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ABSTRACT: The human SWI/SNF (hSWI/SNF) ATP-dependent chromatin remodeling complex is a tumor
suppressor and essential transcriptional coregulator. SWI/SNF complexes have been shown to alter
nucleosome positions, and this activity is likely to be important for their functions. However, previous
studies have largely been unable to determine the extent to which DNA sequence might control nucleosome
repositioning by SWI/SNF complexes. Here, we employ a minicircle remodeling approach to provide the
first evidence that hSWI/SNF moves nucleosomes in a sequence dependent manner, away from nucleosome
positioning sequences favored during nucleosome assembly. This repositioning is unaffected by the presence
of DNA nicks, and can occur on closed-circular DNAs in the absence of topoisomerases. We observed
directed nucleosome movement on minicircles derived from the human SWI/SNF-regulated c-myc promoter,
which may contribute to the previously observed “disruption” of two promoter nucleosomes during c-myc
activation in vivo. Our results suggest a model wherein hSWI/SNF-directed nucleosome movement away
from default positioning sequences results in sequence-specific regulatory effects.

The precise localization of nucleosomes is one of the most
important factors influencing transcription factor binding and
gene regulation. ATP-dependent chromatin remodeling com-
plexes are expected to act as transcriptional coregulators at
least in part by altering nucleosome positions (1, 2).
However, very little is known about the influence of DNA
sequence on nucleosome repositioning by these complexes.
Human SWI/SNF (hSWI/SNF1) is an evolutionarily con-
served multiprotein chromatin remodeling complex contain-
ing a core catalytic ATPase domain of either BRG1 or
hBRM. It functions as a transcriptional coactivator or
corepressor when recruited to promoters by over two dozen
different activator and repressor proteins, including p53 and
Rb as well as virtually all of the nuclear hormone receptors
(3, 4). Mammalian SWI/SNF function is necessary for
embryonic development and for the differentiation of muscle,
adipose, and blood cells (3, 5, 6). Mutations or decreased
expression of several hSWI/SNF subunits have also been

observed in many types of human cancers, and BRG1 mutant
heterozygous mice are highly predisposed to cancer forma-
tion (3, 7).

Human SWI/SNF activity is important for the transcrip-
tional activation of many genes, including the proto-oncogene
c-myc, which is transcriptionally upregulated in many forms
of human cancer (8, 9). Chromatin immunoprecipitation
experiments in vivo have shown that hSWI/SNF is present
on the active c-myc promoter in proliferating T cells, but
not the inactive promoter in resting T cells (10). hSWI/SNF
is required forâ-catenin-dependent activation of c-myc (11),
suggesting that it may play a role in colorectal cancer and
melanoma in which c-myc upregulation frequently results
from uncontrolled activation ofâ-catenin (8). hSWI/SNF is
also a required coactivator for estrogen receptorR (12),
suggesting that it plays a role in the estrogen-dependent
upregulation of c-myc, which has been proposed to be
essential for growth of hormone-dependent human breast
cancer cells (13). Under some conditions, hSWI/SNF pro-
motes cell cycle arrest, together with a corresponding
decrease in c-myc transcription (14-16). While the repres-
sive effect on c-myc is likely to be a secondary effect of
arrest, it may indicate a potential role for hSWI/SNF in c-myc
repression as well as activation. Importantly, c-myc tran-
scription is associated with chromatin alterations that may
result from hSWI/SNF action. Under conditions where c-myc
was transcriptionally inactive, low-resolution mapping ex-
periments indicated the presence of several positioned
nucleosomes covering the c-myc promoter (17-19). Upon
c-myc activation two of these nucleosomes situated over the
P1 and P2 promoters (which are responsible for∼90% of
all c-myc gene transcription (20)) become “disrupted”,
meaning that MNase-accessible regions corresponding to
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linker DNA between nucleosomes could no longer be readily
detected by indirect end labeling. One potential explanation
for this apparent disruption is that nucleosomes have been
moved away from their initially favored positions by hSWI/
SNF.

Our prior studies using atomic force microscopy on
polynucleosomal DNAs clearly demonstrated nucleosome
repositioning by hSWI/SNF (21). In addition, we also found
that hSWI/SNF action on polynucleosomal templates resulted
in stable changes in restriction enzyme accessibility, causing
the most highly nucleosome-occluded sites to become the
most accessible and vice versa (21, 22). A similar effect was
also seen for yeast SWI/SNF remodeling of a trinucleosomal
template (23). While these studies hinted at a possible
sequence-specificity in hSWI/SNF-dependent nucleosome
repositioning, they provided only very low-resolution infor-
mation about nucleosome positions. Furthermore, we have
shown that hSWI/SNF forms abundant structurally altered
dinucleosomes (altosomes) on polynucleosomal templates,
which are characterized by an unusual nuclease accessibility
profile (22). Thus, it was possible that altosome formation,
rather than repositioning of normal nucleosomes, could have
been responsible for the observed changes in restriction
enzyme accessibility due to hSWI/SNF action. Attempts to
provide more detailed information about how DNA sequence
affects nucleosome repositioning by human and yeast SWI/
SNF, in our lab as well as others, have employed short-length
linear DNA sequences with one or two nucleosomes (24-
30). Unfortunately, these studies encountered the problem
that nucleosomes are generally repositioned by SWI/SNF to
the ends or over the edges of linear DNA fragments,
regardless of the sequence used.

Our current study avoids both of the problems associated
with earlier studies (altosome formation as well end-
positioning effects) by using mononucleosome minicircles
to examine the specificity of hSWI/SNF-directed nucleosome
repositioning in the absence of DNA ends. Such minicircle
templates were previously employed to examine the relation-
ship between DNA topology and nucleosome structure (31),
but had not been used for remodeling experiments until now.
The results from two c-myc promoter sequence mononu-
cleosome minicircles, as well as a third 5S rDNA positioning
sequence minicircle, indicate that hSWI/SNF moves mono-
nucleosomes away from initially favored, nucleosome po-
sitioning sequences. These observations give new insights
into the possible mechanisms by which human SWI/SNF
regulates its target genes involved in cell growth, cell-cycle
control, and cellular differentiation, as well as into general
mechanisms of transcriptional control by chromatin remodel-
ing complexes.

EXPERIMENTAL PROCEDURES

Creation of Minicircles.C-myc promoter sequences were
PCR amplified from human genomic DNA, ligated to
CCGGAATTCCGG EcoRI linkers, and subcloned into
pGEM 11 (Promega). Primers were P1•upper TGCGAT-
GATTTATACTCACAGGACAAGGATGCGGT, P1•lower
TCGGGGGTCCTCAGCCGTCCAGAC, P1/P2•upper TCG-
GCTGCCCGGCTGAGTCTCCTC and P1/P2•lower AT-
TACTACAGCGAGTTAGATAAAGCCCCGAAAAC-
CGG. TheXenopus borealis5S rDNA positioning sequence

was PCR amplified from pXP10 (32), using the primers
G G G G G A A G C T T G T G G A A T T G T G A G C G -
GATAACAATTTCACACAGG (upper) and AACCTTAT-
GTATCATACACATAC (lower). The product was digested
with HindIII, at sites internal to the top primer and 54 bp
upstream of the bottom primer, and subcloned into pBlue-
script SK. To generate the template withApaI ends, the 359
bp HindIII fragment was circularized using T4 DNA ligase,
cut with ApaI and subcloned into pGEM 11. Minicircle
sequences were PCR amplified and radiolabeled using
primers flanking the plasmid polylinkers and a 1:20 ratio of
R32P dATP to cold dATP. The products were digested with
EcoRI or HindIII, separated by a 1% agarose gel, excised,
and eluted by a QIAquick gel extraction kit (Qiagen).

Minicircle Mononucleosome Assembly.Nucleosomes were
assembled onto the 359 bp linear DNA fragments by salt
dilution using a 0.8:1 weight ratio of human HeLa cell core
histones (33) to DNA, at room temperature, in 2 M NaCl,
10 mM Tris pH 7.5, 1 mM EDTA, 0.1 mg/mL BSA, 1 mM
DTT, and 0.2 mM PMSF. Dilutions to 1.25, 0.9, 0.7, 0.6,
0.5, 0.4, and 0.3 M NaCl were done by adding the same
buffer without salt every 10 min. Mononucleosomes were
purified from dinucleosomes and bare DNA by ultracen-
trifugation on a 5% to 30% glycerol gradient, essentially as
per Imbalzano et al. (34). Briefly, samples were layered onto
a 5 mL linear gradient of glycerol gradient buffer (GGB)
containing 50 mM Tris pH 7.5, 1 mM EDTA, 0.1 mg/mL
BSA, 0.2 mM PMSF, and 5 to 30% glycerol, and samples
centrifuged at 35,000 RPM for 16 h at 4°C in a Beckman
SW55 rotor. The gradient was fractionated into 200µL
aliquots, and peak mononucleosome fractions, identified by
4% polyacrylamide gel electrophoresis (PAGE) and auto-
radiography, were then exchanged into ligase buffer (NEB)
by serial washes in a 10 kDa Millipore centrifugal filter.
Ligation was performed at a DNA concentration below 0.3
ng/µL (which favors minicircle formation over intermolecular
ligation (31)) using T4 DNA ligase at room temperature for
1 h. Ligated products were separated by 4% PAGE and the
wet gel exposed to a Phosphorimager screen at 4°C to
identify all product locations. The Mo form (mononucleo-
somal “minicircle octamer”) was excised from the gel and
eluted into 5% GGB overnight at 4°C in the dark without
shaking.

To form fully-closed-circular P1 minicircle mononucleo-
somes, the bare linear fragment was ligated in the presence
of 0.3-0.45µg/µL ethidium bromide, which favors forma-
tion of -1 supercoiled DNA minicircles (31). After elec-
trophoresis and Phosphorimager analysis, the-1 supercoiled
form was excised and eluted at 4°C in TE overnight,
followed by concentration using a 10 kDa Millipore cen-
trifugal filter. Minicircle mononucleosomes were then as-
sembled and purified as above. To measure the percentage
of assembled minicircle mononucleosomes that were nicked,
samples were treated with 0.2% SDS in order to remove
histones, before resolution of topological forms by 4%
PAGE. To correct for bare DNA circles that were present
as a result of dissociation during Mo purification, we
subtracted the signal for the-1 supercoiled or nicked/-0
bare DNA forms that were present when the sample was
separated by EMSA without SDS (e.g., Figure 1B) from the
signal for that form after SDS treatment. The percentage of
nicked minicircle mononucleosomes in the sample was then
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FIGURE 1: hSWI/SNF moves nucleosomes away fromc-mycpromoter positioning sequences. (A)C-mycpromoter map based on in vivo
mapping results (17-19). Shaded ovals represent the approximate positions of nucleosomes present on the repressed promoter that are
disrupted uponc-mycactivation. The P1 and P1/P2 minicircle sequences are represented by gray bars, with the locations of restriction sites
indicated. (B) hSWI/SNF remodeling does not cause minicircle mononucleosome dissociation. Samples of hSWI/SNF-remodeled (+) and
control (-) reactions on P1 and P1/P2 minicircles were treated with competitor DNA and polynucleosomes to eliminate hSWI/SNF binding
(see Experimental Procedures), before 4% non-denaturing PAGE. The positions of the minicircle octamer (Mo) and bare DNA forms (-1
supercoiled and-0/nicked forms) are indicated on the right. The percentage of bare DNA was calculated as the signal due to bare DNA
forms divided by the total amount of signal for the lane times 100%. Note that incubation in hSWI/SNF reaction buffer alone does not
promote dissociation, since the percentage of bare DNA in the control reaction was the same as for a sample of the mononucleosome
preparation immediately after gel isolation (data not shown). (C and D) Restriction enzyme digestion products for the 146 bp MNase
fragments of the P1 and P1/P2 minicircle mononucleosomes with and without (+ or -) SWI/SNF remodeling. (E and F) Percent cutting
graphs corresponding to the data in B and C. Shaded bars denote the approximate edges ofc-mycnucleosomes 12 and 13 from thein ViVo
mapping studies. For B, the results show the average and standard error for two independent experiments. (G and H) Maps of each nucleosome
position representingg10% of the P1 or P1/P2 minicircles. Light gray arcs: positions before hSWI/SNF treatment. Dark gray arcs: positions
after hSWI/SNF remodeling. Bars at the ends of an arc indicate locations where overlapping nucleosome positions were within 10 bp of
each other.
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calculated by dividing the corrected signal for the-0/nicked
forms by the total corrected signal for the-0/nicked and
-1 forms and multiplying by 100%.

SWI/SNF Remodeling and MNase Reactions.hSWI/SNF
was purified from HeLa cells by immunoaffinity chroma-
tography against the FLAG-tagged Ini1 subunit (35). 25 ng
of minicircle samples (∼1.1 nM) were reacted with 1.25µg
of hSWI/SNF (∼6.3 nM) in 100µL reactions containing 0.4
µg/µL BSA, 65 mM KCl, 0.5 mM ATP, and 2.5 mM MgCl2.
For some reactions, wheat germ topoisomerase I (Promega)
was added at a concentration of 0.1 units/µL. The reactions
were incubated at 30°C for 2.5 h, and hSWI/SNF remodeling
was stopped by the addition of ADP to a concentration of
10 mM. Time course studies, using EMSA to resolve
different nucleosome positions after hSWI/SNF remodeling
(similar to Figures 3A and 3B), indicated that these remodel-
ing conditions produce maximal changes in nucleosome
positions after∼10 min, with no further changes apparent
after longer incubation (ref24 and data not shown). These
observations, together with the observation that remodeled
positions are the same regardless of nucleosome starting
positions (Figures 3 and 4), indicate that the remodeling
conditions used here allow the repositioning reaction to reach
an effective equilibrium, resulting in nucleosome positions
that are most favored by hSWI/SNF. Note that, in preliminary
studies on polynucleosomal templates, we see similar

sequence-directed repositioning at a hSWI/SNF to nucleo-
some ratio of∼1:9, arguing that the effects seen in these
minicircle experiments are not an artifact of the higher hSWI/
SNF:mononucleosome ratio used to ensure complete remod-
eling (H.I.S. and G.R.S., unpublished observations). For
MNase digestion reactions: the buffer was adjusted to 1 mM
MgCl2, 3 mM CaCl2, 60 mM KCl, 0.7µg/µL BSA, 0.1 mM
ATP, and 2 mM ADP in a total volume of 660µL. The
reactions were prewarmed for several minutes at 30°C,
digested with 0.2 unit/µL micrococcal nuclease (MNase,
Roche unit definition) for 5 min, and stopped by adjusting
the buffer to 0.2% SDS and 15 mM EDTA. MNase products
were phenol extracted, ethanol precipitated in the presence
of 50 µg of glycogen carrier, and separated by 4% PAGE.
146( ∼3 bp mononucleosomal products were then excised,
eluted by continuous shaking at 37°C in TE overnight, and
concentrated using a 10 kDa Millipore centrifugal filter.

Restriction Enzyme Digestion and Analysis of Nucleosome
Positions.Typically, for each restriction enzyme,>500 cpm
of labeled∼146 bp DNA was digested for 4 h in 20 µL
reactions under supplier-specified ideal reaction conditions
and using 10-20 units of each enzyme (enzymes were from
New England Biolabs, with the exception ofEcoRI, HinfI,
andEcoRV from InVitrogen andSmaI from Promega). The
products were then separated by 8% PAGE along with a
radiolabeled 100 bp NEB DNA ladder, and the gels were

FIGURE 2: hSWI/SNF moves nucleosomes away fromc-mycpositioning sequences on fully closed-circular minicircles. Mapping results
for control and remodeled fully closed circular-1 supercoiled P1 minicircles: (A) restriction digestion gels, (B) percentage cutting (showing
the average values and standard error for two independent experiments), and (C) maps of major positions, as described for Figure 1. (D)
Minicircle mononucleosomes derived from assembly onto the linear P1 template (lane 1) or circular P1 template (lane 2) were treated with
SDS before PAGE, to measure the percentage of nicked and/or-0 closed circular DNA forms (which comigrate on the gel). Note that this
DNA was associated with gel-isolated minicircle mononucleosomes. Given that the histone octamer constrains one negative supercoil,
there should be virtually no mononucleosomal-0 closed circles. Thus, under the conditions used here, the percentage of nicked templates
is expected to be almost equal to the percentage of templates that migrate as nicked/-0, after subtracting non-SDS treated control signal
(see Experimental Procedures).
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FIGURE 3: hSWI/SNF moves nucleosomes away from a 5S positioning sequence, and independent of starting position. (A) Mononucleosomes
assembled onto the linear 359 bpXenopus borealis5S rDNA template withHindIII ends were purified by gradient ultracentrifugation.
These were incubated in the absence of hSWI/SNF (lane 1), the presence of SWI/SNF and ATP (lane 3), or heated to 65°C for 10 min,
to promote movement to thermally favored positions (lane 2). Numbers on left: the five major gel shift positions/bands present after
assembly. Cartoon on right: the nucleosome positions corresponding to each assembly-favored gel shift band, as determined by elution
from the gel and MNase/restriction enzyme mapping (data not shown). (B) Ligated templates were heat treated, followed by incubation
without hSWI/SNF (lane 1) or with hSWI/SNF (lane 2). hSWI/SNF activity was inhibited by addition of competitor DNA and chromatin,
followed by HindIII digestion to release linear products. Cartoon on left: Experimental outline. Mo indicates the position of the uncut
minicircle mononucleosome (“minicircle octamer”), which comigrates with linear band 1. (C) 5S minicircle mononucleosomes ligated at
the HindIII site were treated without hSWI/SNF (lane 2) or with hSWI/SNF (lane 3), followed by addition of ADP to stop remodeling
before MNase digestion (see Experimental Procedures). MNase footprint products were resolved by 4% PAGE, and the wet gel exposed
to a Phosphorimager screen for 30 min at 4°C to identify ∼146 bp mononucleosomal footprint products (arrow on left), which were
subsequently excised from the gel and eluted. Lane 1:32P end-labeled 100 bp ladder. (D-G) 359 bpXenopus borealis5S rDNA minicircles
with (D) almost all histone octamers localized to the 5S positioning sequence (from ligation of band 2 mononucleosomes) or with (F)
multiple octamer positions resulting from circularization of an even mixture of linear mononucleosomes isolated from bands 1 through 5
were treated with or without hSWI/SNF, and nucleosome positions mapped as described in Figure 1. Arrowheads highlight strong bands
observed after hSWI/SNF remodeling on both minicircles. (E and G) Percent cutting plots showing the averages and standard errors for the
results shown in D and F as well as a duplicate experiment. For (D), the signal was increased by kinase labeling MNase fragments with
γ32P-ATP before isolation of 146 bp products. Some DNA contaminants in the glycogen carrier were also labeled, giving rise to copurifying
∼146 bp contaminant DNAs. We corrected for the percentage of signal due to these contaminants by subtracting the∼146 bp signal
remaining after digestion of the MNase products with all seven restriction enzymes at once. The presence of this contamination did not
obscure the underlying result, as indicated by the similarity between the experiment shown in (D) and a duplicate experiment where fragments
were not kinase labeled (error bars in (E)).
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dried. Reactions containing full-length 359 bp linear DNA
fragment digested with the same enzymes were also included
as a control for complete restriction enzyme cleavage. The
dried gels were exposed to a Phosphorimager screen, and
quantitated using ImageQuant software. To determine percent
cutting, the signal for all restriction enzyme-digested products
(bands smaller than the 146 bp MNase-digested input DNA)
was divided by the total signal in the lane. To map individual
nucleosome positions, band lengths were calculated by
comparison to the ladder and/or digestion control lanes using
FluorChem 8800 software. Restriction sites were chosen
(spaced every∼50 bp apart) such that any nucleosome
position must cover at least two sites, which allows nucleo-
some positions to be mapped by comparing bands from
adjacent restriction sites. To determine the fraction of
nucleosomes occupying each position, the signal from the
larger of each pair of bands in a lane (>73 bp) was multiplied
by 146 and divided by the length of the larger fragment.
This calculation corrected for the intensity of the smaller
band, simplifying the analysis and also accounting for
fragments smaller than∼20 bp which were not resolved by
the gel. The percentage of nucleosomes in any position was
then calculated by dividing this corrected intensity by the
signal for the entire lane and multiplying by 100%.

Gel Shift Analysis of Nucleosome Positions Resulting from
Assembly, hSWI/SNF, or Heat Treatment.For linear 5S 359
bp mononucleosomes, standard remodeling reactions were
incubated with or without hSWI/SNF for 1 h at 30°C, or
heated to 65°C for 10 min (to promote movement to
thermally favored positions). Remodeling was then stopped,
and hSWI/SNF removed from the template, by addition of
competitor DNA and chromatin (1µg each of HeLa cell
polynucleosomes and unrelated, supercoiled plasmid DNA).
The different nucleosome positions were then resolved by
5% PAGE. To analyze minicircle mononucleosomes, 5S 359
bp linear mononucleosomes withHindIII ends were incu-
bated with T4 DNA ligase in hSWI/SNF buffer for 1 h,
followed by heat treatment at 65°C for 10 min (to both
inactivate the ligase and promote thermally favored nucleo-
some positions). The ligated template was then incubated at
30 °C for 1 h with or without hSWI/SNF, followed by
addition of 1µg each of competitor DNA and polynucleo-
somes to stop the remodeling reaction. Reactions were then
digested with 10 units ofHindIII at 30 °C for 1 h, followed
by PAGE, to examine the nucleosome positions of the linear
forms released byHindIII digestion. To determine the
fraction of templates that remained circular, a sample of each
reaction was treated with 2% SDS and proteinase K, followed
by 5% PAGE to resolve circular and linear forms.

RESULTS

Two 359 bp DNA fragments from the P1 and P2 region
of the hSWI/SNF-regulatedc-mycgene promoter were PCR
amplified and radiolabeled using a 1:20 ratio ofR32P dATP
to cold dATP. These fragments were centered over the
approximatein ViVo locations of two promoter nucleosomes
that were previously shown to be “disrupted” uponc-myc
activation (nucleosome 12, P1 359, and nucleosome 13, P1/
P2 359, in Figure 1A (17, 18)). These linear fragments with
EcoRI ends were assembled into nucleosomes by salt
dilution, and the purified mononucleosomes were ligated to
form minicircles (referred to as Mo, for “minicircle octam-

ers”). The 359 bp length allows mononucleosome formation
and also permits the DNA ends to bend back together and
form a nonstrained circle of normal B form DNA (31). To
map nucleosome positions, the purified mononucleosome
minicircles were digested with MNase in order to produce
mononucleosome-size 146 bp fragments. These fragments
were purified by gel electrophoresis and then subjected to
restriction enzyme digestion using enzymes with unique sites
spaced∼50 bp apart throughout the DNA sequence.

The percentage of mononucleosome minicircles that had
a nucleosome over any given restriction enzyme site can be
determined by measuring the percentage of 146 bp MNase
fragments that are cut by each restriction enzyme. For
example, the 146 bp nucleosome fragments from the P1
minicircle, when digested withAluI, produced one strong
band and several weaker bands below 146 bp, which together
represented 60% of the total DNA in the lane (Figure 1C,
“-SWI/SNF”). Percent cutting for each restriction enzyme
can be graphed to give a curve representing the proportion
of minicircles in each reaction that had a nucleosome
covering each site (Figures 1E and 1F, “-SWI/SNF”). Note
that previousin ViVo mapping studies provided information
about the locations of linker regions to either side ofc-myc
promoter nucleosomes 12 and 13, at an estimated resolution
of (20 bp (shaded bars in Figures 1E and 1F (17, 18)). The
percent cutting values for the P1 and P1/P2 minicircles
indicate that a high percentage of nucleosomes are assembled
over approximately the same locationsin Vitro. This close
correspondence betweenin ViVo and in Vitro nucleosome
positions indicates that these sequences are functional
nucleosome positioning sequences.

The specific locations of individual nucleosomes on the
minicircles can be mapped to a resolution of(5 bp by
measuring restriction fragment lengths and intensities for
adjacent restriction sites. For example, 37% of the nucleo-
somes formed on the P1 minicircle give rise to the intense
bands in theAluI lane at 104 bp and in theHinfI lane at
135 bp (Figure 1C, “-SWI/SNF”). This and other major
assembly positions of nucleosomes (g10% of the total) are
shown as light gray arcs in Figures 1G and 1H. Minor
positions representing 5-10% of nucleosomes also localized
to the same region of the DNA, but for simplicity are not
shown in Figures 1G and 1H. In addition, while we could
not reliably map bands representing less than 5% of the total,
almost all of these weaker bands were found near the major
bands. Well-characterized naturally occuring nucleosome
positioning sequences (NPSes), such as the 5S rDNA NPS,
tend to result in several assembly-favored positions clustered
around a few most highly favored positions (36-40).
Accordingly, our results are consistent with the presence of
locally strong NPSes near the centers of the 359 bpc-myc
P1 and P1/P2 promoter sequences.

hSWI/SNF MoVes Nucleosomes Away from Positioning
Sequences on C-myc Minicircles.Minicircle mononucleo-
somes were treated with hSWI/SNF and ATP under condi-
tions that allow for the hSWI/SNF-driven repositioning
reaction to reach effective equilibrium (see Experimental
Procedures). Accordingly, these experiments do not measure
the initial positions adopted after the first hSWI/SNF-driven
movement event, but instead are designed to determine the
DNA sequences at which hSWI/SNF intrinsically prefers to
leave nucleosomes after complete remodeling. To eliminate
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any effect of remodeling during the MNase digestion
reaction, hSWI/SNF activity was then inhibited by using a
20-fold molar excess of ADP, which competitively inhibits
SWI/SNF ATPase function (22, 34, 41). For control reac-
tions, minicircles were treated under equivalent conditions
except that hSWI/SNF was omitted, or ADP was added to
prevent remodeling before addition of SWI/SNF.

Strikingly, for both the P1 and P1/P2 minicircles, the
percent cutting analysis showed that nucleosomes were
almost entirely moved from their original positions by hSWI/
SNF, and now covered sites on the opposite side of the
minicircle (Figures 1E and 1F “+SWI/SNF”). Fine-scale
mapping indicated that hSWI/SNF remodeling results in
movement of mononucleosomes to a few strong and several
weak positions, which are all far removed from the assembly-
preferred positions established by the Nuc 12 and Nuc 13
positioning sequences (Figures 1G and 1H, dark gray bars).
In no case was an assembly-preferred position present after
remodeling on more than 5% of the minicircles. These results
suggest that nucleosome repositioning by hSWI/SNF is
strongly influenced by DNA sequence, and that hSWI/SNF
may preferentially relocate nucleosomes away from position-
ing sequences. Note that control experiments showed that
this hSWI/SNF treatment did not increase the percentage of
bare DNA minicircles, indicating that remodeling did not
result in removal of histones from the template (Figure 1B).

The Final Position of Nucleosomes on Minicircles Is Not
a FaVored Position for Nucleosome Assembly.Ligation of
the linear 359 bp fragment to form a minicircle could
potentially generate a new nucleosome positioning sequence
from the DNA on either side of the joint. If this was the
case, then hSWI/SNF might simply be moving nucleosomes
from the known positioning sequence to a stronger, newly
formed positioning sequence. While the fortuitous formation
of new positioning sequences on both c-myc DNA minicir-
cles seemed unlikely, we wanted to formally rule out this
possibility. To do so, fully-closed-circular bare DNA minicir-
cles were created by ligating the P1 linear DNA in the
presence of ethidium bromide, which intercalates into the
DNA backbone resulting in negative supercoiling of the
ligated product DNA. The-1 supercoiled form was purified
by PAGE and assembled by salt dialysis, and the mononu-
cleosome minicircle was isolated by elution from PAGE.
When assembly-favored nucleosome positions on these
minicircles were mapped, the major positions were very
similar to those seen for the P1 minicircle mononucleosomes
assembled before ligation, indicating that no strong position-
ing sequence was formed at the joint sequences (compare
“-SWI/SNF” results for the P1 template in Figure 1 and
Figure 2). Assembly onto the circle did allow some low-
abundance nucleosome positions to form over and around
the EcoRI site (e.g., 20% cutting in Figure 2B, “-SWI/
SNF”). However, the great majority of nucleosomes were
still observed to form at the same assembly-preferred
positions observed for assembly onto the linear template in
Figure 1. Accordingly, these results confirmed that hSWI/
SNF was not simply moving nucleosomes to a higher-affinity
positioning sequence that was fortuitously formed at the
minicircle ligation site, instead it confirms that the preference
for nucleosome movement is away from the high-affinity
positioning sequence on the minicircle.

The Presence or Location of a Nick on Minicircles Does
Not Affect Nucleosome Repositioning by hSWI/SNF.As a
result of the inherent inefficiency of DNA ligase, when linear
359 bp templates were circularized after mononucleosome
assembly, a single DNA nick at the ligation site was left on
about one-third of the minicircles. This could be observed
by SDS treatment, which removes histones from the DNA,
followed by PAGE (Figure 2D, lane 1, 32% nicked). By
contrast, assembly onto closed-circular bare DNA yielded
mononucleosome minicircles that were only 3.5% nicked
(Figure 2D, lane 2). Theoretically, the presence of a DNA
nick might alter the positions favored after remodeling. For
instance, a nick might block repositioning past it, resulting
in nucleosomes stalled at specific positions to the left and
right of the ligation site on nicked templates. To test whether
this was the case, we compared the frequencies of individual
nucleosome positions after remodeling on the 32% nicked
(linear assembly) and 3.5% nicked (circular assembly) P1
templates (Figures 1G and 2C). We found that the hSWI/
SNF-favored positions were very similar in both cases, with
the most noticeable difference being a position representing
11% of the total in Figure 2C (leftmost dark gray bar) that
was only 8% in the experiment shown in Figure 1 (and thus
did not make the 10% cutoff to be displayed in Figure 1G).
These results argue against any strong effects of a DNA nick
on the final preferred locations of hSWI/SNF-remodeled
nucleosomes. This is consistent with recent studies using
nicked linear templates, which indicated that repositioning
by hSWI/SNF and other remodeling complexes was not
greatly effected by single DNA nicks (27, 30, 42, 43).

Repositioning of Nucleosomes on Minicircles by SWI/SNF
Occurs Despite Topological Constraints.On closed-circular
templates, twisting of the DNA comes at an energetic cost
that is inversely proportional to the length of the DNA circle
(44). As a result, chromatin remodeling reactions that produce
unconstrained supercoils can be inhibited unless a topoi-
somerase is included in the reaction to relax the torsional
strain. Specifically, on circular multinucleosomal templates,
topoisomerase action was shown to be important for the
ability of yeast and human SWI/SNF to promote the
altosome-associated loss of nucleosome-constrained super-
coils (22, 23, 41), and for yeast SWI/SNF to transiently
increase restriction enzyme accessibility to nucleosome-
occluded sites during ongoing ATP-hydrolysis (23). Intrigu-
ingly, we found that the effects of hSWI/SNF on minicircle
mononucleosome positions was identical in reactions lacking
or containing wheat germ topoisomerase I (TopoI), which
relaxes both unconstrained positive and negative supercoils
(Figure 1 and data not shown). Even more strikingly, TopoI
was not required for repositioning on a mononucleosome
minicircle that was 97% closed circular (Figure 2 “+SWI/
SNF”). Control experiments indicated that no topoisomerase
activities were associated with our purified hSWI/SNF (data
not shown). Thus, these results indicate that stable hSWI/
SNF-driven nucleosome repositioning is possible on topo-
logically constrained templates where generation of uncon-
strained supercoils has a high energetic cost. The apparent
difference in toposomerase requirement between SWI/SNF-
dependent repositioning (this work) and transient restriction
enzyme accessibility (23) could potentially arise from
differences in reaction conditions. For instance, it is possible
that repositioning, like transient restriction enzyme acces-
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sibility, is also slowed down in the absence of TopoI, but
that this was not detected under the equilibrium remodeling
conditions used in our studies. Alternatively, our results may
indicate that transient restriction enzyme accessibility does
not arise solely from ongoing nucleosome repositioning
(which would create moments where restriction sites are in
accessible linker DNA), but also from the creation of a
transient SWI/SNF-remodeled nucleosomal species whose
formation is inhibited by torsional strain and which is not
required for repositioning.

hSWI/SNF Demonstrates Directed Nucleosome MoVement
Away from the 5S rDNA Positioning Sequence.Analysis of
our c-mycminicircles indicated that hSWI/SNF may have
an intrinsic preference to move nucleosomes away from
positioning sequences. To further examine this positioning
effect, we made use of the well-characterized positioning
sequence from the somatic 5S rDNA ofXenopus borealis
(32). We assembled mononucleosomes onto a 359 bp DNA
fragment containing the 5S positioning sequence. Linear
mononucleosomes with histone octamers at different posi-
tions were then separated by polyacrylamide gel electro-
phoresis (PAGE), in which fragments bearing a centrally
located nucleosome migrate more slowly than fragments
bearing a nucleosome at the end of the DNA (Figure 3A,
lane 1 (24, 45)). Each of the five major mononucleosomal
gel-shift positions was excised, eluted, and mapped by
MNase and restriction enzyme digestion (Figure 3A, cartoons
on the right). The linear species with a nucleosome localized
over the 5S positioning sequence (band 2 in Figure 3A (32))
was circularized, and the circular form was purified. These
5S minicircle mononucleosomes were then subjected to
remodeling by hSWI/SNF. In the control reaction, 88% of
these minicircles had nucleosomes in two overlapping
positions covering the 5S positioning sequence and separated
by ∼10 bp (Figures 3D and 3E “-SWI/SNF”). After
remodeling by hSWI/SNF, it was observed that the majority
of nucleosomes had been moved to a new location away
from the positioning sequence, and that the area containing
the positioning sequence had become the least occupied
region of the minicircle (Figures 3D and 3E, “+SWI/SNF”).
Together with the previousc-myc minicircle data, these
results suggest that hSWI/SNF has an intrinsic preference
to move nucleosomes away from positioning sequences.

hSWI/SNF Does Not Generate Structurally Altered Nu-
cleosomes on Minicircles.Previous studies from our lab
showed that, on polynucleosomal templates, hSWI/SNF
generates abundant “altosomes” consisting of structurally
altered dinucleosomes with altered histone-DNA contacts
and reduced nucleosome-constrained negative supercoiling
(22). One of the advantages of the mononucleosome minicir-
cle system is that altosomes cannot be formed from a single
nucleosome. Indeed, the characteristic∼220 bp and∼80 bp
altosomal MNase products were not observed upon MNase
digestion of hSWI/SNF-remodeled mononucleosome minicir-
cles (Figure 3C and data not shown). Thus, use of mono-
nucleosome minicircles has allowed us to examine the effects
of DNA sequence on hSWI/SNF-directed nucleosome re-
positioning, uncomplicated by other hSWI/SNF remodeling
effects.

hSWI/SNF-FaVored Positions Differ from Thermally Fa-
Vored Positions.Several studies have indicated that nucleo-
some positions established by salt dialysisin Vitro can

accurately representin ViVo nucleosome positions. For
instance, the sequence characteristics determined for high
affinity nucleosomes generated by salt dialysis assembly onto
yeast genomic, mouse genomic, or random sequence DNA
are very similar to those for naturally occurring nucleosome
positions from yeast and chicken genomic chromatin (see
ref 46 for comparison of all these conditions). However,
nucleosome positions established during salt-dialysis as-
sembly can be altered by treatment at elevated temperatures
(e.g., refs24, 25, 45, 47-50), suggesting that mammalian
body temperature might promote some level of nucleosome
redistributionin ViVo. Thermal repositioning is most rapid
at high temperatures (up to 65°C) and in the absence of
divalent cations or linker histones (45, 48, 51, 52). In general,
thermal repositioning appears to result in redistribution
between sites that are all at least moderately favored during
nucleosome assembly (causing increases in some moderately
favored positions and decreases in some strongly favored
positions). Evidence also suggests that thermal repositioning
may sometimes favor movement of the histone octamer
toward DNA ends (53).

Given the above characteristics of thermal repositioning,
we did not expect that hSWI/SNF favored positions on
minicircles (which are always at locations seen at a very
low frequency after assembly) would be the same as
thermally favored positions. To test this directly, we used
EMSA analysis to compare thermally favored and hSWI/
SNF-favored positions on both linear and circular mononu-
cleosome templates. While this approach does not give
detailed information about individual nucleosome positions,
it is an efficient way to compare the effects of each treatment
on the overall distribution of nucleosomes. As shown in
Figure 3A, lane 2, 65°C heat treatment of linear 359 bp 5S
mononucleosomes induces thermal repositioning, resulting
in decreases in bands 1, 2, and 5 and increases in bands 4
and 3, relative to the unheated control sample in lane 1.
hSWI/SNF remodeling of the linear template gave positions
that differed from heat treatment, resulting in loss of bands
2 and 4, and accumulation of band 5 nucleosomes at the
end of the template (Figure 3A, lane 3). Since DNA ends
are known to alter the positions of hSWI/SNF products, and
might also influence heat-treatment positions, we next
compared the effects of these treatments on minicircle
templates, in the absence of DNA ends. To do this, we
performed a ligation and recutting experiment (as outlined
in the cartoon in Figure 3B). Briefly, linear mononucleo-
somes were ligated to form circles. These minicircle mono-
nucleosomes were heat treated at 65°C to promote thermal
repositioning to heat-favored sequences, as well as to
inactivate the ligase. Next, these ligated templates were
treated with ATP alone or ATP and hSWI/SNF. Remodeling
was then stopped, and hSWI/SNF removed from the tem-
plate, by addition of a vast excess of competitor chromatin
and DNA (1µg of each), followed by digestion withHindIII.
On all templates where the histone octamer does not cover
the HindIII site, this results in release of linear mononu-
cleosomes, allowing relative nucleosome positions to be
compared. For the reaction lacking hSWI/SNF (Figure 3B,
lane 1) heat treatment followed byHindIII digestion released
a pattern of bands similar to the heat-treated linear sample,
with bands 3 and 4 being strongest. This indicates that the
same positions are preferred by heat treatment on both the
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linear and circular templates. To determine the percentage
of templates where the mononucleosome blockedHindIII
access, leaving the “Mo” circular form, a sample of the
reaction was treated with SDS to remove histones, and
circular and linear forms separated by PAGE (data not
shown). This showed that 36% of the heat-treated, unre-
modeled templates remained circular, indicating that heat
treatment also promoted movement of some octamers over
the HindIII site. hSWI/SNF treatment of the ligated, heat-
treated minicircles (Figure 3B, lane 2) resulted in a very
different pattern, in which all bands except band 1/Mo and
band 5 were decreased (with the greatest decrease in the heat-
favored band, band 4). The percentage of uncut templates
was also increased to 52%. This increase in fast migrating
band 5 (nucleosomes near the DNA edge) and nucleosomes
over theHindIII site is consistent with the 5S minicircle
mapping results shown in Figures 3D and 3E, “+SWI/SNF”.
Importantly, while some gel shift positions (e.g., band 3)
were similar under both conditions, the overall pattern
indicates that heat treatment and hSWI/SNF result in very
different distributions of nucleosome positions on the 5S
minicircle. These results indicate that hSWI/SNF does not
move nucleosomes to low-energy binding sites preferred
either by thermal repositioning or by salt dialysis assembly.

The Final Positions of Nucleosomes on Minicircles Are
Independent of the Nucleosome Starting Positions.The
mapping experiments in Figures 1 and 3D all started with
the majority of the nucleosomes localized to a specific region
of each template (the apparent nucleosome positioning
sequences). We wanted to determine whether nucleosomes
would move to the same hSWI/SNF-remodeled positions if
they started at different initial positions. To test this, we
combined equal amounts of linear 5S mononucleosomes
isolated from each of the gel-shift bands 1 through 5,
followed by ligation and minicircle isolation. This created
an even mixture of nucleosome starting positions (Figure
3F and 3G “-SWI/SNF”, note the roughly equal cutting of
all sites except for theHindIII ligation site). When this
mixture was treated with hSWI/SNF, we found that the
nucleosome positions were very similar to those seen after
remodeling the minicircle with a nucleosome localized over
the 5S positioning sequence (compare Figures 3F and 3G to
Figures 3D and 3E, “+SWI/SNF”). Similar results were also
seen upon hSWI/SNF remodeling of minicircles formed from
purified “band 4” 5S mononucleosomes, on which the histone
octamer is shifted∼130 bp away from the 5S positioning
sequence (Figure 3A and data not shown).

To explore this issue further, we cut the 5S minicircle with
ApaI, subcloned this linear fragment, and used the resulting
vector to prepare a 359 bp template withApaI ends.
Nucleosome assembly followed by ligation of this template
resulted in mononucleosome minicircles that were identical
in sequence, but 28% nicked at theApaI site (95 bp from
the normalHindIII ligation site, see cartoon in Figure 3A).
Note that, since the 5S positioning sequence was not intact
on theApaI linear template, it was impossible for nucleo-
somes to be assembled over this preferred sequence. When
this template was remodeled by hSWI/SNF, the restriction
enzyme digestion pattern and percent cutting graphs were
essentially identical to those seen for hSWI/SNF treatment
of mononucleosome minicircles formed from the linear 5S
template withHindIII ends, which was 33% nicked at the

HindIII site (Figure 4). This further indicates, together with
the results in Figure 2, that the presence and/or location of
a single DNA nick does not greatly alter hSWI/SNF
repositioning specificity. In addition, the combined results
from Figures 3D-G and Figure 4 show that the same
remodeled positions are observed regardless of nucleosome
starting positions. This argues that the positions observed
after remodeling do not represent initial repositioning events,
for which remodeled positions might be expected to remain
nearby starting positions. Instead, these results indicate that
the observed repositioning of nucleosomes to DNA se-
quences away from assembly-favored positions represents a
hSWI/SNF-favored equilibrium state, which is independent
of nucleosome starting positions.

DISCUSSION

The question of how DNA sequence directs nucleosome
repositioning by SWI/SNF complexes has long remained
unanswered, largely due to the strong tendency of SWI/SNF
complexes to move histone octamers to the ends of linear
DNA fragments. Our results on mononucleosome minicircles
provide the first evidence for sequence-directed nucleosome
movement by any SWI/SNF-family remodeling complex, and
indicate that hSWI/SNF moves nucleosomes away from
assembly-favored positions established by nucleosome po-
sitioning sequences. They also indicate that hSWI/SNF-
preferred positions differ from thermally favored nucleosome
positions. Together with previous studies showing that SWI/
SNF action on polynucleosomes can stably increase restric-
tion enzyme accessibility at sites normally covered by
nucleosomes (21-23), our results suggest that nucleosome
movement away from positioning sequences will be a general
property of hSWI/SNF-remodeled chromatin.

We find that hSWI/SNF action onc-myc promoter
minicircles directs nucleosome movement away from as-
sembly-favored positions corresponding to the approximate
locations of nucleosomes 12 and 13 from the repressedc-myc
promoter in ViVo. This suggests that sequence-driven nu-
cleosome repositioning by hSWI/SNF contributes to the
observed “disruption” of these two nucleosomes uponc-myc
activation. The apparent “disruption” of these two nucleo-
somes might also arise from the conversion of the nucleo-
somes to an altered nucleosomal form or removal of
nucleosomal histones from the DNA, activities that have also
been demonstrated for human and yeast SWI/SNF com-
plexes. However, of the different types of SWI/SNF remod-
eling activity, repositioning is likely to be one of the most
important, sincein Vitro comparisons indicate that altered
nucleosome formation and histone removal often affect a
smaller fraction of nucleosomes or are slower than reposi-
tioning (1, 2, 22, 54).

One favored model for nucleosome repositioning argues
that the translocation of a remodeling complex ATPase
domain across the DNA phosphate backbone gives rise to a
DNA loop or bulge on the nucleosomal surface, whose
movement to the other side of the histone octamer results in
repositioning (55-57). Our results demonstrate that nucleo-
some repositioning can occur on a topologically closed
minicircle in the absence of topoisomerase action. This
suggests that the formation of the initial DNA loop may be
able to proceed without significant DNA twisting. Alterna-
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tively, the energy afforded by ATP hydrolysis may be high
enough to allow the formation of a supercoiled DNA loop,
despite the high energetic cost of the unconstrained supercoils
that would also be generated on these minicircle templates
(44).

Two recent studies have indicated that∼50% of yeast
nucleosome positions are specified by a nucleosome posi-
tioning sequence code, indicating that the control of nucleo-
some positions by DNA sequence is an unexpectedly
common event (46, 58). Our results suggest a model in which
hSWI/SNF-activated gene promoters, such asc-myc, have
been evolutionarily selected to encode nucleosome position-
ing sequences that place nucleosomes over important tran-
scription factor binding sites. These nucleosome-occluded
sites would then be opened up by hSWI/SNF-dependent
repositioning away from these positioning sequences, when
the complex is recruited to the promoter by transcriptional
activators. Consistent with this model, we find that hSWI/
SNF-directed nucleosome movement away from the nucleo-
some 13 positioning sequence uncovers the P1 promoter
TATA box and initiation site (Figure 1H), which might
directly promotec-myctranscription. The same model might
also explain how hSWI/SNF can function as a corepressor
when recruited to other target gene promoters (e.g., by Rb
(3, 7)): if default nucleosome positions facilitated the binding
of transcriptional activators or blocked the binding of
transcriptional repressors, then hSWI/SNF-directed reposi-
tioning away from these sequences would result in tran-
scriptional repression. One recent study indicated that the
yeast Isw2 remodeling complex repressed transcription by
over-riding sequence-specified nucleosome positions that

facilitated promoter accessibility (59). However, in contrast
to our results, Isw2 remodeling did not appear to be affected
by promoter DNA sequence, suggesting possible functional
differences between ISWI and SWI/SNF class remodeling
complexes. The idea that nucleosome positions can be
functionally regulated by a combination of DNA sequence,
SWI/SNF- and ISWI-class remodeling complexes, is also
supported by a recent study showing that nucleosome
positions on the yeast HIS3 gene differ considerably between
wild-type, SWI/SNF- and ISW1- strains (60).

We find that certain mononucleosome positions are
strongly favored after hSWI/SNF remodeling, and that these
preferred locations are independent of nucleosome starting
positions. This suggests that, in addition to directing move-
ment away from positioning sequences, hSWI/SNF may have
the additional property of placing mononucleosomes over
specific hSWI/SNF-preferred sequences. It is unclear what
makes a sequence a preferred location for hSWI/SNF-
repositioned mononucleosomes. One hint comes from the
observation that, in most cases, the positions to which hSWI/
SNF moves nucleosomes are present at a low but measurable
level after nucleosome assembly. For instance, in Figure 2A
“+SWI/SNF” EcoRI lane, two preferred positions are
represented by strong bands of∼129 and∼113 bp. These
same bands are present, but at greatly reduced levels, in the
“-SWI/SNF” control. These observations suggest that hSWI/
SNF moves nucleosomes away from positions that are
strongly preferred during assembly to positions that are
unfavorable during assembly, but still allowed. Accordingly,
hSWI/SNF appears not to move histone octamers to se-
quences that are incompatible with the assembly of a normal

FIGURE 4: The distribution of remodeled nucleosomes is not altered by nucleosome starting position or the position of a DNA nick. (A)
Restriction digestion pattern for hSWI/SNF-remodeled 5S minicircles, 33% nicked over theHindIII site of ligation. (B) Restriction digestion
pattern hSWI/SNF-remodeled 5S minicircles formed by ligation of a 359 bp mononucleosome withApaI ends, and, hence, 28% nicked
over theApaI site of ligation, 94 bp away from theHindIII site. Arrowheads indicate shared major bands. (C) Percentage cutting graphs
showing the averages and standard errors for the results shown in A and B as well as one duplicate experiment.
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nucleosome, but instead moves them to sequences that have
some characteristics in common with nucleosome positioning
sequences as well as some distinct, hSWI/SNF-preferred
characteristics. It is hoped that ongoing studies comparing
hSWI/SNF-favored positions on a variety of minicircle and
polynucleosomal templates will provide further details about
the nature of hSWI/SNF-favored sequences.

In summary, the use of mononucleosome DNA minicircles
has provided an initial answer to the long-standing question
of how DNA sequence directs nucleosome repositioning by
hSWI/SNF. This work, however, is just a first step in
understanding how repositioning by ATP-dependent remod-
eling complexes might affect DNA accessibility. Future
application of the minicircle remodeling system developed
here could provide insights into how transcription factor
binding, variant core histones, linker histones, or histone tail
modifications might alter the intrinsic sequence-specificity
of hSWI/SNF-directed nucleosome positioning. In addition
this system could be used to compare hSWI/SNF reposition-
ing specificity to that of other remodeling complexes, such
as those in the ISWI and NURD families, some of which
may function by actively reversing hSWI/SNF remodeling
effects. Finally, detailed studies on polynucleosomes will be
necessary to determine where hSWI/SNF-altered dinucleo-
somal products (altosomes) are generated, and how reposi-
tioning specificity is influenced by the presence of neigh-
boring nucleosomes.
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