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ABSTRACT

Chromatin remodelers are essential for establish-
ing and maintaining the placement of nucleosomes
along genomic DNA. Yet how chromatin remodelers
recognize and respond to distinct chromatin envi-
ronments surrounding nucleosomes is poorly un-
derstood. Here, we use Lac repressor as a tool to
probe how a DNA-bound factor influences action
of the Chd1 remodeler. We show that Chd1 prefer-
entially shifts nucleosomes away from Lac repres-
sor, demonstrating that a DNA-bound factor defines
a barrier for nucleosome positioning. Rather than
an absolute block in sliding, the barrier effect was
achieved by altered rates of nucleosome sliding that
biased redistribution of nucleosomes away from the
bound Lac repressor site. Remarkably, in addition to
slower sliding toward the LacO site, the presence of
Lac repressor also stimulated sliding in the opposite
direction. These experiments therefore demonstrate
that Chd1 responds to the presence of a bound pro-
tein on both entry and exit sides of the nucleosome.
This sensitivity to both sides of the nucleosome al-
lows for a faster and sharper response than would be
possible by responding to only the entry side, and we
speculate that dual entry/exit sensitivity is also im-
portant for regularly spaced nucleosome arrays gen-
erated by Chd1 and the related ISWI remodelers.

INTRODUCTION

As the fundamental packaging unit of eukaryotic genomes,
nucleosomes are involved in many basic cellular processes
such as DNA replication, recombination, DNA repair and
transcription. By virtue of their intimate association with
DNA, nucleosomes can compete with other proteins for

DNA binding. This limited accessibility to DNA allows
events such as origin firing and gene expression to be regu-
lated by the positions of nucleosomes on DNA (1-7). Well-
defined nucleosome positions are common features of all
eukaryotes, yet there are gaps in our understanding of how
positions are established and maintained.

Chromatin remodelers are multidomain enzymes that
play essential roles in assembly, disassembly and reposition-
ing nucleosomes along DNA (8,9). Although disruption of
histone-DNA contacts is driven by a common helicase-like
ATPase motor (10), different remodeler families respond in
unique ways to various characteristics of the nucleosome
(11). Chd1 and ISWI remodelers, for example, slide nucle-
osomes directionally depending on available extranucleo-
somal DNA (12-15), whereas SWI/SNF-type remodelers
shift the histone octamer regardless of DNA availability
outside the nucleosome (16,17). For Chd1 and ISWI remod-
elers, the sensitivity to extranucleosomal DNA is believed to
be responsible for repositioning mononucleosomes to the
center of short DNA fragments, which appears to under-
lie the ability to generate evenly spaced nucleosomal arrays
(18-22).

At least two remodeler elements are required for read-
ing out extranucleosomal DNA to allow for directional nu-
cleosome sliding. For Chdl, one key element is the DNA-
binding domain, the deletion of which prevents centering
of mononucleosomes (15). The DNA-binding domains of
yeast Iswl and Isw2 have been cross-linked at the nucle-
osome edge (23,24), and for both remodeler families this
domain is generally believed to convey the presence of ex-
tranucleosomal DNA to the rest of the remodeler. Another
key element, first observed in the crystal structure of the
Chd1 chromo-ATPase fragment and shown to be conserved
in both Chdl and ISWI families (25), was also found to be
required for mononucleosome centering by ISWI (26). This
element has been termed ‘NegC’ in ISWI for a negative reg-
ulatory role in sliding (27) and the C-terminal ‘bridge’ in
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Chdl1 for its structural organization across both lobes of the
ATPase motor (25).

Although nucleosomes are the basic building blocks of
chromatin, the chromatin environment also includes other
factors that dynamically bind and release from DNA. Many
transcription factor binding sites are found within and
flanking nucleosomal footprints (28), and thus have the po-
tential to influence remodelers that are sensitive to DNA
both within and flanking the nucleosome. Indeed, nucle-
osome sliding by ISWI remodelers has been shown to be
strongly influenced by bound transcription factors. Using
nuclear extracts and purified ISWI remodelers, early studies
showed that ATP-dependent remodeling promoted associ-
ation of the transcription factors GAGA, TTF1 and Lac
repressor to their binding sites (29-32). Using the ISWI re-
modeler NURF and the DNA-binding domain of Gal4,
this cooperation with transcription factors was shown to
stem from a barrier effect that biased nucleosome sliding
away from bound proteins (33). The basis for such barrier
effects, as well as the means by which chromatin remodelers
sense and respond to transcription factors at the edge of the
nucleosome have not been explored.

Given the biochemical and architectural similarities be-
tween Chdl and ISWI remodelers, we hypothesized that
Chd1 would also be sensitive to transcription factors bound
adjacent to nucleosomes. Here we describe experiments that
use the Lac repressor (Lacl) system to test this prediction
and investigate the nature of a barrier to nucleosome slid-
ing.

MATERIALS AND METHODS
Protein constructs and purification

His-tagged Saccharomyces cerevisiae Chdl variants
were expressed and purified as previously described
(25,34,35). Chdl constructs included: an N- and C-
terminally truncated variant containing the conserved
chromo/helicase/DNA-binding domains (residues 118-
1274), referred to throughout the text as Chdl; Chdlgam
(residues 118-1274), with the 121 residue RAM se-
quence (36) inserted between residues 1000 and 1001
(35); Chd1[ADBD] (residues 118-1014), which lacks the
DNA-binding domain; and Chd1[GGS/bridge] (residues
118-1274), which possesses a (gly-gly-ser);; segment that
replaces residues 884-918. The bridge substitution was
made in a cysteine-variant background where all five nat-
ural cysteines were removed and A1117C was introduced.
All histones were purified and reconstituted into histone
octamers as previously described (37). Saccharomyces
cerevisiae histones were used for experiments shown in
Figure 4A; Xenopus laevis histones were used for all other
experiments. Lac repressor (residues 1-133) was expressed
from the pET101D-Lacl construct, which lacks the C-
terminal tetramerization domain and forms a constitutive
dimer (38). Lacl was expressed in BL21 Star(DE3) cells
that were induced with IPTG and harvested after overnight
growth at 37°C. After purification by nickel affinity and
size exclusion chromatography, Lacl was stored at —80°C.

DNA template and nucleosome preparation

A symmetric and high affinity variation of LacO (5-
AATTGTGAGCGCTCACAATT) (39) was introduced
into the 601 nucleosome positioning sequence (40) using
PCR mutagenesis (see Supplementary Table S1 for primer
sequences). LacO-containing 601 sequences were used as
templates for PCR (see Supplementary Table S2 for primer
sequences). DNA fragments were purified and incorporated
into nucleosomes as previously described (35,37).

Nucleosome sliding and histone mapping

Mapping was carried out using X. /aevis histone octamers
with the H3(C110A) substitution to remove the naturally
occurring cysteine, along with an H2B(S53C) substitution.
After labeling nucleosomes with APB (41), sliding reactions
were carried out in 1x slide buffer (20 mM HEPES-KOH,
pH 7.6; 50 mM KCl; 5SmM MgCl,; 0.1 mg/ml BSA; 10 mM
DTT; 5% sucrose) using 150 nM nucleosome, 50 nM remod-
eler and 2 mM ATP. In reactions with nucleosomes contain-
ing LacO(+1) and LacO(—11) sites, Lacl was added at a 5-
fold molar excess over nucleosomes (750 nM), whereas for
LacO(—6)-containing nucleosomes, Lacl was added at a 32-
fold molar excess (4.8 wM). After UV irradiation and pro-
cessing (41), samples were separated on 8% polyacrylamide
(19:1), 8M urea sequencing gels run at 65 W and visual-
ized on a GE Typhoon 9410 variable mode imager. Rates
of nucleosome sliding were calculated by fitting the frac-
tion of shifted versus unshifted nucleosomes to the single-
exponential function y = a*(e~ %) + ¢, where the fit pa-
rameters were « (normalized amplitude), ¢ (constant), and
k (rate constant, min~!).

Nucleosome binding

Histone H4(A15C) was labeled with Cy3 maleimide and re-
constituted into nucleosomes (26). Changes in Cy3 fluores-
cence intensity were monitored in a Horiba Jobin Yvon Flu-
orolog fluorometer with the sample chamber set at 25°C,
excitation monochromator at 510 nm (5 nm slit width),
and emission monochromator at 565 nm (5 nm slit width).
Increasing amounts of Chdl were titrated into solutions
containing 5 nM nucleosome in 20 mM HEPES, pH 7.5;
5 mM MgCly; 0.1 mM EDTA; 5% (w/v) sucrose; | mM
DTT; 0.02% Nonidet P40 Substitute (Roche); 0.1 mg/ml
BSA; 1 mM adenosine 5-(B,y-imido)triphosphate (AMP-
PNP) and 100 mM KCI. Titrations with Lacl contained
500 nM Lacl. The binding data was fit in KaleidaGraph
(Synergy) to the following binding isotherm using nonlin-
ear least squares regression,

Y=(A1/@% M) *
<X+ N K —((X + N K —d s X s N>1/2> o X] (Kot X)+C

where Y is the signal intensity, X is the concentration of
Chdl1, Ay are the signal amplitudes, Ky are the dissociation
constants, N is the nucleosome concentration and C is the
signal from nucleosome alone. Titrations for each experi-
mental condition were performed three or more times, with
the average 1/K;, values and standard deviations reported
in Figure 3.
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Native gel sliding

Native gel sliding experiments that monitored
Chd1[ADBD] activity were performed using nucleosomes
reconstituted with S. cerevisiae histones and conditions
as previously described in (15). Lacl was added at a final
concentration of 150 nM (6-fold excess over nucleosomes),
and the stop solution additionally contained 1.5 mM
IPTG. All other native gel sliding experiments utilized
X. laevis nucleosomes and were carried out as previously
described (35). Experiments with Chd1[GGS/bridge] used
nucleosomes reconstituted with either [FAM]40N40 or
[Cy3]0N80[LacO-11R,FAM] DNA, with the addition of
750 nM Lacl (5-fold excess over nucleosomes). For the
competition experiments, 50 nM Chdl was combined
with one of the following: 150 nM [Cy5]0N80 alone; 150
nM [Cy5]0N80 + 150 nM [Cy3]ON8O[LacO-11R] £ Lacl
(750 nM); or 300 nM [Cy3]JON8O[LacO-11R] + LaclI (1.5
wM). These samples were mixed in a 20 wl volume, with
1 nl removed at each time point to a quench solution
containing 5 mM EDTA and plasmid DNA possessing a
single LacO site. Nucleosome samples were separated by
native acrylamide gels, visualized using a GE Typhoon
9410 variable mode imager, and the relative intensities of
different nucleosome species were obtained using Imagel
(http://imagej.nih.gov/ij/). Fits to the data shown in Figure
5 were either single (for Cy3 ON80[LacO-11] nucleosomes
in the presence of Lacl) or double exponential fits (for
all other conditions). For the double exponential fits, the
slower rates were similar (6- to 8-fold slower than the faster
rate), and only the faster rate is reported.

Restriction digestion

An EcoRI restriction cut site was introduced within the 601
positioning sequence by PCR amplification, 10-15 bp from
the left edge of the 601 sequence. Digestions of 150 nM
fluorescently labeled [FAM]ON70[LacO-11R,Cy5] nucleo-
somes were carried out using 2 U/l of EcoRI-HF (NEB) in
I xCutSmart buffer at 30°C. After pre-incubation of Chdl
(100 nM), nucleosomes (150 nM) and +Lacl (1.2 wM) for
5 min, EcoR1-HF was added for 2 min to digest free DNA,
followed by ATP addition to a final concentration of 2.5
mM. Control reactions showed that free DNA was digested
within ~0.5 min. Time points were taken by transferring 1
wl of each 25 pl reaction to 9 pl of quench (SDS-PAGE
loading buffer with 40 mM EDTA). Samples (3 wl) were
separated by SDS-PAGE (18% acrylamide), visualized us-
ing a GE Typhoon 9410 variable mode imager, and quanti-
fied using ImageJ (http://imagej.nih.gov/ij/). As previously
described for this assay (42), not all DNA was digested af-
ter extended incubation, and all samples were normalized to
the same range of nucleosomal DNA that could be cleaved
by EcoRI based on samples remodelled with Chd1 in the ab-
sence of Lacl. Rates were calculated with single exponential
fits to data as described above.

Kinetic modelling

To model the process of nucleosome repositioning, a kinetic
model was formulated with forward and backward tran-
sitions between five sequential states representing the ob-
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served high-occupancy nucleosome positions determined
by histone mapping, as shown in Figure 6F. Numerical inte-
gration of the resulting series of ordinary differential equa-
tions was used to calculate the time-dependent occupancy
of each state, starting from the initial condition of 100% ‘C’
and 0% occupancy for the other four species. Kinetic pa-
rameters were estimated from the experimental data by fit-
ting the fraction of each nucleosome species at each time
point to the output of the kinetic simulations through min-
imization (BFGS method) of the sum of the square differ-
ences. Sensitivity to initial parameter values during the fit
were tested by randomly sampling initial rates between 0.1
and 5.0 min~'. We also tested for robustness by randomly
sampling the value of each of the experimental data points
from a Gaussian distribution determined by the point’s ex-
perimental error estimate, as well as randomly varying the
time value for each point, also with a Gaussian distribu-
tion using a 0.5 s standard deviation. In all, >40 000 fits
for each experimental condition were analysed to determine
the space of transition rate constants that were compatible
with the experimental data (see Supplementary Figures S1
and S2).

RESULTS
Lacl limits the extent and rate of nucleosome sliding by Chd1

To test whether nucleosome sliding by Chdl is sensitive to a
protein bound at the entry site of the nucleosome, we gener-
ated mononucleosomes with the LacO binding site on one
side. We chose Lac repressor (Lacl) because we desired a
foreign transcription factor that would bind and occlude a
defined segment of DNA without making specific interac-
tions with Chd1, which should allow us to determine which
portions of DNA may be important for Chdl activity.

Remodeling reactions were carried out with a previ-
ously characterized and truncated form of S. cerevisiae
Chdl (residues 118-1274, hereafter referred to as Chdl)
possessing the conserved chromodomains, ATPase motor,
and DNA-binding domain (15,34). Since Chd1 preferen-
tially slides end-positioned nucleosomes toward available
extranucleosomal DNA, we generated 601-based mononu-
cleosomes (40) having zero bp of extranucleosomal DNA on
one side and 80 bp on the other (referred to as ON80). To see
if the presence of Lacl would influence nucleosome reposi-
tioning by Chdl, we first tested a location where the entire
20 bp LacO site was on the flanking 80 bp DNA and adja-
cent to the edge of the 601 sequence (denoted ON80O[LacO
+ 1R]).

To precisely identify the positions of the remodeled prod-
ucts, we analyzed reactions by histone mapping. With this
technique, the photoactivatable cross-linker azidophenacyl
bromide (APB), attached via a cysteine substitution at posi-
tion 53 of histone H2B (H2B-S53C), reacts with one strand
of DNA approximately 18 bp from the nucleosome edge,
and can be used to monitor the location of the histone oc-
tamer before and after nucleosome sliding (41). In the ab-
sence of Lacl, histone mapping showed that Chd1 shifted
these nucleosomes up to 54 bp onto the extranucleosomal
DNA (Figure 1A). In contrast, in the presence of Lacl,
the extent of nucleosome repositioning by Chd1 was signif-
icantly limited, with the majority of nucleosomes shifting
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Figure 1. The presence of Lac repressor limits the extent and rate of nucleosome sliding by Chd1. Repositioning N80 nucleosomes by Chd1, monitored by
histone mapping at H2B(S53C). Shown are representative examples of sliding reactions carried out in the absence of Lacl using ON80[LacO+ 1] nucleosomes
(A), and reactions carried out in the presence of Lacl for 0N80 nucleosomes with LacO binding sites located +1 bp (B), —11 bp (C) or —6 bp (D) from the
right edge of the nucleosome. Top cartoons illustrate the relative positions of LacO and Lacl on the nucleosome, whereas bottom cartoons summarize the
major nucleosome positions resulting from each experiment. (E) Extended reach of the Chd1 DNA-binding domain does not alter the inhibitory effects of
Lacl. Nucleosome sliding was carried out using a variant of Chd1 containing a 121-residue insertion between the ATPase motor and DNA-binding domain,
called Chd1gram. Shown is a representative of three experiments. Time points for reactions in (A—E) were 0, 0.25 min (for LacO(—6) and LacO(—11) only),
0.5,1,2,4,8, 16, 32, 64 min. (F) Quantification of the nucleosome sliding experiments shown in (A-D), revealing a more rapid disappearance of the starting
material when remodeled in the absence (open circles) compared with the presence (filled circles) of Lacl. Each point represents the average values from two
or more experiments, with error bars showing the range of values from two measurements, or the standard deviations for three or more measurements. Rate
constants were calculated from single exponential fits to the data, with the error given as the standard deviation from averaging calculated rate constants.
(G) Sliding in the presence of Lacl does not permanently disrupt nucleosomes. Remodeling of ON80[LacO-11R] nucleosomes was monitored by native
PAGE. After 30 min of sliding, IPTG was added to release Lacl, and the change in nucleosome mobility shows that this addition was sufficient for removing
the Lacl barrier.

only 10 to 11 bp from the starting position (Figure 1B). The
1011 bp shift effectively pulled about half of the LacO site
onto the nucleosome. To see whether Lacl on the reposi-
tioned LacO site was responsible for blocking further slid-
ing, we generated end-positioned nucleosomes with a pre-
shifted binding site (ON8O[LacO-11R]) as well as a site with
a different phasing of LacO (ON80[LacO-6R]). In the pres-
ence of Lacl, these nucleosomes showed similar patterns of

repositioning by Chdl, with about half of the nucleosomes
shifting by only 10-11 bp (Figure 1C and D). These results
show that Lacl can act as a barrier to nucleosome reposi-
tioning by Chdl, yet the similar patterns of nucleosome slid-
ing with the three LacO positions suggest that Chd1 was not
blocked by a specific location of Lacl.

In addition to limiting the range of repositioning, the
presence of Lacl also markedly decreased the rate of nu-
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cleosome sliding by Chdl (Figure 1F). The most dramatic
rate differences were for ON80[LacO+1R] and ON80[LacO-
11R] nucleosomes, which were shifted 33-fold and 23-fold
more slowly in the presence of Lacl, respectively. Lacl also
significantly decreased the sliding rate for 0ON80[LacO-6R]
nucleosomes, though the difference was a more modest 3-
fold slower sliding with Lacl.

Given the limited repositioning in the presence of Lacl,
we considered the possibility that action of Chdl on Lacl-
bound nucleosomes might create inactive, non-nucleosomal
products. To examine this, we monitored sliding reactions
before and after addition of IPTG to release Lacl from nu-
cleosomes. Consistent with histone mapping experiments,
native PAGE showed that Lacl restricted nucleosome repo-
sitioning by Chdl (Figure 1G). After 30 min of ATP-
dependent nucleosome sliding, IPTG was added to the re-
action, which allowed Chd1 to shift nucleosomes to a more
central location on the DNA fragment. This result indicates
that nucleosome sliding in the presence of Lacl does not
permanently disrupt histone-histone or histone-DNA inter-
actions.

Extending the reach of the Chd1 DNA-binding domain does
not diminish sensitivity to Lacl

Binding of Lacl at the nucleosome edge limited the extent
and rate of nucleosome sliding by Chdl. Since the Chdl
DNA-binding domain is expected to interact with extranu-
cleosomal DNA, we wondered whether Lacl somehow con-
strained the placement of the DNA-binding domain rela-
tive to the rest of the remodeler. We previously inserted a
121 residue, intrinsically disordered peptide segment, called
RAM, between the DNA-binding and ATPase domains of
Chdl. This RAM insertion still allowed Chd]1 to reposition
nucleosomes, and in the context of the foreign, sequence-
specific DNA-binding domain of AraC, gave the Chdl-
AraC fusion remodeler a longer reach to specific binding
sites on extranucleosomal DNA (35). Here, Chd1granm (With
a native DNA-binding domain) was incubated with the
same ON80[LacO-11R] nucleosomes under sliding condi-
tions in the presence and absence of Lacl. Histone map-
ping of these samples revealed that, similar to Chdl, the
majority of nucleosomes were shifted just 10-11 bp (Fig-
ure 1E). Although we could not confirm positioning of
the DNA-binding domain on extranucleosomal DNA, the
similar Lacl effects for Chdlgam shows that a more flexi-
ble attachment of the DNA-binding domain is insufficient
for bypassing the inhibitory effect of a protein bound on
entry/exit DNA.

Availability of exit DNA is critical for the barrier effect of
Lacl

Although Lacl clearly interfered with nucleosome sliding,
Chdl shifted nucleosomes 10 to 11 bp regardless of the ini-
tial LacO placement. We reasoned that the observed barrier
activity of Lacl may stem from the newly generated extranu-
cleosomal DNA on the exit side. As Chdl shifts the LacO
site toward the nucleosome by 10-11 bp, the emergence of
~1 turn of exit DNA may be sufficient for the remodeler
to engage the opposite face of the nucleosome, which could
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stimulate nucleosome sliding in the opposite direction. In
this sense, the newly generated exit DNA would then serve
as entry DNA, with the LacO site, on the opposite side of
the nucleosome, poised to be shifted off the histone octamer
and back onto the flanking DNA.

For this scenario, shifting nucleosomes alternately to-
ward and away from the LacO site would repopulate the
initial, end-positioned location of the histone octamer on
DNA, and would be consistent with the significant fraction
(~50%) of ON80 nucleosomes that appeared to remain at
the starting position throughout the reaction (Figure 1). To
determine whether the entire nucleosome population was
continually sliding back-and-forth, an EcoRI cut site was
introduced close to the zero side of ON80[LacO-11R] nu-
cleosomes. This site was designed to be initially occluded
by the histone octamer, becoming exposed upon movement
of the nucleosome toward the LacO sequence. Reactions
carried out in the absence of ATP showed a slow rate of
digestion, consistent with protection of the EcoRI site by
the nucleosome (Figure 2A). In the absence of Lacl, ad-
dition of Chdl and ATP promoted rapid digestion, which
agrees with the fast nucleosome repositioning away from the
shorter DNA end (Figures 1A, F and 2A). As expected, ad-
dition of Lacl slowed down DNA cutting. Importantly, de-
spite the slower rate of digestion, the presence of Lacl did
not diminish the population of DNA accessible to EcoRI,
supporting the hypothesis that Chd1 continually shifts nu-
cleosomes back-and-forth in the presence of Lacl.

To test the idea that the barrier action requires avail-
able DNA on the other side of the nucleosome, we gener-
ated (—10)N80[LacO-11R] nucleosomes. For these nucle-
osomes, the short DNA end was at a more internal posi-
tion on the (—10) side, and therefore would require a 20 bp
shift to produce just 10 bp of flanking DNA. If the lim-
ited 10-11 bp shift of ON80[LacO-11R] resulted from the
generation of ~1 turn of DNA on the exit side, we rea-
soned that the (—10)N80[LacO-11R] nucleosomes would
have to move ~20 bp to expose a similar length of DNA on
the exit side. When Lacl was not present, Chd1 shifted the
(—=10)N80[LacO-11R] nucleosomes away from the recessed
(—10) bp side and onto the 80 bp side (Figure 2B). Similar to
ONS8O0[LacO] nucleosomes, sliding of the (—10)N80[LacO-
11R] nucleosomes was restricted in the presence of Lacl, yet
the distribution was clearly shifted to favor both 10-11 bp
and 19-20 bp products. Although the majority of (—10)N80
nucleosomes shifted farther than ON80 nucleosomes, the fi-
nal products were quite similar, with approximately equal
amounts of nucleosomes having ~0 and ~10 bp of extranu-
cleosomal DNA on the side opposite the LacO site (Figure
2C). These results are consistent with Lacl slowing the rate
that Chdl shifted nucleosomes toward Lacl, relative to the
rate of sliding nucleosomes in the opposite direction. This
means that Lacl does not prevent sliding by Chdl, but in-
dicates that when exit side DNA is available, sliding in the
opposite direction is more favorable.

Lacl does not appear to antagonize initial engagement of
Chd1 at SHL2 on the nucleosome

Previously, DNA-gap and cross-linking studies showed that
nucleosome sliding by Chd1, ISWI and SWI/SNF-type re-
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Figure 2. Exit side DNA defines the extent that Chdl slides nucleosomes
in the presence of Lac repressor. (A) Nucleosomes are dynamically shifted
back-and-forth by Chdl in the presence of Lacl. End-positioned ON70 nu-
cleosomes containing a LacO(—11) site on the 70 bp side and an EcoRI cut
site just inside the 0 bp side were digested by EcoRI and monitored by SDS-
PAGE. The slower rate of digestion in the absence of ATP (gray) demon-
strates that the EcoR1 site is initially buried. In the presence of Chdl and
ATP, the same fraction of nucleosomal DNA becomes cleaved in the pres-
ence (filled circle) or absence (open circle) of Lacl, demonstrating dynamic
repositioning by Chd|1 in the presence of Lacl. Based on single exponential
fits to the data, the sliding rate in the presence of Lacl was calculated to be
7-fold slower than in the absence of Lacl. Error bars indicate the standard
deviations from five or more independent experiments. (B) Comparison of
nucleosome sliding reactions carried out in the absence and presence of
Lacl, using (—10)N8O[LacO-11R] substrates. Time points for these exper-
iments were 0, 1, 4, 16, 64 min. (C) Comparison of the preferred distribu-
tions of nucleosome positions for ON80 and (—10)N80 nucleosomes when
Chdl sliding was carried out in the presence of Lacl. White peaks show
zero time points and gray peaks are the nucleosome positions at 64 min
time points.

modelers is driven by action of the ATPase motor at su-
perhelical location 2 (SHL2), an internal position on the
nucleosome located ~20 bp from the dyad (15,24,43-45).
Although the LacO sites at the nucleosome edge are ~50
bp away from SHL?2, we considered the possibility that the
presence of Lacl may impair nucleosome recognition, which
could indirectly weaken association of the ATPase motor at
SHL2. To determine the extent that binding at SHL2 might
be disrupted by the presence of Lacl at the edge of the nu-
cleosome, we used a fluorescence-based assay that monitors
remodeler binding near the histone H4 tail, which is adja-
cent to SHL2 (26). Binding reactions were carried out in
the presence of the non-hydrolyzable ATP analog, adenylyl
imidodiphosphate (AMP-PNP).

The affinity of Chdl for ON80[LacO-11R] nucleosomes
was not significantly diminished by Lacl (Figure 3). This in-
sensitivity to Lacl may stem in part from the relatively long
flanking DNA of the ON80 nucleosome, which could allow
the DNA-binding domain to assist the ATPase motor in nu-
cleosome binding. To eliminate interactions with extranu-
cleosomal DNA beyond the Lacl binding site, we generated
ON11[LacO-11R] nucleosomes, which had a short DNA
segment that extended just two base pairs farther than the
LacO sequence. Interestingly, with this shortened extranu-
cleosomal DNA, the addition of Lacl reduced Chdl bind-
ing to ON11[LacO-11R] nucleosomes by ~4-fold, which
suggests that the presence of Lacl can compete with Chdl
under conditions where flanking DNA is limited. To evalu-
ate how much Chdl may rely upon extranucleosomal DNA
for nucleosome binding, we also measured Chd1 affinity for
a 1N1 nucleosome, which lacked a LacO site. Affinity for the
IN1 nucleosome was ~10-fold weaker than for the ON11
nucleosomes in the absence of Lacl (Figure 3). With lim-
ited flanking DNA, Lacl therefore appeared to disrupt most
of the favorable interactions with extranucleosomal DNA,
with the affinity of Chd1 for ON11[LacO-11R] plus Lacl just
~2-fold above the affinity for IN1 nucleosomes.

Unexpectedly, Lacl increased the affinity of Chdl for
LacO(—6) nucleosomes (Figure 3). Although modest (~2-
fold), this increase was observed for nucleosomes with both
excess and limiting DNA extending beyond the LacO site.
While these results highlight a connection between SHL2
binding and DNA availability near the entry/exit site of
the nucleosome, the opposite effects of Lacl bound to
LacO(—11) and LacO(—6) sites suggest that the reduced
sliding rates with Lacl bound did not simply result from
blocking the initial engagement of the Chd1 ATPase motor
with the nucleosome.

Lacl interferes with Chd1 action independently of sensing ex-
tranucleosomal DNA

Given its role in sensing DNA availability, we expected that
the Chdl DNA-binding domain would be required for a
barrier response. To test this idea, we performed sliding re-
actions using a Chd1 construct lacking the DNA-binding
domain (called Chd1[ADBD)]), which shifts nucleosomes
without regard to extranucleosomal DNA (15,34). In the
absence of Lacl, Chd1[ADBD] produced a redistribution
of nucleosome bands by native PAGE (Figure 4A). If Lacl
were sensed via the DNA-binding domain alone, then no
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Figure 3. Chdl can bind to nucleosomes at SHL2 in the presence of Lac
repressor. Interactions between Chdl and Cy3-labeled H4(A15C) nucle-
osomes were measured in the presence of the ATP analog AMP-PNP by
monitoring changes in Cy3 fluorescence with increasing Chd1 concentra-
tions. Error bars indicate the standard deviations from three or more fits
to independent experiments.

differences in nucleosome positions would be expected for
this reaction. However, addition of Lacl clearly changed the
nucleosome sliding pattern, consistent with a more limited
positioning. Thus, in contrast to our expectations, Chdl
was clearly sensitive to the presence of Lacl independently
of the Chd1 DNA-binding domain.

For the ISWI remodeler, it was recently shown that direc-
tional sliding could be perturbed by disruption of a segment
immediately C-terminal to the ATPase motor, called NegC
in ISWI and the bridge in Chdl (26). We therefore sought
to test whether Lacl can still affect the distribution of nu-
cleosomes for a similarly disrupted Chd1 variant. Substitu-
tion of this element with a flexible (gly-gly-ser);; segment
appeared to make ISWI insensitive to the presence or ab-
sence of extranucleosomal DNA and thus lose directional-
ity (26), and we therefore generated a construct with a sim-
ilar gly-gly-ser substitution (called Chd1[GGS/bridge]). As
for ISWI, the GGS/bridge substitution in Chdl disrupted
the normal positioning of centered and end-positioned nu-
cleosomes (Figure 4B). However, despite the defective re-
sponses to available flanking DNA, Lacl still limited the ob-
served distribution of nucleosome positions, for both Chdl
and Chd1[GGS/bridge] (Figure 4C). Thus, even when Chd1
lacks either of two basic elements required for responding
to extranucleosomal DNA — the DNA-binding domain or
the bridge — Lacl still influences the pattern of nucleosome
repositioning.

Lacl destabilizes Chd1-nucleosome complexes during remod-
elling

Since Lacl does not appear to directly disrupt initial en-
gagement of Chdl with the nucleosome, the presence of
Lacl may interfere with intermediate steps in the nucleo-
some sliding cycle. Slower rates of sliding could arise from
new rate-limiting steps during DNA translocation, where
Chdl might be sequestered on Lacl-bound nucleosomes.
Alternatively, slower sliding could arise from more rapid
dissociation of Chdl from nucleosomes prior to productive
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sliding. To distinguish between these possibilities, we per-
formed competition experiments, where Chdl was given a
50/50 mixture of nucleosomes with and without the LacO
sequence (labeled with Cy3 and Cy5, respectively), and the
rate of nucleosome sliding was monitored by native PAGE.
In the absence of Lacl, progress curves for these two pop-
ulations of nucleosomes were indistinguishable (Figure 5,
open circles), giving rates of 0.5 & 0.2 and 0.6 & 0.2 min~!.
When Lacl was included, the LacO-containing Cy3 nucleo-
somes were shifted more slowly, as expected (0.045 4 0.011
min~!, filled pink circles). Interestingly, the non-LacO Cy5
nucleosomes showed a distinct profile that suggested faster
sliding (0.8 & 0.2 min~', filled blue circles). Faster sliding
of non-LacO nucleosomes would result from a more rapid
dissociation from LacO-containing nucleosomes. To esti-
mate the sensitivity of this competition experiment, simi-
lar reactions were performed using non-LacO Cy5 nucleo-
somes only, equivalent to half the nucleosome concentra-
tion of the Cy3/Cy5 mixture. Theoretically, with half of
the nucleosome substrate concentration, the observed slid-
ing rate should increase if the Ky is higher than the nu-
cleosome concentration, approaching a maximum 2-fold
rate increase. Under these conditions, the isolated non-
LacO nucleosomes yielded a strikingly similar profile to
that observed in the competition experiment when Lacl
was present, with an equivalent rate of 0.8 & 0.2 min~!
(‘X’ symbol). Given the relatively high error, the calculated
rates for non-LacO Cy5 nucleosomes alone were not sta-
tistically distinct from rates of LacO/non-LacO competi-
tion experiments. Despite this limitation, however, it is clear
that sliding of non-LacO nucleosomes was not inhibited
and instead may be increased by the presence of LacO-
nucleosomes bound to Lacl. Therefore, Chd1 does not be-
come sequestered on nucleosomes containing Lacl, and is
likely released more rapidly after initial engagement with
the nucleosome.

Lacl increases the rate that Chdl slides nucleosomes away
from LacO

Experiments presented in Figures 1 and 2 used end-
positioned nucleosomes, where the LacO site was on the
only available DNA flanking the nucleosome. Although
Chd1 initially shifted these end-positioned nucleosomes to-
ward the side where Lacl was bound, the requirement for
~10-11 bp of DNA available on the other side of the nucle-
osome suggested that if given the choice, Chd1 would likely
shift nucleosomes away from bound sites. To investigate
this, we tested sliding behavior of 40N40 nucleosomes. Nu-
cleosomes were prepared with a LacO site on the left or the
right side, and sliding reactions were performed in the pres-
ence or absence of Lacl. Histone mapping revealed that in
contrast to the relatively symmetric distribution of nucleo-
somes in the absence of Lacl, Chdl markedly shifted nucle-
osomes away from Lacl-bound LacO sites (Figure 6A,B).
Interestingly, the redistribution of nucleosomes appeared
to occur more rapidly in the presence of Lacl. To determine
whether this effect was due to slower sliding toward LacO,
we fit the data to a simple kinetic model defined by five
major populations of nucleosomes: a central starting state
(‘C’) flanked by two states on each side (‘A’, ‘B’ and ‘D’,
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Figure 4. The ability of Chdl to sense extranucleosomal DNA is not re-
quired to respond to a Lacl barrier. (A) Lacl diminished Chdl sliding
even in the absence of the Chdl DNA-binding domain. Sliding exper-
iments were performed with ON80[LacO-11] nucleosomes using a Chdl
construct that lacked the DNA-binding domain (Chd1[ADBD)]), carried
out in the presence or absence of Lacl. The left side shows a representa-
tive experiment, and the right side shows intensity profiles for each time
point. (B) The bridge element of Chdl is required for properly respond-
ing to extranucleosomal DNA. Nucleosome sliding experiments used pre-
centered 40N40 nucleosomes. (C) Lacl limits nucleosome sliding by the
Chd1[GGS/bridge] variant. Shown are nucleosome sliding experiments
using end-positioned 0N80[LacO-11] nucleosomes, carried out in the pres-
ence or absence of Lacl. Time points for gels in (B) and (C) were 0, 0.25,
0.5, 1,2, 4,8, 16, 32 and 64 min. All experiments were analyzed by native
acrylamide gels and carried out three or more times.

‘E’), with each state linked to its neighbor through a for-
ward and reverse rate (Figure 6C and D). Injection of noise
into the data indicated that the fitting procedure was ro-
bust (Supplementary Figure S1). As expected, rates toward
the Lacl-bound side of each nucleosome were reduced in
the presence of Lacl. Interestingly, in combination with the
slower rate toward the LacO sites, rates away from the Lacl-
bound sides were increased. This rate increase was 5- or 6-
fold for LacO(—11R) (C—B) and LacO(—11L) (C— D), re-
spectively (Figure 6F, Supplementary Figure S2). If this rate
increase upon the addition of Lacl were an essential fea-
ture of the model, we would expect that preventing an in-
crease in these rates would result in a poor fit to the data.
To test this, we fixed the C— B rate of LacO(—11R) and
C—Drate of LacO(—11L) to the values observed in the ab-
sence of Lacl, and refit the plus-Lacl data. With these sin-
gle rate constraints, the resulting models failed to match the
data (Supplementary Figure S3). As shown in Figure 6E,
the closest fitting models with these rate constraints were
unable to recover both the sharp decrease in starting mate-

rial (‘C’) and the transient build-up of intermediates on the
side opposite the LacO site (‘B” for LacO(—11R) and ‘D’
for LacO(—11L), respectively). These results indicate that
an essential characteristic of the Lacl barrier for Chd1 is not
only slowing down sliding toward the LacO-bound site, but
also increasing the rate at which Chd1 shifts nucleosomes in
the opposite direction.

DISCUSSION

Chdl is an organizing chromatin remodeler that both as-
sembles and redistributes nucleosomes into evenly spaced
arrays (19-22). Using Lacl as a model system, we show
here how Chdl responds to a protein bound to nucleoso-
mal DNA. Our experiments reveal that Chd1 sliding activ-
ity is affected by Lacl on both entry and exit DNA, which
has important implications for responding to DNA-bound
factors as well as nucleosome spacing.

On ON80 nucleosomes, Lacl limited the extent of reposi-
tioning by Chd1, showing that proteins bound to the nucle-
osome edge pose a barrier for sliding (Figure 1). While slow-
ing the rate of sliding toward Lacl, this barrier effect was not
caused by an absolute block in Chd1 action, as nucleosomes
were similarly shifted toward Lacl for three different loca-
tions of LacO. Instead, the limited sliding correlated with
exposure of 10-11 bp on the opposite side, suggesting that
the barrier resulted from preferential sliding in the oppo-
site direction as long as approximately 10-11 bp of extranu-
cleosomal DNA was available on the other side (Figure 2).
Although slower sliding toward Lacl would be expected to
create significant asymmetry in sliding rates, we also discov-
ered that the rate of sliding away from Lacl was increased
5- to 6-fold (Figure 6). These results suggest that the barrier
effect of Lacl arises from changes in sliding rates that redi-
rect the population of nucleosomes away from bound LacO
sites (Figure 7).

The idea that sliding rates bias the distribution of nucleo-
somes builds on a kinetic discrimination model used to de-
scribe centering of mononucleosomes on short DNA frag-
ments by the ISWI remodeler ACF (13). In the kinetic dis-
crimination model, faster sliding toward the side of the nu-
cleosome with longer extranucleosomal DNA biases redis-
tribution of nucleosomes away from DNA ends. An impor-
tant difference from the model proposed for ISWI, however,
is that here we find that sliding in one direction depends on
both sides of the nucleosome. That is, for a given direction
of sliding, if Lacl is present on entry DNA, sliding slows
down, whereas if Lacl is bound to exit DNA, the rate of slid-
ing increases. This sensitivity to exit DNA is distinct from
previous models of remodeler regulation, which focused on
entry-side DNA (13,46). This response to both sides of the
nucleosome amplifies the asymmetry in the rates of nucleo-
some sliding more than would be possible with a rate change
on only one side.

How might Chdl respond to a protein on either entry
or exit DNA of the nucleosome? Although the nucleosome
has 2-fold symmetry, entry and exit DNA have distinct posi-
tions and orientations with respect to each SHL2 position,
where the ATPase motor acts. Considering also the opposite
responses in sliding rates—decreased rate with Lacl on en-
try DNA and increased rate on exit DNA—we expect that
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Figure 5. Lacl does not sequester Chdl on the nucleosome. Shown are
Chdl sliding experiments carried out with one or two types of nucleo-
some, in the presence (filled symbols, solid lines) or absence (open circles
and ‘X, dotted lines) of Lacl. Nucleosomes lacking the LacO sequence
were Cy5 labeled (blue in the graph), whereas nucleosomes containing the
LacO sequence were Cy3 labeled (pink). Data were quantified from na-
tive gel sliding experiments, with each point showing the mean from six
to eight independent experiments and error bars representing the standard
deviations.

changes in Chd1 sliding activity most likely arise from two
distinct mechanisms. Exactly how Chdl activity is modu-
lated is not presently clear, but our data suggest that one
mechanism relies on sensing DNA flanking the nucleosome,
whereas the other is independent from DNA availability
outside the nucleosome core.

Despite the importance of the Chdl DNA-binding do-
main for directing nucleosome sliding based on DNA out-
side the nucleosome core (15), here we found that the pres-
ence of Lacl altered the pattern of nucleosome sliding by
Chd1 even when the DNA-binding domain was deleted
(Figure 4A). The lack of reliance of the barrier on extranu-
cleosomal DNA was further supported by experiments
showing that disruption of the bridge segment, required for
responding to extranucleosomal DNA (Figure 4B), also did
not relieve interference from Lacl at the nucleosome edge
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(Figure 4C). Since the response to Lacl on the nucleosome
did not depend on sensing extranucleosomal DNA, Chdl
must also be sensitive to another signature of a factor bound
to nucleosomal DNA.

We believe that such a signature likely results from pertur-
bation of histone-DNA interactions. For experiments where
one side of the nucleosome lacked extranucleosomal DNA,
Chd1 shifted part or all of the Lacl-bound site onto the nu-
cleosome (Figures 1 and 2). Competition between histones
and bound transcription factors has been well documented,
and transcription factor binding on entry/exit DNA can
stimulate DNA unwrapping of nucleosomal DNA (28,47).
Given the slower sliding toward LacO-bound sites, which
still acted as barriers after being completely shifted onto the
nucleosome, we consider it likely that such unwrapping may
be a primary means for sensing entry-side DNA of the nu-
cleosome.

In contrast, the faster sliding associated with movement
away from a Lacl-bound site is consistent with sensing
DNA outside the nucleosome core. A basic characteristic
of Chdl is its ability to ‘center’ mononucleosomes, where
end-positioned nucleosomes are preferentially shifted to-
ward the center of a DNA fragment (14,15). While this bi-
ased directionality has been considered to stem from activa-
tion by long flanking DNA on one side, the data presented
here suggests that sliding away from DNA ends is also stim-
ulated by the absence of available DNA on the exit side of
the nucleosome. Lacl was found to block available extranu-
cleosomal DNA with the LacO(—11) site on ON11 nucle-
osomes (Figure 3), and this position of Lacl increased the
rate that Chd1 shifted nucleosomes in the opposite direction
(Figure 6). Therefore, the more rapid sliding away from Lacl
could explain the bias for sliding mononucleosomes away
from DNA ends. Importantly, the increased sliding rate
away from the Lacl-bound site implies an autoinhibitory
mechanism for Chdl, where the available flanking DNA on
the exit side of the nucleosome reduces the rate of sliding.
Such a mechanism would allow a change in DNA availabil-
ity on the exit side to induce asymmetry in sliding rates, bi-
asing nucleosomes to be repositioned away from the side
where DNA is not available.

The sensitivity of Chd1 to both entry and exit sides of the
nucleosome has important consequences for nucleosome
positioning and stability of DNA-bound factors. Nucleo-
somes compete with transcription factors, not only through
making binding sites less accessible, but also by directly
stimulating dissociation of proteins bound to nucleosomal
DNA (48). Disruption of transcription factor binding, for
example, was shown to result from repositioning nucleo-
somes onto occupied binding sites by the SWI/SNF remod-
eler (49). Thus, a more rapid response of Chdl to shift nu-
cleosomes away from proteins on exit DNA increases the
likelihood that these factors will remain bound to their sites.
In addition to a faster and tighter response, the sensitiv-
ity of Chdl to both sides of the nucleosome also allows
for a wider range of remodelling outcomes. As shown by
experiments using end-positioned nucleosomes where slid-
ing away from Lacl was hampered by lack of extranucle-
osomal DNA, Chdl was capable of shifting the LacO site
completely onto nucleosomal DNA. This ability to continue
shifting a nucleosome toward a DNA-bound protein im-
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Figure 6. Chdl shifts nucleosomes more rapidly away from Lac repressor.
Centered 40N40 nucleosomes (150 nM) with a LacO site on the left (A) or
right (B) were repositioned by Chdl (50 nM) in the presence and absence
of Lacl. Nucleosome positions are shown by histone mapping at posi-
tion H2B(S53C), with DNA fragments separated on DNA sequencing gels.
Time points were 0, 0.25, 1, 4, 16, 64 min. Fits to a five state kinetic model
for the quantified 40N40 sliding experiments are shown in the absence (C)
and presence (D) of Lacl. (E) Faster nucleosome sliding away from the
LacO sites in the presence of Lacl is required for fitting the kinetic model

plies that Chdl also has the potential to increase dynamics
of transcription factor binding, depending on the chromatin
environment.

In addition to using DNA-bound proteins such as tran-
scription factors to guide nucleosome positioning, the sen-
sitivity of Chd1 to both entry and exit DNA also has im-
plications for nucleosome stability and spacing. The abil-
ity to generate evenly-spaced nucleosome arrays (19-22,50)
indicates that Chd1 also responds to neighboring nucleo-
somes. Previous work showed that when nucleosomes be-
gin to overlap and occupy territories of their neighbors, un-
stable intermediates can be generated that likely arise from
DNA unwrapping from the nucleosome edge (51). We pro-
pose that unwrapping due to closely packed or overlapping
nucleosomes would stimulate a Chd1 response similar to the
presence of Lacl on entry/exit DNA. For nucleosomes be-
ginning to be unwrapped by their neighbors, biased sliding
in the opposite direction would therefore help stabilize his-
tone octamers of each nucleosome. Moreover, analogous to
the differences in sliding rates that allow a DNA-bound fac-
tor to act as a barrier, the asymmetry in sliding rates would
be lost once the separation between nucleosomes allows for
mutual rewrapping and sufficient exposure of intervening
extranucleosomal DNA. We therefore propose that the re-
sponses of Chdl to a DNA-bound protein can explain its
characteristic of generating evenly-spaced nucleosome ar-
rays.

Finally, it is well established that Chdl and ISWI share
many biochemical characteristics in vitro and in vivo, and
with this work we can now include the bias for sliding nu-
cleosomes away from DNA-bound factors. Given their bio-
chemical and architectural similarities, we hypothesize that
ISWI remodelers also sense both entry and exit sides of the
nucleosome, and therefore have an autoinhibitory mecha-
nism for slowing down sliding in the presence of available
extranucleosomal DNA on the exit side. Despite these com-
mon responses, it is becoming increasingly clear that Chd1
and ISWI remodelers play specialized roles in reorganiza-
tion of chromatin in vivo: yeast Iswl and Chd1 generate nu-
cleosome arrays with longer or shorter repeats, respectively
(50), whereas Isw2 positions ‘founder nucleosomes’ against
which these arrays pack (52). We look forward to future
work that reveals how basic characteristics like the ones de-
scribed here have been adapted for specialized cellular roles.

to the data. Fits for the plus-Lacl data were carried out with the rate away
from LacO (C—D for LacO(—11L) and C— B for LacO(—11R)) fixed to
the slower values obtained in the absence of Lacl. The dotted lines show
the best fits from >800 000 trials (see Supplementary Figure S3 for the best
1000 trials), all of which fail to match the data. The colouring between the
curves emphasizes the differences in fits with and without this rate con-
straint. (F) Summary of the kinetic models. For 40N40 nucleosomes with
LacO on the left or the right, the relative rates of repositioning away from
the LacO site was increased whereas shifting toward LacO was decreased
compared with the rates obtained for the absence of Lacl. States that are
disfavoured in the presence of Lacl due to asymmetry in forward/reverse
rates are partially hidden by dotted boxes. Error bars in (C-E) indicate
standard deviations from three independent mapping experiments for each
condition. See also Supplementary Figure S1 and S2.
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Figure 7. Sensing both sides of the nucleosome allows for greater asym-
metry in nucleosome sliding rates. In the absence of DNA-bound factors,
nucleosomes are dynamically shifted in either direction by chromatin re-
modelers such as Chdl. The association of a DNA-binding protein such
as a transcription factor at the edge of a nucleosome decreases the rate of
sliding toward and increases sliding away from the bound factor, which
promotes rapid redistribution of nucleosomes away from the bound fac-
tor. By enforcing asymmetry in the bidirectional sliding of the nucleosome,
DNA-binding proteins effectively provide barriers that direct nucleosome
positioning.
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