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RSC Unravels the Nucleosome

with the DNA. The stability of the nucleosome is re-Yahli Lorch, Mincheng Zhang, and Roger D. Kornberg*
duced, but the gross structure of the nucleosome isDepartment of Structural Biology
unaffected. This “activated” state of the nucleosome isStanford School of Medicine
dependent on the presence of the chromatin-remodel-Stanford, California 94305
ing complex but not on continuing ATP hydrolysis (Im-
balzano et al., 1996; Cote et al., 1998; Lorch et al., 1998;
Schnitzler et al., 1998).Summary

Reduced stability of the activated nucleosome is man-
ifested by “mobility” of the core histone octamer. TheRSC and SWI/SNF chromatin-remodeling complexes
activated nucleosome formed by RSC can transfer thewere previously reported to generate a stably altered
octamer to exogenous DNA, forming a new nucleosomenucleosome. We now describe the formation of hy-
(Lorch et al., 1999). SWI/SNF and also ISWI complexesbrids between nucleosomes of different sizes, show-
promote sliding of the octamer to adjacent positionsing that the stably altered structure is a noncovalent
along the same DNA (Hamiche et al., 1999; Langst etdimer. A basis for dimer formation is suggested by an
al., 1999). Sliding can occur without transfer and ofteneffect of RSC on the supercoiling of closed, circular
culminates in most stable positions of the octamer neararrays of nucleosomes. The effect may be explained
the ends of linear DNA (Whitehouse et al., 1999).by the interaction of RSC with DNA at the ends of the

Removal of the chromatin-remodeling complex fromnucleosome, which could lead to the release 60–80 bp
an activated nucleosome results in a persistently alteredor more from the ends. DNA released in this way may
state (Cote et al., 1998; Lorch et al., 1998; Schnitzler etbe trapped in the stable dimer or lead to alternative
al., 1998). The alteration is revealed by an increasedfates such as histone octamer transfer to another DNA
sedimentation rate and decreased electrophoretic mo-or sliding along the same DNA molecule.
bility. The altered nucleosome retains a full complement
of histones but with a diminished histone–DNA interac-Introduction
tion, as shown by increased sensitivity to dissociation
at elevated ionic strength.The coiling of DNA by histones in nucleosomes is a

An activated nucleosome formed by a chromatin-barrier to the entry of proteins involved in transcription,
remodeling complex can, therefore, meet three fates:replication, and other DNA transactions (Grunstein,
histone octamer transfer, sliding, or conversion to a sta-1990; Kornberg and Lorch, 1999; Struhl, 1999; Wyrick
bly altered state. Here we investigate the perturbation ofet al., 1999). The barrier is high due to the tight binding
the nucleosome underlying these processes. We showof histones to DNA and consequent stability of the
how the structure of the stably altered nucleosome andnucleosome. The barrier is breached at least in part
a previously unexplained change in DNA supercoilingthrough the action of chromatin-remodeling complexes.
of nucleosomal arrays may be related, with attendantTwo families of such complexes containing Swi2/Snf2
insight into the mechanism of chromatin remodeling byor ISWI ATPases have been described, and evidence
RSC and SWI/SNF complexes.for a third family based on the Mi-2 ATPase has been

presented (Cairns, 1998; Aalfs and Kingston, 2000;
ResultsBoyer et al., 2000; Vignali et al., 2000). Yeast SWI/SNF

complex is implicated by microarray analysis in the tran-
Formation of the Persistently Altered Nucleosome

scription of a few percent of all genes and is nonessential
In previous studies, a nucleosome on a small DNA frag-

for cell growth (Sudarsanam et al., 2000). A related com-
ment was converted to an activated complex by incuba-

plex, termed RSC, contains several homologs of SWI/ tion with yeast RSC or human SWI/SNF in the presence
SNF subunits, all of which are encoded by essential of ATP, followed by the removal of the chromatin-remod-
genes (Cairns et al., 1996, 1998, 1999). RSC mutants eling complex by competition with excess nucleosomes
have been identified with spt2 phenotypes, pointing to or DNA (Lorch et al., 1998; Schnitzler et al., 1998). Break-
a role of the RSC complex in transcription as well (Cairns down of the activated complex yielded the original
et al., 1998). nucleosome and a smaller amount of a persistently al-

Yeast and human SWI/SNF complexes and yeast RSC tered form. We now find, in reactions performed with
complex perturb the structure of nucleosomes in an RSC and a nucleosome on a slightly longer DNA frag-
ATP-dependent manner in vitro. Nucleosomal DNA is ment (217 bp, compared with 154 bp in the original
rendered more accessible to nuclease digestion, and experiments with RSC), that the altered nucleosome is
DNA supercoiling of a closed circular array of nucleo- obtained without the addition of competing nucleo-
somes is much diminished (Cote et al., 1994; Imbalzano somes or DNA. The altered nucleosome is released from
et al., 1994; Cairns et al., 1996; Guyon et al., 1999; Jaskel- the complex with RSC over time (Figure 1A). Apparently,
ioff et al., 2000). Despite the increase in accessibility the additional DNA protruding from the ends of the 217
and loss of supercoiling, the histones remain associated bp nucleosome facilitates the formation of or stablilizes

the altered nucleosome. It thus accumulates despite
conversion back to the original state, which is catalyzed* To whom correspondence should be addressed (e-mail: kornberg@

stanford.edu). by RSC as well.
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Figure 1. Formation of Stably Altered Nucleosomes

(A) Formation of altered nucleosomes without the removal of RSC.
A peak maltose gradient fraction (2 ml) of 217 bp nucleosomes (5.4
ng/ml) was treated with RSC (40 ng) and 0.6 mM ATP in a volume Figure 2. Formation of Hybrid Altered Nucleosomes
of 5 ml at 308C for the times indicated, followed by the addition of

(A) Peak maltose gradient fractions of 217 bp nucleosomes (as in0.25 ml of 0.6 M glucose and 0.25 ml of hexokinase (4 mg/ml), incuba-
Figure 1A, lane 2, 0.7 ml; lane 3, 1.3 ml; lane 4, 1.7 ml; and lane 5,tion for 5 min at 308C, and polyacrylamide gel electrophoresis. Bands
2.7 ml) and of 154 bp nucleosomes (as in Figure 1B, 1.1 ml) weredue to altered nucleosomes (“altered”), nucleosomes (“nuc”), and
treated with RSC (40 ng) and 0.6 mM ATP in a volume of 5 ml fornaked DNA (“naked”) are indicated.
60 min at 308C, followed by the addition of 1 mg of plasmid DNA(B) Formation of altered nucleosomes depends on the nucleosome
and polyacrylamide gel electrophoresis. Bands due to 217 bp alteredconcentration. A peak maltose gradient fraction (lane 1, 0.2 ml; lane
nucleosomes (217-217), 154 bp altered nucleosomes (154-154), and2, 0.4 ml; lane 3, 0.4 ml; and lane 4, 0.4 ml) of 154 bp nucleosomes
hybrid (154-217) altered nucleosomes are indicated.(4 ng/ml) was treated with RSC (40 ng) and 0.6 mM ATP in a volume
(B) Peak maltose gradient fractions of 217 bp nucleosomes (36.6of 5 ml for 10 min at 308C, followed by the addition of 1 mg of plasmid
ng/ml; lane 1, 1 ml; lane 3, 0.25 ml; lane 4, 0.5 ml; and lane 5, 1 ml)DNA and polyacrylamide gel electrophoresis.
and of 395 bp nucleosomes (23 ng/ml; lanes 2–5, 3.5 ml) were treated
with RSC (40 ng) and 0.6 mM ATP in a volume of 5 ml for 15 min at
308C, followed by the addition of 1 mg of plasmid DNA and polyacryl-

Formation of the altered nucleosome also proved to amide gel electrophoresis. Bands due to hybrid (217-395) altered
nucleosomes, 217 bp altered nucleosomes (217-217), 395 bpbe strongly concentration dependent (Figure 1B). There
nucleosomes (395), and 217 bp nucleosomes (217) are indicated.was a more than linear increase in the amount of altered

nucleosome generated with increasing levels of nucleo-
somes in the reaction. This behavior is consistent with

by a conformational change of the nucleosome or byan association of two nucleosomes in the altered form,
the association of additional proteins, such as RSC sub-as previously suggested on the basis of a greater sedi-
units. Strong evidence for a dimer was obtained by thementation rate and lower electrophoretic mobility of the
formation of hybrids between nucleosomes containingaltered form (Lorch et al., 1998; Schnitzler et al., 1998).
DNAs of different lengths. Although nucleosomes con-
taining 154 and 217 bp DNAs are nearly indistinguish-
able in gels, altered forms of these nucleosomes exhibitThe Altered Nucleosome Is a Noncovalent Dimer

The sedimentation rate and electrophoretic mobility of quite different electrophoretic mobilities (Figure 2A,
lanes 1 and 5). Addition of increasing amounts of thethe altered nucleosome could be explained not only by

the interaction of two nucleosomes in a dimer but also 217 bp to the 154 bp nucleosome resulted in the gradual
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appearance of a new species of intermediate mobility,
which we attribute to a 154–217 bp altered nucleosome
hybrid (Figure 2A, lanes 2–4).

A similar experiment was performed with nucleo-
somes containing 217 bp and 395 bp DNAs. In this case,
the starting nucleosomes were well resolved (Figure 2B,
lanes 1 and 2). Addition of increasing amounts of the
217 bp to the 395 bp nucleosome resulted in the gradual
appearance of a new species of mobility greater than
that of the 217 bp altered nucleosome, which we attri-
bute to a 217–395 bp altered nucleosome hybrid (Figure
2B, lanes 3–5).

RSC Catalyzes Both Histone Octamer
Transfer and Sliding
It may be asked whether a hybrid can be formed be-
tween a nucleosome and a naked DNA fragment. To
this end, a mixture of the 217 bp nucleosome and naked
395 bp DNA was treated with RSC and ATP followed
by the removal of RSC. A new band appeared in the
gel, corresponding to the fastest migrating of a series
of bands formed by a 395 bp nucleosome (Figure 3A).
Evidently, histone octamer transfer occurred from the
217 bp nucleosome to the 395 bp naked DNA.

The observation of multiple bands from a 395 bp
nucleosome was anticipated from previous studies
showing such patterns for nucleosomes on long DNA
fragments (O’Donohue et al., 1994; Studitsky et al., 1995;
Hamiche et al., 1999; Langst et al., 1999). The bands
arise from multiple positions of the nucleosome on the
DNA. In our case, the positions could be mapped with
reference to restriction enzyme cleavage sites in the
middle of the fragment (EcoRI sites 154 bp from one
end and 216 bp from the other) and nearer the two ends
of the fragment (DraI site 96 bp from one end and PvuII

Figure 3. RSC Catalyzes Both Histone Octamer Transfer andsite 123 bp from the other end). The results indicated
Nucleosome Sliding

that the slowest migrating nucleosome was positioned
(A) Histone octamer transfer. A peak maltose gradient fraction ofnear the middle of the fragment and the fastest migrating
217 bp nucleosomes (9.7 ng/ml; lane 2, 0.4 ml and lane 5, 3.3 ml) and

nucleosomes were near the ends (data not shown). 395 bp DNA (lane 3, 3 ng and lane 5, 27 ng) were treated with RSC
Nucleosomes formed on the 395 bp DNA fragment by (200 ng) and 0.6 mM ATP in a volume of 5 ml for 60 min at 308C,

followed by the addition of 1.5 mg of plasmid DNA and polyacryl-histone octamer transfer were, therefore, positioned
amide gel electrophoresis. Markers of 217 bp DNA (lane 1, 4 ng)near the ends.
and 395 bp nucleosomes (lane 4, 6 ng) were run in the gel as well.Histone octamer transfer might have occurred directly
The band due to 395 bp nucleosomes formed by histone octamerto the ends of the 395 bp fragment, or transfer might
transfer is indicated by an arrow.

have been initially to the middle of the fragment followed (B) Nucleosome sliding. A maltose gradient fraction enriched for
by sliding to the ends. Other chromatin-remodeling nucleosomes at a central location on 395 bp DNA (1.9 ng/ml, 1.6 ml)

was treated with RSC (40 ng) and 0.6 mM ATP (1) or not (2) in acomplexes, including SWI/SNF, NURF, and CHRAC,
volume of 5 ml for the times indicated at 308C, followed by thehave been shown to catalyze nucleosome sliding, often
addition of 1 mg of plasmid DNA and polyacrylamide gel electropho-from the middle to the ends of DNA fragments. To test
resis.for the capacity of RSC to catalyze sliding, 395 bp DNA

with nucleosomes at multiple positions was fractionated
by density gradient centrifugation, and a fraction with

at DNA ends. To investigate whether RSC can functionnucleosomes in the middle was treated with RSC and
at DNA ends, we monitored the joining of 154 bp nucleo-ATP. The results showed rapid sliding to the ends (Fig-
somes by DNA ligase. The ends of the DNA in thisure 3B).
nucleosome are virtually inaccessible for ligation (Figure
4, lane 1). In the presence of RSC and ATP, the inhibitionRSC Promotes Dissociation of DNA from the Ends
was relieved (Figure 4, lane 2). By contrast, RSC andof the Nucleosome
ATP had no effect on the ligation of naked 154 bp DNAA propensity for sliding of nucleosomes to the ends of
(Figure 4, lanes 3 and 4). RSC and ATP also did notDNA fragments could reflect a property of either the
influence the ligation of the 217 bp nucleosome (dataremodeling complexes or the nucleosome. The remodel-
not shown), presumably because the additional DNAing complexes might be unable to function near DNA

ends, or nucleosomes might be inherently more stable protruding from the ends of this larger particle was fully
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nally, upon treatment with RSC and ATP, the broad dis-
tributions were shifted back to roughly half the negative
DLk value before treatment (Figure 5B; negative su-
percoiling confirmed by 2D analysis in Figure 5C, right
panel).

In order to relate the effect of RSC and ATP to a
change in topology of the nucleosome, two controls are
required. First, the contribution to the supercoiling from
RSC binding directly to the plasmid DNA must be con-
sidered. The magnitude of this effect was determined by
the addition of RSC to naked plasmid DNA and treatment
with topoisomerase I (Figure 5A). Slight positive su-
percoiling was observed at a level of RSC ten times
greater than that used in the experiments with nucleoso-
mal arrays. The effect of RSC directly on the plasmid
DNA could, therefore, be neglected.

The second control concerns the possible loss of
nucleosomes due to the action of RSC. This point was
addressed by determination of restriction endonuclease
site accessibility before and after the action of RSC.
Circular arrays containing more than ten nucleosomes
(Figure 6, lanes 4, 5, 8, and 9; histone to DNA ratio

Figure 4. RSC Releases DNA from the Ends of the Nucleosome comparable to that in Figure 5B, lanes 3 and 4) or arrays
A peak maltose gradient fraction of 154 bp nucleosomes (10.5 ng/ containing 40% fewer nucleosomes (Figure 6, lanes 2,
ml, 3.5 ml, lanes 1 and 2) and 154 bp DNA (11 ng, lanes 3 and 4) 3, 6, and 7; histone to DNA ratio comparable to that in
were treated with RSC (200 ng) as indicated (1), 0.6 mM ATP, and Figure 5B, lanes 1 and 2) were treated with RSC and
T4 DNA ligase (250 U, NEB) in a volume of 5 ml for 60 min at 308C,

ATP followed by the removal of ATP and digestion withfollowed by extraction of the DNA and polyacrylamide gel electro-
restriction endonucleases to release a DNA fragment.phoresis.
Arrays containing more than ten nucleosomes showed
restriction site protection, yielding less fragment than
naked DNA (Figure 6, compare lane 4 with lane 1), andaccessible to ligase and of sufficient length to bridge
there was no change in protection upon treatment withbetween nucleosomes in a covalent dimer.
RSC and ATP (Figure 6, compare lane 5 with lane 4
and lane 9 with lane 8). Nucleosome loss to the extentRSC Alters the Topology of DNA Coiling
required to explain a nearly 50% decrease in supercoil-in the Nucleosome
ing would have been readily detectable, since the yield

Previous experiments with SWI/SNF complex revealed
of restriction fragment was much greater from arrays

an effect on the topology of DNA coiling in the nucleo-
containing 40% fewer nucleosomes (Figure 6, compare

some, but no interpretation was put forward (Guyon et
lanes 4 and 5 with lanes 2 and 3, and compare lanes 8

al., 1999; Jaskelioff et al., 2000). Here we present similar
and 9 with lanes 6 and 7).

results with RSC, and we describe controls that justify The supercoiling change of circular nucleosomal
interpretation in terms of interaction with DNA near the arrays induced by RSC and ATP was partially maintained
points of entry and exit from the nucleosome (“ends” following the removal of ATP (Figure 7, note the point
of the nucleosome). of highest intensity in the band pattern shifts upon treat-

A supercoiled plasmid of about 3 kb was complexed ment with RSC and ATP for all levels of histones used,
with histones to form a circular array of nucleosomes. but the magnitude of the shift is less than in Figure 5B,
Following treatment with RSC, ATP, and E. coli topo- where ATP was constantly present). The change that
isomerase I, the DNA was extracted and analyzed in persisted following the removal of ATP could reflect the
agarose gels containing 1.3 mM chloroquine, which adds formation of stably altered nucleosomes in the circular
about five positive supercoils and so brings highly nega- arrays. The supercoiling change may have been less
tively supercoiled molecules within the range of resolu- than that in the presence of ATP because formation of
tion in the gel. The starting plasmid, relaxed to near zero the stably altered state is maximally 25%–50% efficient
supercoiling by topoisomerase in the absence of any (Lorch et al., 1998; Schnitzler et al., 1998).
histone constraint and then positively supercoiled by Others have reported a loss of the supercoiling
chloroquine, formed the expected distribution of bands change induced by SWI/SNF complex following the re-
in the gel (Figure 5A, lane 2). Positive supercoiling was moval of ATP (Jaskelioff et al., 2000). In view of the
confirmed by analysis in a two-dimensional (2D) gel con- extensive homology between RSC and SWI/SNF and of
taining no chloroquine in the first dimension and 1.3 the close similarity of their mechanisms (Boyer et al.,
mM chloroquine in the second (Figure 5C, left panel). 2000), the discrepancy with our results most likely re-
Plasmids bearing nucleosomes gave broader distribu- flects an experimental difference. For example, a persis-
tions, shifted by an average DLk of 210 or more (Figure tent supercoiling change may not have been evident at
5B; negative supercoiling confirmed by 2D analysis in the level of histones used in the past, since the supercoil-
Figure 5C, middle panel). Since the DLk associated with ing change decreases following the removal of ATP and
nucleosome formation is about 21, the circular arrays further decreases as the level of histones is diminished

(Figure 7).contained, on average, ten or more nucleosomes. Fi-
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Figure 5. Supercoiling Change Induced by RSC and ATP

(A) Binding of RSC causes slight positive supercoiling of closed circular DNA. Supercoiled plasmid DNA (0.1 mg) was treated with RSC (lane
3, 1.2 mg; lane 4, 2.4 mg; and lane 5, 3.6 mg) and 0.6 mM ATP in a volume of 15 ml for 20 min at 308C followed by incubation with topoisomerase
I (Promega; none in lane 1, 1 U in lanes 2–5) for 60 min at 378C, extraction, and agarose gel electrophoresis. Bands due to nicked circular
(“nicked”) and closed supercoiled circular (“sc”) DNAs are indicated at the far right.
(B) RSC and ATP cause a decrease in negative supercoiling of nucleosomal arrays. Complexes of supercoiled DNA (0.15 mg) with histone
octamers (lanes 1 and 2, 0.15 mg; lanes 3 and 4, 0.3 mg; and lanes 5 and 6, 0.4 mg) were treated with RSC (0.4 mg) and 0.6 mM ATP (1) or
not (2) in a volume of 15 ml for 20 min at 308C followed by incubation with topoisomerase I (1 U) for 60 min at 378C, extraction, and agarose
gel electrophoresis.
(C) DNA from reactions identical with those in (A) and (B) were analyzed in 2D gels as follows: lane 2 of (A) in the left panel (“naked”), lane 3
of (B) in the middle panel (“nuc”), and lane 4 of (B) in the right panel. First and second directions of electrophoresis are indicated. Nicked
(“n”) and linear (“l”) DNAs, migrating identically in both dimensions, provided reference markers for the supercoiled DNAs.

Discussion mally indicative of nucleosome loss, yet histones remain
in place on the DNA. The formation of a stably altered
form of the nucleosome by remodeling complexes isThe consequences of chromatin remodeling by RSC and

SWI/SNF complexes are paradoxical; nuclease diges- also surprising, inasmuch as the histone octamer, deter-
minant of nucleosome structure, can be fixed by cross-tion sites are exposed and supercoiling diminishes, nor-
linking without interfering with remodeling (Bazett-
Jones et al., 1999). A simple explanation for all these
findings is that RSC and SWI/SNF complexes release
DNA from the ends of the nucleosome. The following
line of argument from the supercoiling change induced
by these complexes suggests that the release of DNA
may be extensive.

A large, positive supercoiling change can be interpre-
ted in three ways (see, for example, Prunell, 1998, and
De Lucia et al., 1999). RSC may release 60–80 bp of
DNA or more from the histone octamer surface, starting

Figure 6. No Loss of Nucleosomes upon Treatment of Circular
from the ends and invading the inner turn of DNA aroundNucleosomal Arrays with RSC and ATP
the nucleosome; RSC may interact with the DNA enter-Complexes of supercoiled DNA (0.15 mg) with histone octamers
ing and exiting the nucleosome, creating a positive node(labeled “his”; lane 1, no histone octamers; lanes 2, 3, 6, and 7, 0.18
a significant fraction of the time; or RSC may impart amg; lanes 4, 5, 8, and 9, 0.3 mg) were treated with RSC (0.4 mg) and

0.6 mM ATP (1) or not (2) in a volume of 15 ml for 20 min at 308C, positive twist to the DNA. The available evidence points
followed by incubation with hexokinase (100 mg) and glucose (0.6 to the first interpretation. The extensive exposure of
mmole) for 20 min at 308C for the removal of ATP and then digestion nucleosomal DNA to nuclease attack, the enhanced ac-
with NdeI (10 U) and AvaI (10 U) (lanes 1–5) or with PvuII (10 U)

cessibility of the ends of the DNA (revealed by ligation),(lanes 6–9) for 1 hr at 378C. Finally, DNA was extracted and analyzed
the persistence of part of the supercoiling changeby electrophoresis in a 7% polyacrylamide gel containing Tris-bo-

rate-EDTA buffer. (trapped by stable dimer formation) in the absence of
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by cleavage of pUC19 with NdeI and EcoRI and for a 395 bp fragment
cleaved with NdeI and AvaI from a pUC19 derivative containing the
nucleosome-positioning sequence of the Xenopus laevis 5S rRNA
gene as described (Lorch et al., 1999), and a consensus Gal4 binding
17-mer inserted at the EcoRI site. Sedimentation of the 395 bp
nucleosomes in a maltose gradient, as described, yielded fractions
enriched for nucleosomes in the middle or at the ends of the
fragment.

Arrays of nucleosomes were formed on the pUC19 derivative de-
scribed above, isolated in supercoiled form from E. coli. The su-
percoiled DNA was purified by agarose gel electrophoresis. A mix-
ture of the purified DNA (1 mg) and rat liver histone octamers in the
amount indicated in 5 ml of 1.2 M NaCl was diluted by the addition
of 0.1 mg/ml BSA, 10 mM Tris-Cl (pH 7.5) to 0.8 M NaCl and then
to 0.5 M NaCl with incubation for 10 min at 378C at each stage,
followed by a final dilution to 50 mM NaCl, 20 mM HEPES (pH 7.5),Figure 7. Supercoiling Change Induced by RSC and ATP Is Partially
3 mM MgCl2.Maintained Following the Removal of ATP

Complexes of supercoiled DNA (0.15 mg) with histone octamers
Chromatin Remodeling(labeled “his”; lanes 1 and 2, 0.12 mg; lanes 3 and 4, 0.15 mg; lanes
All reactions with RSC and ATP contained 15 mM HEPES (pH 7.5),5 and 6, 0.18 mg; and lanes 7 and 8, 0.21 mg) in a volume of 15 ml
3 mM MgCl2, 10 mM potassium acetate, and 75 mg/ml BSA. Reactioncontaining 0.6 mM ATP were treated with hexokinase (100 mg) and
mixtures were analyzed directly by electrophoresis in 3% polyacryl-glucose (0.6 mmole) for 20 min at 308C for the removal of ATP before
amide gels containing 10 mM Tris-Cl (pH 7.5) and 1 mM EDTA, or,(lanes 1, 3, 5, and 7, labeled 2ATP) or after (lanes 2, 4, 6, and 8,
alternatively, the DNA was extracted and analyzed in 0.9% agaroselabeled 1ATP) treatment with RSC (0.4 mg) for 20 min at 308C.
(Seakem agarose GTG, BMA) gels in TAE buffer (40 mM Tris-acetate,Topoisomerase I (1 U) was added followed by incubation for 60 min
1 mM EDTA [pH 8.0]) containing 1.3 mM chloroquine. For 2D agaroseat 378C. Finally, DNA was extracted and analyzed by agarose gel
gel analysis, the gel was soaked after first dimension electrophoresiselectrophoresis.
in TAE buffer containing 2.6 mM chloroquine for 6–10 hr and then
run in the second dimension in TAE buffer containing 2.6 mM chlo-
roquine. Gels containing 32P-labeled DNA fragments were autoradio-ATP, the very formation of a stable dimer (reflecting
graphed or quantitated on a PhosphorImager. Gels containing super-

interaction of DNA from one nucleosome with the his- coiled DNA were stained with ethidium bromide and photographed.
tone surface of the other), and the catalysis of histone
octamer transfer and sliding are consistent with unravel- Acknowledgments
ing 60–80 bp or more and are explained by the other
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