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Abstract

Chromatin remodelers are ATP-dependent enzymes that are critical for reorganizing and 

repositioning nucleosomes in concert with many basic cellular processes. For the Chromodomain 

Helicase DNA Binding Protein 1 (Chd1) remodeler, nucleosome sliding has been shown to depend 

on DNA flanking the nucleosome, transcription factor binding at the nucleosome edge, and the 

presence of the histone H2A/H2B dimer on the entry side. Here we report that Chd1 is also 

sensitive to the sequence of DNA within the nucleosome, and slides nucleosomes made with the 

601 Widom positioning sequence asymmetrically. Kinetic and equilibrium experiments show that 

poly(dA:dT) tracts perturb remodeling reactions if within one and a half helical turns of superhelix 

location 2 (SHL2), where the Chd1 ATPase engages nucleosomal DNA. These sequence-

dependent effects do not rely on the Chd1 DNA-binding domain and are not due to differences in 

nucleosome affinity. Using site-specific cross-linking, we show that internal poly(dA:dT) tracts do 

not block engagement of the ATPase motor with SHL2, yet they promote multiple translational 

positions of DNA with respect to both Chd1 and the histone core. We speculate that Chd1 senses 

the sequence-dependent response of DNA as the remodeler ATPase perturbs the duplex at SHL2. 

These results suggest that the sequence sensitivity of histones and remodelers occurs at unique 

segments of DNA on the nucleosome, and therefore can work together or in opposition to 

determine nucleosome positions throughout the genome.
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Introduction

A core feature of eukaryotic genomes is the extensive packaging of DNA into nucleosomes. 

Many nucleosomes are specifically positioned throughout the genome by chromatin 
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remodelers, which dictate remarkably predictable placement of nucleosomes in gene 

promoters and can pack intragenic nucleosomes into evenly spaced arrays 1. Chromatin 

remodelers can be categorized into distinct families, which exhibit unique biochemical 

properties and appear specialized for particular biological settings 2. These remodelers are 

uniquely influenced by a variety of inputs including transcription factor binding, DNA linker 

length, and DNA sequence, often competing and collaborating with each other 3–7. A key 

question is therefore how different remodelers select preferred nucleosome substrates, and 

what nucleosome features either activate or inhibit remodeler actions.

In recent years, there has been a growing appreciation that DNA sequence directly impacts 

chromatin remodeling. In one study, seven different remodelers were found to reposition a 

starting pool of mononucleosomes into different products, with each remodeler showing 

characteristic patterns of nucleosome repositioning 8. For the ISWI-type remodeler ACF, the 

authors found that the remodeling pattern was strongly influenced by a particular sequence 

of DNA within the nucleosome. A separate study on ACF, however, failed to observe 

evidence of sequence-directed sliding 9. Although the reason for this discrepancy is unclear, 

one possibility is that remodeling is biased by the sequence context of a particular DNA 

segment on the nucleosome. One example where sequence context appears paramount is for 

the INO80 remodeler. In a genome-wide study of nucleosome positioning in Saccharomyces 
cerevisiae, INO80 was discovered to be responsible for the precise positioning of +1 

nucleosomes, and could recapitulate in vivo nucleosome positions through DNA sequence 

alone 6. Although further work will be needed to tease out the relationship between DNA 

sequence and INO80 action, nucleosome positioning by INO80 correlated with a predicted 

greater twist of DNA over the dyad of the +1 nucleosome, suggesting a mechanism of 

responding to DNA shape on the nucleosome. Sequence-directed remodeling also guides 

action of the SWI/SNF-type remodeler RSC. In S. cerevisiae, RSC plays a primary role in 

removing and/or shifting nucleosomes away from nucleosome-free regions (NFRs) in gene 

promoters 10–12. NFRs in yeast promoters were shown to be commonly associated with 

poly(dA:dT) tracts 13, 14, which, given their unique structural characteristics of a narrow 

minor groove, bifurcated hydrogen bond base pairing, and increased twist 15–18, gave rise to 

the idea that nucleosomes would intrinsically disfavor assembly on DNA containing 

poly(dA:dT) tracts 19, 20. However, poly(dA:dT) tracts were found to wrap into nucleosomes 

with surprisingly little or no energetic penalty 21–23, and nucleosomes possessing these tracts 

exhibited rather canonical conformations of DNA 24, 25. Poly(dA:dT) tracts were instead 

found to exert their effects by directing RSC, resulting in preferential shifting of 

nucleosomes off of poly(dA:dT) tracts 6, 26.

In this study, we investigate the effects of DNA sequence on the Chd1 chromatin remodeler. 

Chd1 is known for preferentially shifting mononucleosomes toward the center of short DNA 

fragments, which is believed to underlie its ability to evenly distribute nucleosomes in 

arrays 27–29. To date, directional sliding by Chd1 has been shown to arise from responding to 

three distinct nucleosome characteristics: the length and availability of DNA flanking the 

nucleosome 28, 30, the presence of a transcription factor bound at the nucleosome edge 4, and 

the absence of the histone H2A/H2B dimer on the entry side of hexasomes 31. Our work 

here reveals that Chd1 activity is also impacted by the DNA sequence adjacent to SHL2. As 

we demonstrate using internal poly(dA:dT) tracts, responding to sequence elements within 
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nucleosomal DNA was not solely due to binding defects and did not require the Chd1 DNA-

binding domain. While the Chd1 ATPase was not blocked from engaging DNA at SHL2, 

cross-linking experiments suggested that internal poly(dA:dT) tracts promoted multiple 

translational positions of nucleosomal DNA. We speculate that the influence of DNA 

sequence on remodeling reflects a sensitivity of Chd1 to DNA energetics at intermediate 

steps in the catalytic cycle. The location of sequence sensitivity appears to be distinct from 

regions where histones most tightly grip DNA within the nucleosome. On a genome-wide 

scale, this independence would allow thermodynamically preferred positions to either be 

reinforced or overridden by chromatin remodelers such as Chd1.

Results

The Chd1 remodeler shows a directional preference in sliding nucleosomes made with the 
Widom 601 sequence

Chd1 has been shown to preferentially slide histone octamers of end-positioned mono-

nucleosomes toward the center of short DNA fragments 28, 30. Since Chd1 acts throughout 

the genome and its DNA-binding domain appears to lack sequence-specificity 32, we 

expected that nucleosome sliding with equal lengths of DNA flanking each side of the 

nucleosome would produce a symmetric distribution of the histone octamer about the center 

of the DNA fragment. Using the Widom 601 sequence to initially position nucleosomes, we 

unexpectedly found that Chd1 sliding was biased in one direction (Fig. 1). Nucleosome 

positions were determined using a cross-linking technique called histone mapping 33. With 

this technique, an introduced cysteine (H2B-S53C) that is adjacent to nucleosomal DNA is 

labeled with the photoactivatable cross-linker 4-azidophenacyl bromide (APB). The 

formation of an APB adduct on DNA bases allows for generating abasic sites, resulting in 

cleavage of the DNA backbone and thus revealing the locations of cross-linked sites at base 

pair (bp) resolution 34. The Widom 601 positioning sequence is asymmetric, with a G:C 

base pair on the dyad. Here we refer to the orientation of the Widom 601 with the dyad C 

base on the top strand, and G on the bottom strand (Fig. 1a). DNA sequence influences the 

efficiency of histone-DNA cross-linking and may therefore bias interpretation of histone 

mapping experiments. For histone mapping with H2B(S53C), however, each copy of H2B 

cross-links to only one DNA strand ~19 bp from the nucleosome edge 33, thereby allowing 

the two sides of the nucleosome to be independently monitored. For each side, nucleosome 

sliding reactions with Chd1 produced cross-linking patterns with ~10–11 bp periodicity, as 

expected for the strong rotational dominance of the Widom 601. As shown with double-

labeled DNA, both sides of the nucleosome reported a similar and marked bias for the 

histone octamer shifting toward the right side of the 601 sequence (Fig. 1b,c).

Poly(dA:dT) tracts in the vicinity of SHL2 alter equilibrium nucleosome positions resulting 
from Chd1 remodeling

To investigate the role of DNA sequence in sliding directionality, we introduced 

poly(dA:dT) tracts into the 601 positioning sequence. Poly(dA:dT) tracts were substituted at 

three regions on the right side of the 601, spanning from the edge of the nucleosome to a 

more interior position extending up to 24 bp from the nucleosome dyad. We use the notation 

of superhelix locations (SHLs), defined with the first nucleosome crystal structure 35, to 
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describe the primary location of poly(dA:dT) tracts. SHLs identify where the major groove 

faces the histone core, with the dyad defined as SHL0 (zero). Each additional helical turn of 

DNA away from the dyad corresponds with increasing SHL numbering, with the intervening 

segments where the minor groove faces the histone core referred to with the traditional 0.5n 

SHL numbering (SHL0.5, SHL1.5, etc). Rather than positive or negative SHL numbering as 

is sometimes used, we instead refer to each SHL position as being to the right or left of the 

dyad, according to the orientation where the top strand has a cytosine at the 601 dyad. For 

these studies, the tracts were organized such that the poly(A)-containing strand was always 5 

with respect to the nucleosome dyad. In addition to tract length, the 601 constructs are 

referred to by the histone contact sites encompassed by each tract: A17[SHL6.5-right], 

A27[SHL3.5/4.5/5.5-right], and A16[SHL2.5/3.5-right] (Fig. 2a). The tracts of A17[SHL6.5-

right] and A16[SHL2.5/3.5-right] are at similar distances from the dyad as studied by 

Anderson and Widom 36, though on the other side of the 601 sequence.

After incubation with Chd1 and ATP, each nucleosome containing a poly(dA:dT) insertion 

produced a cross-linking pattern distinct from canonical 601. For the centered A17[SHL6.5-

right] nucleosome, the FAM scan, which reports on the right side of the nucleosome, only 

showed an 11 bp shift to the right, in contrast to the 11 and 21 bp pattern observed with 

canonical 601 (Fig. 2b and S1). However, rather than distinct positioning of the nucleosome, 

this difference may reflect a change in cross-linking efficiency, as a rightward shift of the 

histone octamer would put the cross-linking position of H2B on the poly(dA:dT) tract itself. 

Indeed, the Cy5 scan, reporting on the left side of the nucleosome, showed a pattern similar 

to the canonical 601 (Fig. S2). Thus, the equilibrium distribution of the histone octamer did 

not appear significantly different for the 40-N-40 A17[SHL6.5-right] nucleosome compared 

with the canonical 601 nucleosome.

In contrast to A17[SHL6.5-right], 40-N-40 nucleosomes made with both 

A27[SHL3.5/4.5/5.5-right] and A16[SHL2.5/3.5-right] were remodeled to different 

equilibrium positions than the canonical 601 sequence, favoring repositioning in the 

opposite direction (Fig. 2b). For A27[SHL3.5/4.5/5.5-right], in addition to generating a small 

population 11 bp to the right, Chd1 shifted the histone octamer to the left by 19 bp. A 

similar, though weaker pattern, was also observed with the Cy5 label, consistent with a 19 

bp shift to the left side of A27[SHL3.5/4.5/5.5-right] 40-N-40 (Fig. S2). For 

A16[SHL2.5/3.5-right], Chd1 sliding yielded a similar distribution as A27[SHL3.5/4.5/5.5-

right], with a dominant histone octamer position 19 bp to the left (Fig. 2b and S2). For both 

A16[SHL2.5/3.5-right] and A27[SHL3.5/4.5/5.5-right], a peak at 34 bp on the left side of the 

601 sequence was present in the starting material, prior to addition of Chd1. This pre-shifted 

species, which appears to be favored by these two internal poly(dA:dT) tracts, was largely 

maintained in A16[SHL2.5/3.5-right] after sliding by Chd1, perhaps further indicating a 

preference for sliding the histone octamer to the left.

Previous work with Chd1 showed that directional nucleosome sliding relies on the DNA-

binding domain 30, 37. Deletion of the Chd1 DNA-binding domain greatly diminishes both 

sliding activity and the preference of Chd1 to slide nucleosomes away from DNA ends 30, 38. 

We therefore tested a Chd1 construct lacking the DNA-binding domain (residues 118–1014, 

referred to as Chd1[ΔDBD]) to determine whether the directional sliding in response to 
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internal poly(dA:dT) tracts required the DNA-binding domain. Compared to reactions 

carried out with Chd1 possessing the DBD, repositioning reactions with Chd1[ΔDBD] also 

showed a marked difference between canonical 601 and A27[SHL3.5/4.5/5.5-right] 

nucleosomes, with the poly(dA:dT) tract corresponding with a prominent +19 bp shift to the 

left (Fig. 3 and S3). While all reactions with Chd1[ΔDBD] displayed increased retention of 

the starting material, consistent with weaker activity, a strong sliding defect was observed 

for 40-N-40 A16[SHL2.5/3.5-right] nucleosomes, which were not detectably shifted by 

Chd1[ΔDBD]. These results confirm that internally positioned poly(dA:dT) tracts can 

interfere with nucleosome sliding by Chd1, and reveal that this sequence bias does not 

require the Chd1 DNA-binding domain.

Poly(dA:dT) tracts do not block Chd1 remodeling

Like SWI/SNF- and ISWI-type remodelers, Chd1 shifts nucleosomes by translocating DNA 

at the internal SHL2 position on the nucleosome 30, 39–41. Due to two-fold symmetry of the 

histone core, an SHL2 position is located on either side of the dyad, and the side where the 

remodeler acts determines the direction the histone core will be shifted. The observation that 

Chd1 shifts nucleosomes away from poly(dA:dT) tracts indicates that the remodeler acts at 

the SHL2 on the opposite side of the nucleosome. The closest edges of A27[SHL3.5/4.5/5.5-

right] and A16[SHL2.5/3.5-right] are ~15 and ~5 bp from the right SHL2, respectively, and 

action at this SHL2 would pull the poly(dA:dT) tracts toward the dyad, placing this 

sequence directly against the Chd1 ATPase motor. One potential explanation for why 

poly(dA:dT) tracts were not shifted onto SHL2 for 40-N-40 nucleosomes is that the unique 

structure of the poly(dA:dT) tract cannot easily be accommodated by the active site of Chd1, 

blocking DNA translocation of the remodeler at SHL2.

To explore this possibility, we generated 0-N-80 nucleosomes that should only allow 

movement of the histone octamer toward the right side, onto the tracts. With the canonical 

601 nucleosomes, Chd1 shifted the histone octamer 20 bp, 31 bp, and 40/42 bp onto the 80 

bp flanking DNA on the right side. As expected, the A17[SHL6.5-right] nucleosomes also 

populated these positions at equilibrium (Fig. 4 and S4). For A16[SHL2.5/3.5-right] and 

A27[SHL3.5/4.5/5.5-right] nucleosomes, Chd1 sliding also was able to move the histone 

octamer to the right, but with altered equilibrium distributions from that observed with 601. 

For A27[SHL3.5/4.5/5.5-right], histones primarily occupied positions 12 bp and 20 bp from 

the starting location, which would position the edge of the poly(dA:dT) tract around 

SHL1.5, such that the tract would extend over the SHL2 position where the Chd1 ATPase 

acts. For A16[SHL2.5/3.5-right], histones were shifted up to 31 bp, corresponding with 

translocation of the entire poly(dA:dT) tract past SHL2. These results indicate that, with a 

lack of flanking DNA on the opposing side, Chd1 can shift nucleosomes further on top of 

poly(dA:dT) tracts, and that these tracts therefore are not absolute barriers for remodeler 

action at SHL2.

A poly(dA:dT) tract adjacent to SHL2 can slow down nucleosome sliding by Chd1

Although Chd1 can shift poly(dA:dT) tracts through SHL2, preferred nucleosome sliding in 

the opposite direction might be expected if poly(dA:dT) slowed down remodeling when 

close to SHL2 where the ATPase motor acts. To directly test this, we first analyzed 
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nucleosome sliding reactions by native gels. End-positioned nucleosomes migrate more 

quickly through native gels than more centrally-positioned nucleosomes, allowing different 

nucleosome species to be followed over time. Consistent with histone mapping experiments, 

nucleosomes possessing internal poly(dA:dT) tracts were shifted by Chd1 to different 

equilibrium positions (Fig. 5a). As shown in Figure 5b, movement away from the end-

positioned A27[SHL3.5/4.5/5.5-right] nucleosome occurred at a similar rate to that of the 

canonical 601 indicating that initial movement away from the end-position for this construct 

was not inhibited under these conditions. In contrast, nucleosome sliding of 

A16[SHL2.5/3.5-right] was significantly slower, and additionally failed to redistribute a large 

fraction of nucleosomes away from the starting position. This is consistent with the retention 

of a significant amount of starting material for the centered A16[SHL2.5/3.5-right] 

nucleosome as monitored by Cy5 (Fig. S2). For these reactions, we assume that the 

significant level of end-positioned nucleosomes is not due to a large immobile fraction, but 

instead results from nucleosomes dynamically shifted back toward the starting position. In a 

previous study using Lac repressor bound at the nucleosome edge, we observed a similar 

behavior of Chd1 sliding nucleosomes back to their starting position 4. In that study, we 

showed that Lac repressor acts as a barrier when bound to DNA being pulled onto the 

nucleosome, effectively slowing down the rate of sliding and thus favoring sliding in the 

opposite direction. We believe that the A16[SHL2.5/3.5-right] tract may be having a similar 

barrier effect, favoring action of Chd1 on the other side of the nucleosome and thus 

significantly repopulating the starting position of the nucleosome. These experiments were 

performed with sub-saturating concentrations of remodeler, and so one possibility was that 

the slower sliding of A16[SHL2.5/3.5-right] was due to a decreased binding affinity of Chd1. 

Alternatively, slower sliding by Chd1 could indicate that the poly(dA:dT) tract had a 

catalytic effect on the remodeling process.

To determine if the slower rate for A16[SHL2.5/3.5-right] was due to a catalytic or a binding 

effect, we monitored the kinetics of sliding for 0-N-80 nucleosomes with saturating Chd1 

using a fluorescence-quenching assay 31. In this assay, Dabcyl was attached to the short 

DNA end of an 0-N-80 nucleosome, which placed it close enough to quench a Cy3B 

fluorophore attached to histone H2A at T120C. Nucleosome movement onto the 80 bp 

flanking DNA shifts the short DNA end away from the nucleosome core, decreasing static 

quenching of Cy3B as observed by recovery of fluorescence over time. Due to initial 

challenges in recording early time points with high Chd1 concentrations, the reactions were 

slowed down by lowering ATP concentration to 25 μM, which has been standard practice for 

kinetic analysis of other remodelers 5, 9, 42. Titration of Chd1 under limiting ATP showed 

that 600 nM remodeler yielded maximum rates (Fig. S5). With saturating remodeler, the 

progress curves for 0-N-80 nucleosomes with canonical 601, A27[SHL3.5/4.5/5.5-right], and 

A16[SHL2.5/3.5-right] were all distinct (Fig. 5C), indicating that differences in nucleosome 

binding alone could not explain behavior of the poly(dA:dT) tracts.

Compared to nucleosomes containing the canonical 601, introduction of a poly(dA:dT) tract 

close to SHL2 slowed down sliding by Chd1. Progress curves for the canonical Widom 601 

were best fit with a double exponential rise, with the slower rate (0.013 ± .002s−1) 

contributing only 12 ± 1% of the amplitude compared to 88 ± 1% for the faster rate (0.067 

± .014s−1; Fig. 5D). Unlike the canonical 601, fitting showed that progress curves for 
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A27[SHL3.5/4.5/5.5-right] and A16[SHL2.5/3.5-right] better matched a triple exponential 

rise. Interestingly, although the reactions were slower to complete overall, one of the three 

rates for both A27[SHL3.5/4.5/5.5-right] and A16[SHL2.5/3.5-right] was notably faster than 

canonical 601 (Fig. 5D). These faster rates had relatively small contributions to the overall 

amplitude (11 ± 1% and 16 ± 2% for A27[SHL3.5/4.5/5.5-right] and A16[SHL2.5/3.5-right], 

respectively), and instead the slower rates were dominant: 0.033 ± .005 s−1 of 

A27[SHL3.5/4.5/5.5-right] contributed 62 ± 4%, and 0.007 ± .0005 s−1 of A16[SHL2.5/3.5-

right] contributed 52 ± 7%. The increased number of terms required to fit the progress 

curves suggests that the presence of the poly(dA:dT) tracts affected one or more rate-

limiting steps in the nucleosome sliding reaction. The slower overall sliding suggests that 

poly(dA:dT) tracts near SHL2 pose an energetic barrier to Chd1 action. However, with the 

appearance of a faster rate, it also seems likely that one or more steps of the sliding reaction 

may be accelerated by an internal poly(dA:dT) tract. Although the complexity of the sliding 

reaction precludes a detailed interpretation of these kinetic data at present, the notably 

altered progress curves indicate that Chd1 is sensitive to the nature of DNA sequence 

adjacent to the location where the ATPase motor engages with the nucleosome.

Given the expected rigidity of the poly(dA:dT) tract, we reasoned that a flexible sequence, 

which should be more easily accommodated on the nucleosome, would likely not interfere 

with sliding by Chd1. We therefore generated a 40-N-40 nucleosome containing a 16 nt tract 

of repeating TpA dinucleotide steps at the same location as A16[SHL2.5/3.5-right], referred 

to as (TpA)8[SHL2.5/3.5-right] (Fig. 6). Unexpectedly, we found that although the insertion 

of this flexible sequence did allow sliding in the same direction as canonical 601, the 

distribution of shifted species was altered. While canonical 601 had two shifted species, at 

11bp and 21bp, (TpA)8[SHL2.5/3.5-right] only had one shifted species at 11bp (Fig. 7). This 

shifted species correlates with placement of the (TpA)8 tract directly on top of SHL2. 

Therefore, although it favored repositioning away from the starting position, the lack of a 

further shift suggests that having a highly flexible sequence at SHL2 may disfavor sliding by 

Chd1.

The DNA sequence spanning SHL2.5 to SHL3.5 strongly impacts redistribution of 
nucleosomes by Chd1

While the insertion of poly(dA:dT) tracts influenced the direction of Chd1 sliding, it is 

possible that asymmetric sliding of the canonical 601 arose from other regions of the 

nucleosome. The 601 is notably asymmetric: one side has a higher affinity for histones than 

the other, and the strength of histone-DNA are unevenly distributed, with strongest contacts 

near the dyad 31, 43, 44. The central portion of 601 is also asymmetric with respect to periodic 

TA steps, with one side of the dyad having a TA step at four consecutive turns of DNA 

where the minor groove faces the histone core, whereas the other side possesses just a single 

TA step (Fig. 6) 44. These TA steps were shown to dramatically impact DNA flexibility and 

DNA unwrapping under force 45. To see the extent that the pattern of TA steps influenced 

asymmetric sliding, we generated a 601 variant with TA steps at seven of the eight minor 

groove positions, such that TA steps were present at all minor groove contacts for the H3/H4 

tetramer (called 601[TA+2]; Fig. 6). Nucleosome sliding reactions showed no discernable 

difference of 601[TA+2] from canonical 601 nucleosomes (Fig. 7), indicating that the 
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pattern of TA steps is not responsible for the pattern of repositioned nucleosomes. To 

determine whether some other aspect of the 601 sequence that binds to the H3/H4 tetramer 

may dictate the asymmetric sliding by Chd1, we also tested a 601 variant where the middle 

61 bp segment about the dyad was flipped (601[dyad-flip]61; Fig. 6). Sliding reactions with 

40-N-40 601[dyad-flip]61 nucleosomes revealed an additional species 11 bp to the left, but 

still favored the 11 bp and 21 bp positions on the right side (Fig. 7). Thus, although this 

reversal of the central 601 segment produced some sliding in the opposite direction, the 

overall pattern was not reversed. We therefore conclude that while the central H3/H4-

binding region of 601 can influence sliding, it is not the dominant element guiding the 

asymmetric repositioning by Chd1.

To see if we could pinpoint a region of the 601 that might explain the asymmetric sliding by 

Chd1 we looked to the regions replaced by the poly(dA:dT) tracts. Since A16[SHL2.5/3.5-

right] had a significant impact on sliding, we focused on the same region of the 601 (24 to 

39 bp from the dyad) on both sides of the dyad. We reasoned that the canonical 601 could 

have either a more barrier-like sequence on the left side, a remodeler-stimulating region on 

the right side, or a combination of the two. To test the idea of an intrinsic barrier on the left 

side, we generated a 601 variant with the left 24–39 bp segment duplicated on the right side 

(601[SHL2.5/3.5-leftduplicate]; Fig. 6). If this sequence were a barrier, we would expect to 

see blunted and more symmetric repositioning patterns. However, the equilibrium sliding 

positions of 601[SHL2.5/3.5-leftduplicate] were unchanged from canonical 601, arguing 

against the left segment acting as a barrier. To see if the right segment was stimulating, we 

swapped the 24–39 bp segment on the two sides of the 601 (601[SHL2.5/3.5-swap]; Fig. 6). 

Strikingly, this sequence swap dramatically altered the pattern of nucleosome repositioning, 

yielding a much more symmetric distribution (Fig. 7). We therefore conclude that, whereas 

sliding activity can be affected at multiple positions around the nucleosome, Chd1 was most 

strongly and positively influenced by the sequence on the right side of the 601 spanning 

SHL2.5 to SHL3.5.

Poly(dA:dT) tracts on the nucleosome increase positional variability of neighboring DNA 
segments

We hypothesized that the poly(dA:dT) tracts may be altering remodeler activity by changing 

how the ATPase motor of Chd1 engages with DNA. To pursue this idea, we probed 

remodeler-DNA interactions using site-specific cross-linking. We recently found that both 

lobes of the ATPase motor engage specifically with DNA at SHL2, visualized by APB-

labeling of single cysteine substitutions on lobe 1 (N459C) or lobe 2 (V721C) 46. As 

expected, in the presence of the ATP mimic ADP BeF3, strong cross-links were observed 15 

bp (N459C) and 19 bp (V721C) from the nucleosome dyad on both sides of the canonical 

601 (Fig. 8a,b). For 40-N-40 nucleosomes containing A27[SHL3.5/4.5/5.5-right] and 

A16[SHL2.5/3.5-right] tracts, these cross-links remained strong at both SHL2 sites. These 

results indicate that in an ATP-bound state, the poly(dA:dT) tracts do not prevent the ATPase 

motor of Chd1 from robustly engaging with nucleosomal DNA.

While cross-linking indicated that the poly(dA:dT) tracts did not prevent the ATPase motor 

from engaging with SHL2, the poly(dA:dT) tracts made the patterns more diffuse. In fact, on 
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the side of the nucleosome with the poly(dA:dT) tracts, the cross-linking from N459C and 

V721C on Chd1 was similar to that of H2B-S53C (Fig. 8c). Intriguingly, these diffuse 

patterns occurred despite the cross-linking positions occurring outside the poly(dA:dT) 

tracts: for A16[SHL2.5/3.5-right], one edge of the poly(dA:dT) tract was 4 and 8 nt from 

Chd1 V721C and N459C, respectively, whereas the other edge was 13 nt from H2B-S53C. 

While A27[SHL3.5/4.5/5.5-right] overlapped with H2B-S53C, it was more distant from the 

Chd1 ATPase motor, with the closest edge being 14–18 nt from cross-linking residues.

Taken together, we believe that these patterns reflect reptating motions of the DNA duplex 

on the histone core (Fig. 8d). When free in solution, poly(dA:dT) tracts have a narrow minor 

groove as well as a spine of hydration giving them a unique structure that decreases their 

overall DNA flexibility 15–18. When wrapped around the histone core, however, DNA is 

geometrically constrained, resulting in a narrowing of major and minor grooves facing 

inward toward the histones and compensatory widening where grooves face outward. The 

unique structural properties of poly(dA:dT) would therefore not be uniformly 

accommodated on the nucleosome, and we postulate that our cross-linking captures multiple 

discrete positions of DNA on the histone core due to unfavorable bending energetics of the 

poly(dA:dT) tracts. Strikingly, the sharpness of cross-links at the opposite SHL2 are 

unaffected by the poly(dA:dT) substitutions, indicating that perturbations in DNA placement 

do not extend to the other side of the nucleosome. Given the poorer nucleosome sliding, we 

postulate that changes in DNA geometry and/or energetics due to the poly(dA:dT) tracts is 

responsible for the reduced activity of Chd1.

Discussion

In this report we demonstrate an intrinsic sensitivity of the Chd1 remodeler to the sequence 

of nucleosomal DNA. Poly(dA:dT) tracts and other sequence changes to the Widom 601 had 

the greatest impact on Chd1 activity when located adjacent to the internal SHL2 site on the 

nucleosome. Given that SHL2 is the site of DNA translocation by Chd1 and other 

remodelers 30, 39–41, these findings suggest that DNA sequence may directly influence the 

Chd1 ATPase motor. Consistent with a direct impact on the ATPase motor, we observed 

sequence-dependent repositioning both in the presence and absence of the Chd1 DNA-

binding domain (Fig. 2, 3). Interference with nucleosome sliding was most pronounced with 

a poly(dA:dT) tract 24 bp from the dyad and thus bordering SHL2, which overlaps with 

where Snf2-specific insertions of the Chd1 ATPase motor interact with DNA 46.

Due to the symmetry of the nucleosome, two SHL2 sites lie on opposite sides of the 

nucleosome, and unidirectional sliding at each site allows Chd1 to shift the nucleosome in 

either direction. When Chd1 activity at one SHL2 site is much poorer compared to the other, 

the histone octamer is shifted away from this site due to preferential action at the more 

active SHL2, thus producing a barrier-like effect. The relative activities of the remodeler at 

each SHL2 therefore determine the distributions of nucleosomes along DNA. An obvious 

complication in interpreting how DNA sequence affects particular distributions of 

nucleosomes is that DNA positioning changes with each movement of the octamer, giving 

unique nucleosome substrates after every shift. Therefore, sequences that do not affect Chd1 

activity at one nucleosome position may exert greater influence as they migrate around the 
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histone octamer. A further complication is that sequence context is also likely important. 

While our experiments have shown that the DNA sequence adjacent to SHL2 impacts Chd1 

activity, we note that other sequences inserted at this location will likely have different 

effects depending on the nature of neighboring DNA segments. In addition, as our 

experiments were exclusively carried out with variants of the 601 positioning sequence, we 

cannot rule out the possibility that other regions of nucleosomal DNA could have a greater 

impact on Chd1 action in other sequence contexts.

In addition to revealing where Chd1 is sensitive to DNA on the nucleosome, our data 

suggest an unexpected adaptation of nucleosomes to DNA energetics. Interestingly, despite 

their unique structural properties when free in solution, poly(dA:dT) tracts sample a more 

classical B-form geometry at higher temperatures or with high dimethyl sulfoxide 

concentrations 47, 48, and it has been suggested that similar structural changes may also be 

stabilized through interactions with histones 22, 23, 48. While poly(dA:dT) tracts have been 

shown to adopt similar conformations to canonical nucleosomal DNA 24, 25, our cross-

linking experiments suggest that poly(dA:dT) tracts are accompanied by bulging or 

stretching on the nucleosome. The nucleosome is well known for such structural 

heterogeneity, as the first crystal structure of a nucleosome revealed a different number of 

base pairs (72 vs 73) on either side of the dyad 35. In that structure, a bulge/stretch of one bp 

was observed at SHL2, and subsequent structures showed that a one bp bulge/stretch could 

also occur at SHL5 (ref. 49). For our cross-linking of the Chd1 ATPase motor to 

nucleosomal DNA, the canonical 601 sequence yielded single, sharp cross-links on one side 

of the dyad, whereas the poly(dA:dT) tract on the other side correlated with distributions of 

cross-links varying by 3–4 nt (Fig. 8c). If we assume that the distribution of DNA cross-

links to the ATPase motor represents a screw-like reptation of the DNA duplex past the 

histone core (Fig. 8d), it would suggest that bulging/stretching of nucleosomal DNA must 

also occur within 15 bp on either side of the dyad. To our knowledge, such bulging/

stretching has not previously been reported at SHL0 or SHL1 and suggests a remarkable 

ability of the nucleosome to buffer the length of DNA based on sequence or energetics. This 

idea directly supports the twist-diffusion mechanism for nucleosome sliding, where an 

ability of the histone core to accommodate two or more discrete lengths of DNA between 

minor groove contacts would allow the duplex to be effectively pumped around the histone 

octamer without disrupting nucleosomal wrapping of DNA 50. While this potential DNA 

buffering is supported by our findings, future studies will be required for further 

substantiating and defining the manner in which the nucleosome adapts to DNA energetics.

Given the low energetic cost of a single base pair bulge/stretch at SHL2, DNA sequence 

would be expected to influence the conformation of DNA in this region of the nucleosome, 

which is where Chd1 and other remodelers bind. Rippe et al. proposed that sequence-

dependent activity of Chd1 was due to differences in nucleosome binding 8, yet our sliding 

experiments, carried out with saturated remodeler, argue instead that the poly(dA:dT) tracts 

altered catalytic turnover (Fig. 5). Moreover, the ATPase motor cross-linked to SHL2 

similarly for the two internal poly(dA:dT) tracts (Fig. 8), yet sliding activity was worse for 

the A16[SHL2.5/3.5-right] tract, which was closer to the ATPase binding site. These results 

suggest that instead of influencing the initial encounter between Chd1 and the nucleosome, 

DNA sequence was sensed at an intermediate stage in the remodeling cycle. Although the 
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details of how remodelers shift DNA past the histone core are presently unclear, a 

poly(dA:dT) tract adjacent to SHL2 would likely alter the energetics of DNA twisting or 

bending carried out by the ATPase motor. We speculate that Chd1 may therefore sense how 

DNA responds to structural perturbations by the ATPase motor, with sliding activity 

influenced by sequence-based properties of DNA.

Finally, our results highlight the notion that actions of chromatin remodelers do not 

necessarily reflect DNA-binding preferences of the histone core. Previous DNA unzipping 

experiments revealed a characteristic energy profile of histone-DNA contacts throughout the 

nucleosome, showing that contacts at SHL0.5 and SHL1.5 were the strongest 43. Here, by 

contrast, our data point to Chd1 being sensitive to the region between SHL2.5 and SHL3.5, 

sites that were dramatically weaker in DNA unzipping experiments 43. Consistent with a 

proposed “spring-loaded” mechanism, where distinct chromatin patterns are achieved 

through active (via remodelers) and passive repositioning (via histone-DNA contacts) 51, our 

work suggests that sequence-directed sliding by Chd1 is uncoupled from thermodynamic 

preferences of nucleosomes. As shown for RSC and INO80 remodelers, unique sequence 

signatures likely underlie many remodeler-specific differences 6, and it will be fascinating to 

discover how different remodeler types tailor their responses to the locations and 

characteristics of particular sequences on the nucleosome.

Material and Methods

Protein constructs and purification

His-tagged Saccharomyces cerevisiae Chd1 constructs were expressed and purified as 

described previously 38, 52, 53. The construct referred to as Chd1 throughout the text is 

truncated at both the N- and C-terminal regions and encompasses the conserved ATPase 

domain, DNA binding domain, and chromodomains (residues 118–1274). The Chd1[ΔDBD] 

construct (residues 118–1014) lacks the DNA binding domain. Site-specific cross-linking 

experiments utilized single-cysteine variants of Chd1, N459C and V721C in an otherwise 

cysteine-free background, as previously described 46. Xenopus laevis histones were 

expressed, purified, and reconstituted into octamers as described previously 54.

Nucleosome preparation

Poly(dA:dT) tracts were inserted into the 601 nucleosome positioning sequence using PCR 

mutagenesis. Using fluorescently-labeled primers (IDT), DNA fragments were amplified 

from the desired template via PCR, purified by MiniPrep Cell (BioRad) and then 

incorporated into nucleosomes as described previously 54. The nucleosome positioning 

sequence of the canonical Widom 601 and variants used in this study are given in Figure 6. 

The sequence of the central 145 bp along with the 40 bp flanking DNA used for 40-N-40 

601 nucleosomes is given in Figure S6.

Nucleosome sliding and histone mapping

Histone mapping was carried out essentially as previously described 33, with some 

variations. Xenopus laevis histone octamers were generated with the variants H3(C110A), 

which removed the native cysteine, and H2B(S53C), which introduced a cysteine at the 
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desired APB-labeling location. Nucleosomes were labeled with photo-reactive APB at room 

temperature for 2.5–3 hours. Sliding reactions were carried out at room temperature in 1X 

Slide buffer (20 mM Tris-HCl pH 7.5, 50 mM KCl, 5 mM MgCl2, 5% sucrose, 0.1 mg/mL 

BSA, 5 mM DTT) with 150 nM nucleosome and 2 mM ATP, using 300 nM or 50nM Chd1 

as indicated in the figure legends. After quenching with EDTA, sliding reactions were UV 

irradiated and further processed to isolate DNA fragments as previously described. Samples 

were separated on 7.8M urea, 8% polyacrylamide gels (19:1 acrylamide:bisacrylamide) at 

65 Watts and visualized on a GE Typhoon 9410 variable mode imager. Gel intensity scans 

were obtained using ImageJ.

Native gel sliding

Native gel sliding was carried out as described previously 53 with 0-N-80 nucleosomes 

labeled on the long end with the 6-FAM fluorophore. Briefly, reactions were carried out in 

1X slide buffer (20 mM Hepes-KOH pH 7.6, 50 mM KCl, 5 mM MgCl2, 0.1mg/mL bovine 

serum albumin, 1 mM DTT, 5% sucrose) with 50 nM Chd1 and 150 nM nucleosome at room 

temperature. Reaction was initiated with 2.5 mM ATP and samples were removed and 

quenched with 1X slide with 5 mM EDTA and 125 ng/μL salmon sperm DNA at the 

designated timepoints. Samples were then separated on 6% acrylamide native gels and 

visualized using a GE Typhoon 9410 variable mode imager. Gel quantification was 

performed with ImageJ.

Kinetic measurements of nucleosome sliding

Histone H2A point-substitution T120C was labeled with maleimide Cy3B and refolded with 

H3(C110A) and wild type H4 and H2B into octamers. End-positioned 0-N-80 nucleosomes 

were generated by reconstituting the Cy3B-labeled octamer with DNA containing the 

quencher Dabcyl at the zero-end of the nucleosome and the fluorophore 6-FAM on the 80-

end. We utilized the fluorophore Cy3B, which is incapable of undergoing Protein Induced 

Fluorescence Enhancement (PIFE) 55 to ensure that changes in fluorescence would be solely 

attributed to the movement of the DNA with respect to the octamer and insensitive to Chd1 

binding. Kinetic traces were measured using either a Horiba Fluorolog-3 or an Applied 

Photophysics SX20 Stopped Flow Spectrophotometer. To determine Chd1 saturation levels, 

10 nM nucleosome was incubated at 25°C with increasing concentrations of Chd1 (25 nM, 

200 nM, 600 nM, 800 nM) in 1X Slide buffer (20 mM HEPES-KOH pH 7.5, 5 mM MgCl2, 

0.1 mM EDTA, 5% sucrose (w/v), 1 mM DTT, 0.02% Nonidet P-40, 0.1 mg/mL BSA). A 

negative control baseline was taken before the addition of ATP. The reaction was initiated by 

the addition of ATP to a final concentration of 25 μM. The increase in fluorescence was 

monitored with an excitation wavelength of 510 nm and an emission wavelength of 565 nm.

For stopped flow experiments, two syringes were prepared, one containing a solution of 

1200 nM Chd1 and 20 nM nucleosome in 1X Slide buffer and the other containing 50 μM 

ATP in 1X Slide buffer. Sliding reactions were initiated by rapidly mixing together 100 μL 

from each syringe such that the final concentrations were 600 nM Chd1, 10 nM nucleosome, 

and 25 μM ATP. Repositioning of the octamer containing Cy3B-labeled H2B away from 

Dabcyl on the short (zero) DNA end reduced quenching, and was therefore observed as an 

increase in Cy3B fluorescence over time. For each set of syringes, the progress curves from 
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3–6 injections (technical replicates) were averaged together. Progress curves were fit in 

Mathematica using the NonLinearModelFit function for a double exponential (y = a1*(1 − 

Exp[−k1*x]) + a2*(1 − Exp[−k2*x]) + c) or triple exponential function (y = a1*(1 − 

Exp[−k1*x]) + a2*(1 − Exp[−k2*x]) + a3*(1 − Exp[−k3*x]) + c), where an were amplitudes 

(fractions of total fluorescence range), kn were rates (sec−1), and c was a constant.

Chd1 cross-linking

Chd1 cross-linking was carried out as previously described 46. Briefly, in the dark APB was 

added to a 7.5 μM stock of a single-cysteine Chd1 variant to achieve a final concentration of 

400 μM APB and 1% DMF. The labeling reaction was allowed to proceed for 2–3 hours at 

room temperature, then 300 nM labeled Chd1 variant was incubated with either nucleosome 

(150 nM) or naked DNA (150 nM) for 30 min in the presence of ADP-BeF3 (2 mM ADP, 15 

mM NaF, 3 mM BeCl2, 6 mM MgCl2) and 1X Slide buffer (20 mM Tris-HCl pH 7.5; 50 

mM KCl; 0.1 mg/mL BSA; 1 mM DTT; 5% sucrose; 5 mM MgCl2). Samples (50 μL) were 

transferred to a silanized coverslip and irradiated for 15 sec then subsequently quenched 

with 100 μL of 20 mM Tris-HCl pH 7.5, 50 mM KCl, 0.1 mg/mL BSA, 5 mM DTT, and 5 

mM EDTA then further processed as described 33.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• How DNA sequence impacts chromatin remodeler action is poorly 

understood.

• Nucleosome sliding by Chd1 is biased by the asymmetry of the Widom 601 

sequence.

• Poly(dA:dT) tracts adjacent to SHL2 introduce a rate-limiting step during 

remodeling.

• Poly(dA:dT) tracts broaden the translational positioning of DNA on the 

histone core.

• DNA sequence surrounding SHL2 influences Chd1 activity.
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Figure 1. The Chd1 remodeler distributes Widom 601 nucleosomes asymmetrically
(a) Diagram of a centered nucleosome on the Widom 601 positioning sequence. The 

orientation of the 601 sequence is defined with a dyad having a cytosine (C) on the top 

strand. As indicated, each H2B(S53C) cross-link occurs only on one strand.

(b) Chd1 shifts centered nucleosomes preferentially to the right side. Shown are two scans 

from the same remodeling reaction, which reveal the locations of H2B(S53C) cross-links for 

each DNA strand. For these reactions, 150 nM nucleosome was incubated plus or minus 50 

nM Chd1 and 2 mM ATP for 64 min. This gel is representative of four independent 

experiments.

(c) Intensity scans of the gels shown in (b). The black trace represents the cross-linking 

distribution before remodeling, and blue trace is 64 min after addition of ATP and Chd1. 

Diagram below summarizes direction of octamer movement by Chd1.
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Figure 2. The presence of internal poly(dA:dT) tracts bias nucleosome sliding in the opposite 
direction
(a) Schematic illustrating the locations of poly(dA:dT) tracts used in this study. Numbers 

indicate distances (bp) to dyad. Superhelix location 2 (SHL2), where Chd1 and several other 

chromatin remodelers have been shown to act on the nucleosome, is also highlighted.

(b) Cross-linking distributions of 40-N-40 nucleosomes before and after sliding by Chd1, 

monitored with FAM (bottom strand) scans. Black traces show starting nucleosome 

positions prior to remodeling, and colored traces show distributions 32 min after addition of 

2 mM ATP and 300 nM Chd1. The positions of peaks that are weak but reproducibly show 

up in different experiments are given in parentheses. Scans are oriented with the bottom of 

the gel on the right. These scans are representative of three or more experiments.

See Supplementary Figure S1 for the gel and Supplementary Figure S2 for scans of the other 

DNA strand.
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Figure 3. Internal poly(dA:dT) tracts influence nucleosome sliding by Chd1 independently of the 
DNA-binding domain
Cross-linking distributions of 40-N-40 nucleosomes before and after addition of 

Chd1[ΔDBD]. Black traces show starting nucleosome positions prior to remodeling, and 

colored traces show distributions 30 min after addition of 2mM ATP and 300 nM 

Chd1[ΔDBD]. Scans are oriented with the bottom of the gel on the right. These scans are 

representative of three or more experiments. Cy5 (top strand) scans are shown in 

Supplementary Figure S3.
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Figure 4. Chd1 can pull internal poly(dA:dT) tracts further onto the nucleosome
Cross-linking distributions of 0-N-80 nucleosomes before and after sliding by Chd1, using 

Cy3 (top strand) scans. Black traces show starting nucleosome positions prior to remodeling, 

and colored traces show distributions 16 min (for A17[SHL6.5-right]) or 64 min (all others) 

after addition of 2 mM ATP and 50 nM Chd1. The right side of each scan corresponds to the 

top of the gel. These scans are representative of three or more experiments. FAM (bottom 

strand) scans are shown in Supplementary Figure S4.
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Figure 5. Internal poly(dA:dT) tracts affect the rate of nucleosome sliding by Chd1
(a) Shown are nucleosome sliding reactions, analyzed on native acrylamide gels. End-

positioned 0-N-80 nucleosomes (150 nM) were incubated with Chd1 (50 nM) for 0, 0.25, 

0.5, 1, 2, 4, 8, 16, 32, and 64 min. Nucleosomes were visualized using a DNA FAM label. 

Asterisks denote hexasomes, which were not shifted. Gels are representative of three 

independent experiments.

(b) Quantification of native gel nucleosome sliding experiments, such as those shown in (a). 

Each point is the average of three experiments, and error bars (sometimes obscured by the 

symbols) give the standard deviations.

(c) Chd1 nucleosome sliding reactions monitored with Cy3B-Dabcyl static quenching. 

Stopped flow experiments were carried out using 0-N-80 nucleosomes (10 nM) and 

saturating (600 nM) Chd1 in the presence of 25 μM ATP. Each trace, which is the average of 

3–6 technical replicates, is representative of four or more independent experiments.
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(d) Analysis of stopped flow nucleosome sliding rates. Observed rates from double 

(canonical 601) and triple exponential fits (poly(dA:dT) tract variants) are given along the y-

axis, with the corresponding amplitudes along the x-axis. The reported values are the 

averages from three or more independent experiments, with standard deviations shown with 

error bars that are sometimes obscured by symbols.
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Figure 6. Sequence variants of the Widom 601 used in this study
Shown are all of the Widom 601 variants described in this study, aligned and numbered 

based on the the central dyad. Coloring highlights regions of the 601 that were altered in 

these variants. See text for details.
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Figure 7. A DNA segment of the Widom 601 spanning SHL2.5 to SHL3.5 impacts redistribution 
of nucleosomes by Chd1
Shown are intensity scans from histone mapping reactions carried out with Chd1 (300 nM 

Chd1 for (TpA)8[SHL2.5/3.5-right], 50 nM Chd1 for all others), 150 nM nucleosomes (40-

N-40), and 2 mM ATP. Black traces represent the nucleosome positions before sliding, and 

the gray traces show H2B(S53C) cross-linking distributions after 64 min (601[SHL2.5/3.5-

swap]) or 32 min (all others). Nucleosome positions were mapped using the FAM-labeled 

DNA (bottom strand), oriented with the right side of each scan corresponding to the bottom 
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of the gel. Each experiment is representative of two or more independent reactions. 

Sequence variants are described in Figure 6.
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Figure 8. Poly(dA:dT) tracts on the nucleosome increase positional variability of neighboring 
DNA segments
(a) Schematic showing where two ATPase cross-links map onto nucleosomal DNA relative 

to poly(dA:dT) sequences.

(b) The Chd1 ATPase motor cross-links on both sides of the nucleosome in the presence and 

absence of poly(dA:dT) sequences. Shown are representative cross-linking reactions carried 

out with 40-N-40 nucleosomes (150 nM) and single cysteine variants of Chd1 (300 nM) 

prelabeled with APB. Nucleosomes (N) and control naked DNA samples (D) were cross-

linked in parallel reactions.

(c) Analysis of cross-linking reactions shown in (b) as well as H2B mapping shown in 

Figure 2, highlighting the increased number of strong cross-linking positions corresponding 

with the presence of adjacent poly(dA:dT) tracts.

(d) Model of DNA reptation, where a screw-like motion of the DNA duplex allows for 

cross-linking to multiple neighboring bases.
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