A. Schematic of constructs used for remodeling assay.  Fluorophores are used to 

discriminate nucleosomes in single reaction mix. The 40 bp curved element is inserted in 

the middle of the 601 positioning sequence so that it aligns with the dyad in the end 
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positioned nucleosome.  There are an additional 60 bp beyond the 601 sequence to allow 

movement of the nucleosome.

B.  Upshift gel shows ACF (15 nM) centers nucleosomes assembled on both constructs 

under multiple turnover conditions at similar rates. Top two panels represent separate 

reactions with individual nucleosomes (80 nM each).  In the bottom panel, the colors are 

merged to depict data from a single reaction with mixed nucleosomes (40 nM each, 

combined).

C. Quantification of data from (B).  Left panel, individual reactions; Right panel, 

competitive reaction.

Figure 5:  Sequence Affects Positioning Outcome.

A.  Schematic of constructs used for remodeling assay.  A 40 bp curved element is 

inserted in the middle of a 601+200 sequence to test whether it will influence distribution 

of nucleosome positions post-remodeling. Longer flanking DNA allows for better 

visualization of alternate positions.

B.  Comparing final positions of nucleosomes assembled on 600+200 (lane 2) with those 

assembled on the sequence containing the curved element, (lane 3) shows a different 

distribution of final positions. The initial population for nucleosomes assembled on both 

constructs is homogenously end positioned, (lanes 1 & 4).

C.  Line graphs of the region of difference shows that incorporation of curved element 

influences final distribution of products (lane 2 solid line vs. lane 3 dashed line).
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Figure 6:  Model: Sequence and Remodelers Cooperate to Achieve Positioning Outcome.

A. Model of cooperation between remodeling enzymes and sequence.  Remodeling 

enzymes move nucleosomes over large distances in a sequence independent manner, but 

sequence influences local settling of remodeling intermediate to give a final stable state.

B.  Structure of one half of the nucleosome shows that DNA is highly bent around the 

histone octamer.  In this bent structure, within the helical turn (~10 bp) DNA compression 

alternates between the major and minor groove every 5 bp.  If nucleosome affinity is 

determined by a correspondence of the intrinsic curvature of the sequence and the 

curvature dictated by the physical constraints of the nucleosome, then a translation of the 

DNA relative to the nucleosome by 5 bp would also flip the rotational orientation of the 

DNA, pairing the two curvatures in opposition, and result in a highly unfavorable 

sequence. 

C.  Schematic of three kinds of positioning wells on a smooth thermodynamic affinity 

landscape. 1) A shallower well corresponds to lower stability and/or lower occupancy.  2) 

A strong positioning sequence corresponds to a stable energy well.  3) Broad or 

ambiguous energy wells correspond to delocalized or "fuzzy" nucleosomes.

D.  Model for how the bending preference of the DNA sequence imposes local features 

on the thermodynamic landscape.  Regions corresponding with wells 2 and 3 from (C) 

are chosen for contrast and a continuous distribution of curvature is assumed to model 

local features in this schematic.  The bottom track depicts the fate of two nucleosomes 
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released by the remodeler at positions indicated by the numbered arrows. The energetic 

barriers between adjacent rotational positions are depicted as being greater than thermal 

energy (kT, black scale bar) for the central positions of well 2 and depicted as comparable 

to thermal energy in well 3.  A nucleosome released near the center of well 2 will be 

kinetically trapped into a local cluster of rotationally phased positions as is observed for 

the majority of nucleosomes in yeast genome.1  A nucleosome released at the center of 

well 3 will not experience significant kinetic barriers in moving between adjacent 

rotational settings and would occupy a wide distribution of rotational and translational 

positions (delocalized or “fuzzy” nucleosomes), as is observed for a minority of yeast 

nucleosomes. 1
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Chapter 2 - High Resolution Setting of Nucleosome Position

Background and Significance

# A complex regulatory circuitry of transcription factor proteins (TFs) controls 

the gene expression programs within all eukaryotic cells allowing them to 

maintain a diversity of cellular functions and react to environmental queues.  A 

critical component of transcription control relies on sequence-specific binding of 

TFs to their targets within gene promoter regions.  While the sequence 

preference of a TF can be determined experimentally, this is not sufficient to 

predict the target site in vivo.  For example, fewer than half of the genes bound 

by Ste12 in S. cerevisiae contain an exact match to the binding motif, and only 

one-third of the genes with conserved matches to the motif across multiple 

yeasts are bound by Ste12.{Harbison et al., 2004, Nature, 431, 99-104}  

Observations such as this suggest that specificity of TFs cannot be inferred from 

sequence motifs alone.  It is temping to surmise that the physical packaging of 

the DNA by a proteinaceous scaffold collectively known as chromatin contributes 

to the observed specificity.

The “Occlusion Hypothesis”

# Collectively nucleosomes cover ~80% of the genome, effectively 

partitioning it into “nucleosome bound” and “nucleosome free” fractions.  Given 

that packaging of a regulatory element within a nucleosome generally reduces 

46



accessibility of TFs, and the recent discovery of a ~200 b.p. nucleosome-free 

region upstream of the TSS in S. cerevisiae, {Yuan et al., 2005, Science, 309, 

626} it has been hypothesized that functional TF sites tend to be located in 

nucleosome free regions, while “spurious” sites are buried deeper within 

chromatin. 

Nucleosome as a Binding Scaffold

# In contrast to the occlusion hypothesis, it has been demonstrated that 

some TFs can bind their target sites with increased specificity within 

nucleosomes rather than on non-nucleosomal DNA. {Steger, 1997, The EMBO 

Journal, 16, 2463-2472}  Among such TFs are proteins essential for cell fate 

determination and development, termed “pioneer factors” by Ken Zaret{Chaya et 

al., 2001, Journal of Biological Chemistry}.  As elaborated in the previous 

chapter, a key insight comes from the simple fact that due to the helical nature of 

the DNA, a given strands changes its orientation relative to the face of the 

nucleosome every ~10 b.p.  (See Figure “Phasing information and rotational 

setting”)
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From: Jiang and Pugh. Nucleosome positioning and gene regulation: advances 

through genomics. Nat Rev Genet (2009)

# The added specificity of this “context specific recognition” can therefore 

come from a the proper alignment of the TFs target motif within the nucleosome. 

{Chaya et al., 2001, Journal of Biological Chemistry}  A salient example comes 

48



from the differential GR binding profile of variously positioned GRE elements.  A 

5 b.p. shift in orientation (i.e. a full rotation around the helical axis) substantially 

reduces binding.  (See figure “Nucleosome positioning effects on GR-GRE 

interaction.”)

Figure from: Li et al. Accessibility of a glucocorticoid response element in a 

nucleosome depends on its rotational positioning.  MCB (1995)
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# In the previous chapter, it has been suggested that the DNA sequence 

influences the final settling of a nucleosome due to the sequence specific 

curvature properties of DNA.  In this section, I further discuss the meaning of a 

highly resolved nucleosome position and develop a framework for predicting 

positions by accounting for the contributions of the remodeling enzyme and the 

sequence.

 Alignments of TF bound sites within the nucleosome exhibit a 

periodicity reflecting a preferred orientation of binding. 

Given that the DNA sequence influences nucleosome rotational settling, based 

on the energies of interactions between neighboring bases (see figure) it is 

50



possible that the TF sites derive part of their specificity from their location within a 

local sequence window.

Illustration of nucleosome influenced deformation of sequence specific DNA.  

Morozov et al.   ArXiv 2009

For this analysis we need to compare the local nucleosome settling landscape 

based on energy models of DNA.  The following section demonstrates the 

power of combining computational predictions with empirically measured 

nucleosome positions, as illustrated for the sequences used for Chapter 1, 

Figure 5.

# Using the energy model of DNABEND software available at http://

nucleosome.rockefeller.edu to generate a high resolution energy landscape for 

the two sequences, yields:
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Applying the statistical-mechanical partition function to get a probability 

distribution shows us the preference of the end position we observe during 

assembly.  This step is an internal control that the end position observed during 

assembly is truly the most energetically favorable condition, and also helps 

constrain the free variables in the DNAbend model.

Now in order to model the remodeling reaction on the gel, we need to 

incorporate two factors.
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(1) Given that the centered nucleosome migrates slowest and any deviation 
runs accordingly faster, we report positions in distance from center – as 80/120 
runs just like 120/80, i.e symmetric.
 
(2) To account for the contribution of the remodeling enzyme, we apply a 
smooth distribution that tapers towards the ends to represent ACFs kinetic 
discrimination of the shorter strands, as inspired by work from the Tom Owen- 
Hughes group.  (See next figure, panel B, enzyme profile 3)

B, idealized nucleosome distribution patterns for a 200-bp DNA fragment with no 
nucleosome positioning properties.  Figure from: Stockdale, C. et al. J. Biol. Chem. 
2006
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Incorporating these criteria, we get the following plot. The contribution of ACF 

remodeling is represented by the dotted line biased towards nucleosome 

positions away from DNA ends.

Comparing with actual gel, we get a visual correspondence between gel bands 

and the computationally predicted distribution of positions.
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Given that it is possible to improve the prediction of high resolution nucleosome 

locations given a smooth constraint (such as the activity of a chromatin 

remodeler), genome wide nucleosome mapping data can be post-processed with 

a computational model to generate a set of highly resolved nucleosomes for TF 

binding site location analysis.  The following figure demonstrates the application 

of this analysis on several TFs from Saccharomyces cerevisiae as carried out in 

collaboration with Wan Lin of the Center for Theoretical Biology, Peking 

University, China.
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Conclusion

# The research program outlined above is a step towards understanding the 

nature of TF factor specificity within the context of diverse cellular programs and 

altered nucleosome positions.  My approach focuses on leveraging knowledge of 

nucleosome positions to generate hypothesis of various modes of 

TF:nucleosome interactions.  In turn, this increase in understanding of the 

mechanistic rules governing the specificity of TF interactions in the context of 

alternate nucleosome positions will lead towards more predictive models of gene 

regulation.
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Chapter 3 - Histone Chaperones alter nucleosome locations but not local 
settling.

To accommodate the almost 2 meters of human genomic DNA into a 

micron sized nucleus, the DNA is packaged by protein machinery. A 

fundamental packaging unit is the nucleosome, which contains an octamer 

of histone proteins wrapped by ~150 bp of DNA.  This highly conserved

nucleoprotein complex occurs essentially every 200 bp throughout all

eukaryotic genomes.  The exact positions of nucleosomes across the

genome are increasingly recognized to have significant regulatory

roles in processes such as development and transcription by altering

accessibility of the underlying DNA. Sequence dependent histone

octamer binding properties of DNA molecules, measurable in vitro, have

recently been termed the second genomic code on account of their

ability to predict nucleosome positions in vivo. Since nucleosome

assembly is mediated by histone chaperone proteins in vivo, we

investigated the mechanism of assembly of a conserved histone

chaperone Nap1 with respect to nucleosome positioning.   Using various

in vitro assays, we discovered that under physiological conditions,

Nap1 does not assemble nucleosomes on positions predictable by DNA

sequence alone (i.e. thermodynamically preferred positions).  However,

since the addition of heat can alter the positioning preference of

nucleosomes in a Nap1 dependent manner, we conclude that other
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biological factors can modulate Nap1 to position nucleosomes in

thermodynamically preferred positions.

Model of Nap1 chaperone role in nucleosome assembly.

Figure from: J. Mazurkiewicz, J. F. Kepert, and K. Rippe  J Biol. Chem. June 
2006

# To determine whether Nap1 assembly proceeds under conditions of 

thermodynamic equilibrium between the histone and DNA, we compared the 

outcome of chaperone mediated assembly with that by salt dialysis.  As 

described in Chapter 1, salt dialysis has previously been shown to be an 

equilibrium assembly process.
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# On various sequences tested, chaperone mediated assembly led to a 

different set of nucleosome positions than salt dialysis, (see figure).  However, 

the nucleosomes clearly resolved to discrete positioned populations (lane 2 in 

red and blue panels).  This indicates that Nap1 does not mediate an equilibrium 

assembly processes, however, the intrinsic curvature of the sequences is forcing 

the nucleosomes to settle in locally preferred orientations.

# The addition of heat helps overcome local energy barriers and has been 

used to allow nucleosomes to slide to energy minima on the thermodynamic 

landscape.  For nucleosomes assembled with Nap1, heat effected a slight 

redistribution towards, but not a complete condensation, to the energetically 

optimal position as based on salt dialysis assembly.

Fire indicates heating at 50 C for 1 hour.
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Since the addition of heat can alter the positioning preference of

nucleosomes in a Nap1 dependent manner, we conclude that other

biological factors can modulate Nap1 to position nucleosomes in

thermodynamically preferred positions.

Alexander Payumo presented this work "Investigating the Role of Histone 

Chaperone NAP1 in Nucleosome Positioning in Vitro" at the 2007 Annual 

Biomedical Research Conference for Minority Students. 
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Chapter 4 - The chromatin remodeler ACF acts as a dimeric motor to space 
nucleosomes.
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ARTICLES

The chromatin remodeller ACF acts as a
dimeric motor to space nucleosomes
Lisa R. Racki1*, Janet G. Yang1*, Nariman Naber1, Peretz D. Partensky1, Ashley Acevedo1, Thomas J. Purcell1,
Roger Cooke1, Yifan Cheng1,2 & Geeta J. Narlikar1

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. How the enzyme rapidly moves back and forth between both sides of a nucleosome to accomplish bidirectional
movement is unknown. Here we show that nucleosomemovement depends cooperatively on two ACF molecules, indicating
that ACF functions as a dimer of ATPases. Further, the nucleotide state determineswhether the dimer closely engages one or
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 indicate a model in which the two ATPases work in a coordinated manner, taking turns to engage either
side of a nucleosome, thereby allowing processive bidirectionalmovement. This novel dimericmotormechanismdiffers 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.

Chromatin remodelling motors have 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 base pairs (bp) of DNA wrapped in ,1.5
turns around an octamer of histone proteins. Even the smallest move-
ment of the histone octamer relative to theDNApresumably requires a
coordinated process of breaking and reforming the many histone–
DNA contacts. The ACF chromatin remodelling 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
nucleosome1–10. These evenly spacedarrays are important forpackaging
the underlying DNA into silent chromatin structures in vivo1–10.

ACF is part of the ISWI family of remodelling complexes. The
ATPase subunits of ISWI complexes canmove nucleosomes by them-
selves while the accessory subunits modulate this basic activity11–15.
The human ACF complex consists of one ATPase subunit, SNF2h,
and one accessory subunit, Acf1 (also known as SMARCA5 and
BAZ1A, respectively)6,7. SNF2h is part of the SF2 family of DExx
box proteins that includes helicases and nucleic acid translocases16.
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
a-helical extension comprised of three additional domains, HAND,
SANT and SLIDE, which are thought to have a role in binding flank-
ing DNA17,18. We showed previously that ACF generates a dynamic
equilibrium in which nucleosomes with equal flanking DNA on
either side accumulate8. Our data showed that ACF achieves the
dynamic equilibrium by constantly sampling either side of the
nucleosome. This sampling mechanism raised the 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 pro-
vide insight into the sampling process.

Previous work has shown that ISWI enzymes require a basic patch,
K16R17H18R19, on the amino-terminal tail of histone H4 for maximal
activity19–25. 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 tail17. These
previous observations suggest that the ATPase subunit contacts the
H4 tail and that the contactsmay 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 reso-
nance (EPR) spectroscopy for these studies26. We covalently attached
amaleimide 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 undergomotion 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)27. The presence of the
probe did not alter the maximal rate of nucleosome remodelling by
SNF2h (data not shown).

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 deter-
mined how binding of SNF2h altered the mobility of the H4 tail.
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When the nucleosomes were saturated with SNF2h in the absence of
nucleotide (apo state), the EPR spectrum showed 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 (high-
lighted 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 repre-
sents 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 (566 5.4% in the immobi-
lized state, see Supplementary Fig. 2 for fitting and quantification
method)28. 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
analogues were unsuccessful as these analogues either supported low
levels of remodelling (b-c-imidoadenosine 59-phosphate (AMP-
PNP), ATPcS) or did not detectably inhibit remodelling (adenosine
59-monophosphate with (phosphonomethyl)phosphonic acid, AMP-
PCP). We were however able to mimic an activated ATP state using
the analogue ADPNBeFx. 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 ADPNBeFx (91.56 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 marked increase in the amount of probes
immobilized suggested that both H4 tails were immobilized by
SNF2h in the presence of ADPNBeFx. Together, these data indicate
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that SNF2h induces nucleotide-dependent changes in theH4 tail con-
formation such that in the apo and ADP states, half the H4 tails are
immobilized, and in an activated ATP state mimicked by ADPNBeFx,
all H4 tails are immobilized.

The EPR data raised two possibilities for how SNF2h binds the
nucleosome in the apo andADP states: (1) SNF2h symmetrically binds
bothH4 tails and eachH4 tail exists in a two-state equilibriumbetween
mobile and immobile states (with an equilibrium constant of 1), or (2)
SNF2h asymmetrically binds only one of the two H4 tails. For model
(1), we expect immobilization to increase when lowering temperature
as the highly mobile state is entropically favoured, whereas the struc-
tured immobile state is enthalpically favoured, as seen for docking of
the kinesin neck linker29. The fraction of H4 tails immobilized was
unchanged, within error, from 23 uC to 4 uC (Fig. 1d, 54.6% immobi-
lized at 4 uC and 23 uC). A van ’t Hoff plot of the equilibrium constant
for H4 tail mobility as a function of temperature yields a DH of
0.76 kJmol21, and DS of 4.431023 kJmol21 K21 (Supplementary
Fig. 3), values that are substantially smaller than the favourable DH
of 50 kJmol21 and unfavourable DS of 0.17 kJmol21 K21 for docking
of the kinesin neck linker29. These data rule out model (1) and provide
strong support for the asymmetric binding ofmodel (2). To testmodel
(2) further, we used hydroxyl radical footprinting of the same nucleo-
some construct to follow changes in ACF contacts as a function of
nucleotide state (Fig. 1c). In the apo state, ACF binding induces asym-
metric protection of nucleosomal DNA: protection is observed in the
SHL(22) region, but not the SHL(12) region, consistent with other
ISWI complexes and with model (2) (refs 9, 30). In contrast, in the
ADPNBeFx state, ACF binding results in significant protection in both
SHL(22) and SHL(12) regions, consistent with the EPR data.

The asymmetry with respect to H4 tail binding observed in the apo
state could arise either because of the presence of asymmetric flank-
ing DNA, or because of structural constraints placed by the apo state.
To distinguish between these possibilities we repeated the EPR
experiment using nucleosomes with 60 bp 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 indicate 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 ADPNBeFx state.

The observation that SNF2h binds both H4 tails in the presence of
ADPNBeFx suggests that either one SNF2h molecule bridges both H4
tails, or 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
on binding their DNA substrates, we next determined whether
SNF2h dimerizes on nucleosomes31. If dimerization of SNF2h is
tightly coupled to nucleosome binding we expected to see coopera-
tive 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 protein32. The Hill coef-
ficient of 1.8 indicates that at least two molecules of SNF2h bind in a
manner such that binding of one molecule is strongly coupled to
binding of the second (Fig. 2b). The EPR data from Fig. 1 and the
Hill coefficient of 1.8 together indicate that in the apo state, SNF2h
binds as a dimer, but only one of the two SNF2hmolecules engages an
H4 tail.

Todeterminewhether twoSNF2hmoleculeswerenecessary tomedi-
ate maximal nucleosome remodelling, we measured the dependence

of chromatin remodelling activity on SNF2h concentration using a
fluorescence resonance energy transfer (FRET)-based method (Fig. 2c).
The rate constant of remodelling also depends cooperatively on SNF2h
concentration with a Hill coefficient of 1.8 (Fig. 2d, left panel). We next
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determined whether the entire ACF complex also functions most effec-
tively as a dimer. We analogously saw a cooperative dependence of the
remodelling rate constant on ACF concentration with a Hill coefficient
of 1.9 (Fig. 2d, right panel). Together, these data strongly indicate that
the predominant functional form of ACF is a dimer of ATPases.

A hallmark of dimeric motors such as kinesin and the
Escherichia 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 engaged31. By working in coor-
dinated 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 show that a SNF2h dimer analogously cycles between at
least two states, one in which only one ATPase engages anH4 tail and
another in which both ATPases engage the two H4 tails. To deter-
mine if these different conformational states reflect states with dif-
ferent 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 mole-
cule by itself is very weak and requires the presence of another 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 ADPNBeFx, the K1/2 for
SNF2h binding is approximately threefold lower than that in the apo
state, indicating a stronger binding affinity. Further, SNF2h binding
in the presence of ADPNBeFx is not cooperative (Hill coefficient5 1).
These data show that in presence of ADPNBeFx 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 nucleo-
some remodelling raises the question of how the nucleosome struc-
ture 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 direction31. We used negative stain electron microscopy to
visualize the complex of SNF2h with nucleosomes in the presence of
ADPNBeFx (Fig. 3, Supplementary Fig. 4 andSupplementaryMethods).
Nucleosomes with 60bp of flanking DNA (0–601–60) were incubated
with SNF2h concentrations comparable to theK1/2 for nucleosomes in
the presence of ADPNBeFx, adsorbed to a glow-discharged carbon film,
and negatively stained with uranyl formate. The specimen was imaged
at tilt angles of 60u and0u (Supplementary Fig. 5).A totalof 10,059pairs
of particles were interactively selected from 100 image pairs.
Classificationof particles from images of untilted specimen shows three
distinct classes (Fig. 3a, b) that can be clearly recognized as a nucleo-
some by itself and a nucleosome with either one or two SNF2h mole-
cules bound.Onaverage,70%of the complexes contained twoSNF2h
molecules bound. The singly bound SNF2hmolecules 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
bound, the flankingDNAwasnot 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 state17. We
hypothesize that there may be a conformational rearrangement of
the HAND-SANT-SLIDE domain in the presence of ADPNBeFx.
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
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Figure 3 | Visualization of SNF2h bound to the nucleosome in the presence
of ADPNBeFx using electron microscopy. a, Three different views of the 3D
reconstruction of dimeric SNF2h bound to the nucleosome (left panels) and
corresponding representative 2D 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 3D
reconstruction at high threshold is shown in blue, and low threshold in grey.
b, Left panel, representative 2D class average of negative stain electron
microscopy images of unbound nucleosomes; right panel, representative 2D
class average of one SNF2h bound to a nucleosome. Numbers used to
calculate a particular class average shown in lower left corner in a and
b. c, Representative 2D class averages of SNF2h alone.
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(Fig. 3a). These lobes may represent the two RecA-related ATP bind-
ing folds observed in SF2 family motors33,34. The two lobes are also
apparent in the 2D class averages of SNF2h alone (Fig. 3c and Sup-
plementary 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)35. The two SNF2h mole-
cules face each other on the nucleosome, and seem to obey the two-
fold symmetry of the nucleosome with one putative ATPase domain
at SHL(12) and one at SHL(22) (Fig. 3a, two-fold or opposing
symmetry most apparent in the middle panel). Consistent with the
EPR and footprinting data in Fig. 1, each SNF2h monomer seems to
directly contact one H4 N-terminal tail and the SHL(22)/(12)
regions in the ADPNBeFx state. Although the overall architecture
appears almost symmetric, given the 27 Å resolution, any local struc-
tural asymmetries that may exist between the two SNF2h molecules
cannot be resolved.

The above architecture raises the question of how the dimeric
partners cooperate rather than compete in a ‘tug of war’. Our find-
ings indicate an ‘alternating action’ model schematized in Fig. 4. In
thismodel, each ATPase takes turns in engaging the flanking DNAon
either side and the correspondingH4 tail at SHL(22) or (12) (refs 9,
17, 30). An ability of the two ATPases to take turns, as indicated 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 hydrolyses ATP faster, as shown previ-
ously8,36–38. This ATPase becomes the leading ATPase and sets the
direction of nucleosomemovement by translocating on nucleosomal
DNA9,37,38. The leading ATPase generates a DNA loop/wave that can
propagate across the histone octamer as suggested previously39–41.
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 ADPNBeFx). Interaction with the
secondH4 tail may help in the binding of the subordinate ATPase. In
the simplest version of this model, the subordinate ATPase does not
bind or hydrolyse ATP once the leading ATPase fires42. This division
of labour between identical subunits is analogous to hexameric heli-
cases where occupancy of one ATPase subunit regulates the affinity of
an adjacent subunit for nucleotide43. 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 hydrolyses ATP is described in
Supplementary Fig. 8. Successive rounds of sampling and transloca-
tion 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 dissociation44. Our
results help explain the significance of previous observations that two
Drosophila ACF molecules can bind in the context of DNA and pro-
vide a mechanistic explanation for the processive action of ISWI
complexes40,45,46.

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 remodelling 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 bidirec-
tional movement via dimerization is a general feature of enzymes that
space nucleosomes, and whether remodelling enzymes with other
activities use different strategies.

METHODS SUMMARY
EPR measurements were performed with an EMX EPR spectrometer from
Bruker Instruments. First derivative, X-band spectra were recorded in a high-
sensitivity microwave cavity using 50 s scans, 100Gauss wide magnetic field
sweeps. Electron microscopy samples were adsorbed to a glow-discharged cop-
per grid coated with carbon film for 30 s followed by conventional negative stain
with 0.75% uranyl formate. Images were collected using a Tecnai T12 micro-
scope (FEI) and recorded at a magnification of 352,000 with an UltraScan
40963 4096 pixel CCD camera (Gatan). Full methods are described in
Supplementary Methods.
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