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To understand the mechanisms by which the chromatin-remodeling SWI/SNF complex interacts with DNA
and alters nucleosome organization, we have imaged the SWI/SNF complex with both naked DNA and nucleo-
somal arrays by using energy-filtered microscopy. By making ATP-independent contacts with DNA at multiple
sites on its surface, SWI/SNF creates loops, bringing otherwise-distant sites into close proximity. In the pres-
ence of ATP, SWI/SNF action leads to the disruption of nucleosomes within domains that appear to be topo-
logically constrained by the complex. The data indicate that the action of one SWI/SNF complex on an array
of nucleosomes can lead to the formation of a region where multiple nucleosomes are disrupted. Importantly,
nucleosome disruption by SWI/SNF results in a loss of DNA content from the nucleosomes. This indicates a
mechanism by which SWI/SNF unwraps part of the nucleosomal DNA.

Regulatory elements of many genes show hypersensitivity to
DNase I, an indication that the disruption of nucleosomes at
these sites is required to relieve a repressive function of chro-
matin. Several studies indicate that the eukaryotic cell pos-
sesses large complexes which contribute to gene activation by
disrupting nucleosomes positioned over regulatory regions of
particular genes. Genetic studies have identified a 2-MDa mul-
tisubunit complex in Saccharomyces cerevisiae called SWI/SNF,
which can bind to DNA, disrupt nucleosomes, and provide
transcription factors with access to nucleosomal DNA (for a
review, see reference 22). Genetic suppressors of mutant sub-
units of SWI/SNF in yeast have frequently been identified as
components of chromatin, such as the core histones (11, 16,
23). Higher eukaryotes appear to have homologs of the yeast
SWI/SNF complex, which are also capable of disrupting nu-
cleosomes. For example, brahma (brm) is a Drosophila mela-
nogaster homolog of SWI2 (26) and hbrm and BRG1 from
human cells also appear to be functional homologs of yeast
SWI2 (6, 15, 19). Other complexes may perform related func-
tions, including RSC (a large complex like SWI/SNF), NURF,
ACF, and CHRAC (a group of smaller related complexes) (4,
14, 27, 28, 30). Similarities among subunits of SWI/SNF,
NURF, and other functional homologs indicate that the eu-
karyotic cell contains a variety of related but independent sys-
tems for activating genes by altering chromatin structure.

In biochemical studies the SWI/SNF complex has been
shown to bind naked DNA and nucleosomes with nanomolar
affinity (9, 24). The SWI/SNF complex uses the energy of ATP
hydrolysis to remodel nucleosome structure, which increases
the affinity of transcription factors for nucleosomal DNA (7, 9,
12, 13, 17, 21, 29, 33). The remodeled conformation of the

nucleosome persists after depletion of ATP (13) and detach-
ment of the SWI/SNF complex (9, 33). This remodeled nucleo-
some conformation will eventually revert to the original con-
formation on its own (9) or can be converted back by further
action of SWI/SNF, indicating that SWI/SNF catalyzes the in-
terconversion between these two nucleosome forms (33). A
little is known about the remodeled nucleosome conformation.
It retains all four core histones (33), although the affinity of the
histone octamer for DNA is apparently diminished, as the oc-
tamer is more susceptible to displacement by the binding of
multiple GAL4-AH dimers (21). A hallmark of the remodeled
nucleosome conformation is an altered pattern of DNase I di-
gestion, most apparent when SWI/SNF acts on nucleosomes in
which the DNA is rotationally phased (7, 12, 17). On these nu-
cleosomes, SWI/SNF disrupts the sequence-specific 10-bp pe-
riodic pattern of DNase cutting, which reflects the direction
of DNA bending around the histone octamer. However, a se-
quence-independent 10-bp pattern of DNase cutting is re-
tained over at least 70 bp of the nucleosome, indicating that,
while SWI/SNF twists or alters the path of DNA bending, part
of the DNA remains associated with the surface of the histone
octamer (9).

When acting on arrays of nucleosomes, SWI/SNF functions
catalytically (18), increasing restriction endonuclease sensi-
tivity on multiple arrays. In addition, SWI/SNF can alter the
translational phasing (i.e., location) of multiple nucleosomes
within an array, although translational phasing on nucleosome
positioning sequences is regained upon removal of the complex
(21). To further investigate the interactions of SWI/SNF with
nucleosome arrays and the consequences of its action on nu-
cleosome structure within arrays, we have visualized SWI/SNF
complexes on naked DNA and complexes of SWI/SNF with
nucleosome arrays, using electron spectroscopic imaging (ESI)
(1).

There are a number of advantages that ESI offers over con-
ventional electron microscopy (EM) for imaging DNA-protein
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complexes (2, 3). First, because electron energy loss imaging
provides high contrast, heavy-atom stains and shadows which
can limit spatial resolution, are not required. Such agents also
can exaggerate the presence of or fail to contrast particular
biochemical entities. Second, images recorded from particular
regions of the energy loss spectrum provide mass-sensitive
information, so that molecular-mass estimates can be obtained.
Finally, coupled with mass analysis, the detection of phospho-
rus and the production of phosphorus maps permits the cal-
culation of stoichiometric relationships between the protein
and the nucleic acid and is the basis for delineating the distri-
bution of nucleic acid in a protein-DNA complex. The analysis
presented here complements the biochemical data obtained
previously and provides new information regarding the func-
tion of SWI/SNF. For example, multiple sites of DNA contact
on its surface result in its ability to create loops in the DNA,
bringing otherwise-distant sites into close proximity. Further-
more, the protein-DNA stoichiometric measurements provide
insights into the nature of the conformation of SWI/SNF-
remodeled nucleosomes. The results indicate an unwrapping
of DNA from the histone octamer as the primary consequence
of SWI/SNF action. Moreover, it is apparent that a single SWI/
SNF complex can remodel a number of nucleosomes located in
a region of chromatin constrained in an intervening loop cre-
ated by the complex.

MATERIALS AND METHODS

Imaging of SWI/SNF-DNA complexes. Electron spectroscopic images of SWI/
SNF complexed to linear and relaxed closed-circular plasmid DNA were ob-
tained as follows. The circular plasmid pJH28 was relaxed with Escherichia coli
topoisomerase I as described previously (24). The SWI/SNF protein complex was
purified as described previously (7). DNA or polynucleosome arrays (see Fig. 3
and 5) at a DNA concentration of 5 ng/ml were reacted with purified SWI/SNF
at a final concentration of either 2 or 4 ng/ml in a binding buffer containing
20 mM HEPES (pH 7.5), 50 mM NaCl, 3 mM MgCl2, 1 mM ZnCl2, 2 mM di-
thiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 5% glycerol, and 100 ng of
insulin/ml. ATP or ATP-gS was added to a final concentration of 2 mM. The
reactants were incubated for 30 min at 30°C, followed by a further fixation step
with buffered EM-grade formaldehyde (1%) and glutaraldehyde (0.5%) for 15
min at 30°C. For ESI analysis, 1 ml of the reaction mixture was applied to a 4-ml
drop of 3 mM MgCl2–10 mM HEPES (pH 8.0) on a 1,000-mesh EM specimen
grid covered with a 3-nm-thick carbon film (3). After 1 min, the grid was washed
with pure water (prepared for tissue culture by Gibco) and air dried.

Electron spectroscopic images were recorded on a Zeiss EM902 transmission
electron microscope equipped with a prism-mirror-prism electron-imaging spec-
trometer. A 90-mm-diameter objective and a 400-mm-diameter condenser aper-
ture were used. The energy-selecting slit aperture corresponded to 20 eV. Phos-
phorus-enhanced images were recorded at 155 eV, and mass-sensitive reference
images were recorded at 120 eV of energy loss as described previously (refer-
ences 1 and 3 and references therein). Micrographs were recorded on electron
image film (Kodak) and were processed in full-strength D-19 developer (Kodak)
for 15 min.

Phosphorus and mass analyses of nucleosomes and DNA fibers were per-
formed as described previously (3). Nucleosomes were delineated by choosing a
boundary at 1 standard deviation (SD) above the mean of the background. The
phosphorus content was calculated by arithmetically comparing a region in the
155-eV phosphorus-enhanced postedge image with the same region in the
120-eV preedge mass-sensitive image after the two images were aligned and
normalized and background values in the region of the particles of interest had
been subtracted. Mass was calculated in a similar way by using only the mass-
sensitive 120-eV preedge image. Naked DNA and cospread tobacco mosaic virus
were used as internal mass and phosphorus standards.

Several grids of each SWI/SNF-DNA or SWI/SNF-polynucleosome reaction
were prepared to ensure that the structures were reproducible. In addition,
reproducibility between reactions was established by reproducing every EM
experiment at least three times.

Preparation of polynucleosomes and DNase I analysis of SWI/SNF-induced
nucleosome disruption. Polynucleosomes were reconstituted onto a 12-mer re-
peat of the 208-bp sea urchin 5S rRNA gene nucleosome-positioning sequence
by high-salt dialysis with purified chicken erythrocyte nucleosomes (10). Recon-
stitution of mononucleosomes onto a GAL4 site DNA was accomplished by
octamer transfer with H1-depleted HeLa oligonucleosomes purified and used as
described previously (8). Histone cores were cross-linked with dimethyl suber-
imidate as described previously (31) during reconstitution in the DNase I nucle-
ase sensitivity experiments. In these experiments, the nucleosomes (25 nM) were

incubated in the presence or absence of 15 nM SWI/SNF and/or 100 nM
GAL4-AH dimers and analyzed by DNase I digestion (7).

RESULTS

Interactions of SWI/SNF with linear and closed-circular
DNA. Images of SWI/SNF complexes with DNA were obtained
by ESI. At a ratio of 2 ng of protein/ml to 5 ng of linear 1.4-kbp
DNA/ml, we observed that 87 of 387 (22%) DNA molecules
had a single SWI/SNF complex bound in the presence of ATP.
The criteria for identifying a SWI/SNF complex were a molec-
ular mass estimate of 1.5 to 2.0 MDa and the appearance of
subunits within the complex. In the absence of ATP, the results
were similar: 45 of 292 (15%) DNA molecules had interacted
with a SWI/SNF complex. With a higher input ratio of protein
to DNA, 4 ng of protein/ml to 5 ng of DNA/ml, 139 of 226
(62%) DNA molecules were complexed with a single SWI/SNF
in the presence of ATP and 61 of 142 (43%) were complexed
in the absence of ATP. Because SWI/SNF forms complexes
with DNA in the absence of ATP and because ATP produces
less than a 1.5-fold increase in the frequency of such com-
plexes, we conclude that SWI/SNF binds DNA by an ATP-
independent mechanism.

Images of unstained and unshadowed SWI/SNF-linear DNA
complexes and SWI/SNF-relaxed closed-circular DNA com-
plexes are shown in Fig. 1. There are a few features that should
be noted. Though it is difficult to represent the full dynamic
range of optical densities contributed by the low mass density
of the DNA and the high mass density of the SWI/SNF com-
plex in the same micrograph, the subunit nature of the SWI/
SNF complex is apparent in most of the examples shown here:
it is more obvious in Fig. 1e and f but less obvious in Fig. 1c.
Lower-contrast and magnified images of some complexes are
shown as insets. A second feature is that the SWI/SNF complex
is able to create a loop in the DNA, the size of the loop being
variable even on the same DNA fragment. The variable size of
the loop indicates that there is not a stringent sequence de-
pendence for the DNA contact sites or that the specific se-
quence of the contact site occurs frequently. At an input ratio
of 4 ng of SWI/SNF/ml to 5 ng of DNA/ml in the presence of
ATP, 90 of 177 SWI/SNF-DNA complexes, or 65%, had an
obvious loop created by the SWI/SNF complex. In the absence
of ATP, 109 of 225 SWI/SNF-DNA complexes, or 48%, dis-
played an obvious loop. Thus, ATP does not significantly en-
hance the formation of DNA loops. The fraction of complexes
in which a loop is formed may be greater than indicated by
these values. Though a loop is not always seen extending from
the SWI/SNF complex, contour length measurements (data
not shown) indicate that some complexes contain compacted
DNA that could represent small loops superimposed on the
complexes. We argue that the loops visualized are created by
the SWI/SNF complex and are not the consequence of SWI/
SNF binding to a loop created by the DNA spreading on the
support film. The reason is that, in control experiments, a loop
observed in a linear DNA fragment of 1 kbp occurs only in at
most 2% of the molecules under the spreading conditions used
in these experiments. With SWI/SNF, however, the frequency
of loops is at least 25-fold higher. Furthermore, contour length
measurements indicate that SWI/SNF causes a linear compac-
tion of the DNA. Such a compaction would not be observed if
SWI/SNF complexes were simply binding to intersections of
the DNA strands on the support film. (In control experiments,
the SDs of the contour lengths of 1-kbp fragments are between
1 and 2% [data not shown]).

Because of the high mass density of the SWI/SNF complex
relative to that of the DNA, it was generally not possible to
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form net phosphorus maps of the DNA-protein complexes,
because the dynamic range of the film on which the images
were collected was insufficient. In some cases, however, de-
pending on (i) the exposure, (ii) the support film thickness, and
(iii) the projection thickness of the SWI/SNF complex, we were
able to obtain net phosphorus images. Some examples are
shown in Fig. 2. Because of the high phosphorus content in
DNA relative to that of the protein, the net phosphorus over-
lay reveals the DNA path in the complex if the phosphorus
signal-to-noise ratio is sufficient. The noise in the phosphorus
maps is sometimes a source of confusion in tracing the DNA
path. Contour length measurements, however, by providing
another parameter, can be used in conjunction with the phos-
phorus maps to delineate the most likely DNA path. The
contours shown in the insets of Fig. 2 are the most likely, based
on the phosphorus maps and the length measurements. The
contours shown measure 1,044, 988, 1,002, and 1,009 bp, re-
spectively. In Fig. 2c, for example, the noise along the left side
of the complex is judged not to result from DNA because of
the slightly lower phosphorus signal along that surface com-
pared to the signal elsewhere along the DNA together with the
fact that the length of the displayed contour is in agreement
with the known length of the DNA fragment (1 kbp). More
DNA on this left-hand surface would be incompatible with the
contour length.

We observe that SWI/SNF has multiple sites which make
contact with the DNA and which create small or large loops
from the intervening DNA. From images of 23 complexes, we
measured the contour length of DNA that appears to be in
contact with the surface of a SWI/SNF complex. The average

value was 133 6 40 (SD) bp, with a range from 71 to 212 bp.
The measurements were made from the point where DNA
enters the complex to where it exits at a loop or at the final exit
site. These contact length measurements are subject to underes-
timation because the two-dimensional projection length mea-
sured is equal to or less than the true length in three dimen-
sions. The measurements, however, can also be overestimated
because some of the DNA that overlaps with the SWI/SNF
complex in projection may not actually be in contact with it in
solution but deposited over it on the two-dimensional substrate
used for EM imaging. Therefore, these values must be re-
garded as only estimates of DNA contact lengths. These lim-
itations notwithstanding, the average length of DNA in contact
with SWI/SNF is in agreement with the minimum DNA frag-
ment length of 130 bp that is required for a stable SWI/SNF-
DNA interaction (24).

The data presented above are a direct visualization of the
SWI/SNF complex with DNA. Importantly, the large fraction
of SWI/SNF-DNA complexes that generate DNA loops indi-
cates that the complex has at least two high-affinity binding
sites which can interact with different DNA sequences sepa-
rated by long distances. The fact that the SWI/SNF-DNA in-
teractions observed here are ATP independent is consistent
with biochemical studies showing that the binding of SWI/SNF
to DNA (24) and to nucleosomes (9) is ATP independent. The
observed simultaneous interactions of SWI/SNF with more
than one DNA site may provide new insights into how the
complex can perturb multiple nucleosomes within an array (18,
21). To determine whether the SWI/SNF complex can also
simultaneously interact with multiple nucleosomes, we exam-

FIG. 1. Electron spectroscopic images of SWI/SNF complexes on linear plasmid DNA fragments (a to f) and relaxed closed circular DNA (g to j). (a to c and f)
A 1.0-kb fragment from pBluescript; (d and e) 1.4-kb fragment containing promoter sequences of the human proenkephalin gene. The insets in panels a, d, and f are
magnified twofold and reproduced at lower contrast to emphasize the subunit structure of SWI/SNF complexes. Panels i and j are magnified regions from panel h. Bar,
53 (a to f) and 160 (g and h) nm.
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ined the interactions of the SWI/SNF complex with nucleo-
some arrays.

Interactions of SWI/SNF with polynucleosomal DNA. The
SWI/SNF complex has been shown to utilize the energy of
ATP hydrolysis to alter nucleosome structure, leading to an
increased affinity of transcription factors (see the introduc-
tion). Very little, however, is known about the molecular mech-
anisms of this function. To obtain structural information on
chromatin bound by SWI/SNF, we imaged nucleosomes assem-
bled onto a 12-mer repeat of the sea urchin 5S rRNA gene
sequence, a sequence with a well-characterized ability to posi-
tion a nucleosome (25). A histone-DNA ratio was chosen so
that the strands would be nearly saturated with nucleosomes.
An example of a polynucleosomal strand after reconstitution
(and incubation in ATP) is shown in Fig. 3a and b. Generally,
the spacing of the nucleosomes was uniform, though on this
strand, the sixth and seventh nucleosomes from the right end
are unevenly spaced. Either the seventh nucleosome has “slid”
to contact the sixth, or it has bound in a minor positioning
frame. Initially, we did not observe differences between the
numbers of nucleosomes in the arrays incubated in the pres-
ence of ATP and those in the arrays incubated in the presence
of ATP-gS (a nonhydrolyzable form of ATP, not usable by
SWI/SNF in other assays). In a control experiment, the number
of nucleosomes per strand was 8.7 6 2.6 (n 5 129) in the
presence of ATP and 9.2 6 2.0 (n 5 107) in the presence of
ATP-gS. From these numbers we concluded that ATP itself
does not affect the structure or stability of the nucleosomes on

this 12-mer repeat DNA sequence. The binding of the SWI/
SNF complex to the polynucleosomal array is illustrated in Fig.
3c. Reminiscent of its interaction with naked DNA templates
(Fig. 3a and b), the SWI/SNF complex is clearly able to make
contacts with distant sites on the polynucleosome strand, cre-
ating an intervening loop of nucleosomal DNA. The binding of
the SWI/SNF complex to polynucleosome arrays did not ap-
pear to be significantly affected by the presence of ATP relative
to its binding in the presence of ATP-gS. Strands with evenly
distributed nucleosome-like particles and with one SWI/SNF
complex attached could be found in the presence of either
ATP or ATP-gS.

ESI analysis did reveal effects that SWI/SNF has on the
polynucleosome strands, effects which are dependent on a hy-
drolyzable form of ATP. The effect of hydrolyzable ATP be-
came apparent when ESI was used to measure the mass and
the phosphorus content of the nucleosomes on the strands (1,
3). Although a superficial examination indicated that a SWI/
SNF complex had bound to an array of normal nucleosomes,
the phosphorus and mass analyses of these nucleosomes indi-
cated otherwise (Fig. 4). With the measurements of total mass
and total phosphorus content, the protein and DNA stoichi-
ometry can be determined. The average protein and DNA
contents of particles on strands with one SWI/SNF complex in
the presence of ATP were 111 6 45 kDa and 118 6 43 bp,
respectively (n 5 59). Whereas the average protein content is
consistent with that of canonical nucleosomes, the DNA con-
tent was significantly less than that expected for nucleosomes.

FIG. 2. Electron spectroscopic images of SWI/SNF-DNA complexes. A mass-sensitive image is shown in grey levels, on which is superimposed the net phosphorus
image in magenta. The short and long arrows indicate small and large loops, respectively, that have been created by SWI/SNF-DNA contacts. The insets reveal the most
likely path of the DNA through or around the SWI/SNF-DNA complex, based on the phosphorus map, the contour length, and the topological consistency. Bar, 35 nm.
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Scatter plots of protein versus DNA (Fig. 5B) show a large
degree of heterogeneity in protein and DNA stoichiometry.
The average DNA content of 118 bp is a value well below that
expected for a canonical nucleosome. In contrast, the average

protein and DNA contents of nucleosomes on strands com-
plexed with SWI/SNF in the presence of ATP-gS were 100 6
9 kDa and 151 6 21 bp, respectively (n 5 42). The scatter plots
show that there is far less heterogeneity in protein and DNA
stoichiometry when ATP-gS is used in place of hydrolyzable
ATP (Fig. 5A). In a mock reaction (minus SWI/SNF) in the
presence of ATP, polynucleosomes also have normal stoichi-
ometry, containing on average 112 6 22 kDa of protein and
157 6 34 bp of DNA (n 5 40) (Fig. 5C). From this stoichio-
metric analysis, we conclude that SWI/SNF has the ability to
disrupt nucleosome structure in an ATP-dependent manner,
resulting in a reduction in and increased heterogeneity of the
extent of DNA interacting with each histone octamer.

The protein-DNA stoichiometric disruption was often re-
flected in a disruption in morphology, which was particularly
apparent in the phosphorus distribution maps. In Fig. 4a, for
example, particles 1 (80 kDa; 152 bp) and 2 (120 kDa; 138 bp)
have near-normal levels of protein and DNA. Particle 1 has the
normal en face morphology commonly seen in ESI images of
nucleosomes, where the phosphorus (inset) is concentrated on
the particle’s periphery. In contrast, particle 3 (104 kDa; 85 bp)
has a higher-than-average protein/DNA ratio, probably reflect-
ing the loss of a turn of DNA. The inset for particle 3, showing
the phosphorus (or DNA) distribution, also indicates that this
nucleosome has a disrupted morphology. The protein content
of particle 4 (80 kDa; 170 bp), located outside the loop created
by the SWI/SNF complex, is close to the canonical value, and
there has been no loss of DNA in the particle. A value greater
than 146 bp of DNA may indicate that linker DNA is super-
imposed on the particle in the projection.

The altered morphology of SWI/SNF-remodeled nucleo-
somes is further illustrated in Fig. 4b. The DNA distribution,
based on phosphorus imaging of the nucleosome in the SWI/
SNF-induced loop (upper-left panel), does not have the char-
acteristic “doughnut” profile typical of ESI images of nucleo-
somes, such as the nucleosome outside of the loop (see the
high-magnification phosphorus maps of both nucleosomes in
the right-hand panels). (Because of the low contrast of the
DNA in the image reproduction, the inset was used for clari-
fication, showing that a protein-free writhe in the DNA is
present just to the upper right of the nucleosome.) This nu-
cleosome in the SWI/SNF loop has a protein mass of 107 kDa
and a DNA content of 107 bp, with a protein/DNA mass ratio
of 1.53. The nucleosome in the SWI/SNF-induced loop in the
lower-left panel appears less disrupted than its counterpart in
the upper-left panel. It does, however, show a larger amount of
phosphorus on its left than on its right side. Its protein content
is normal (114 kDa), but it has a reduced amount of DNA (100
bp) compared to that of a canonical nucleosome. The nucleo-
some outside the loop is located at the end of the polynucleo-
some strand. Its phosphorus profile is similar to that of its
counterpart in the panel above, typical of en face views of
intact nucleosomes in arrays visualized by ESI (3, 20).

The analytical microscope emphasizes important features of
nucleosome disruption by SWI/SNF. First, structures within
loops created by SWI/SNF may appear to be nucleosomes,
based on a superficial examination. Comparisons of mass- and
phosphorus-sensitive images indicate, however, that only some
structures have the characteristics of canonical nucleosomes
while other structures have abnormally low amounts of phos-
phorus compared to those expected for canonical nucleo-
somes. Earlier in this paper we reported that polynucleosome
arrays complexed with one SWI/SNF were observed with both
ATP-gS and ATP. Subsequent comparisons of mass and phos-
phorus contents, however, indicate that not all of the structures
initially scored as nucleosomes were actually canonical nucleo-

FIG. 3. Electron spectroscopic images of a polynucleosome strand in the ab-
sence of SWI/SNF (a and b) and a polynucleosome strand with one SWI/SNF
complex (c). The left and right halves of the same strand are shown in panels a
and b, respectively. The polynucleosome arrays on a 12-mer repeat of the 208-bp
sea urchin 5S rRNA gene nucleosome-positioning sequence (25) were formed by
salt dialysis with histones purified from chicken erythrocytes (10). The final buffer
contained 25 mM HEPES. All of the strands shown were subjected to incubation
in buffer containing ATP. The images were recorded at an energy loss of 155 eV.
Bar, 24 nm.
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somes. SWI/SNF together with ATP, but not ATP-gS, does
indeed affect the number of normal or intact nucleosomes on
an array. Second, only some nucleosomes within loops are dis-
rupted (e.g., Fig. 4a, particle 3) while some appear intact (Fig.

4a, particles 1 and 2). Based on the mean values of protein and
DNA content (Fig. 5B), we conclude that SWI/SNF is able to
remove DNA from the histone octamer. The heterogeneity in
the protein content, however, indicates that protein loss can

FIG. 4. Electron spectroscopic images of SWI/SNF-polynucleosome strands with histones not chemically cross-linked (a) and with cross-linked histone octamers (b).
The mass and phosphorus contents of SWI/SNF-DNA and nucleosome complexes were determined as described previously (3). (a) Protein and DNA contents of the
nucleosomes in the numbered boxes are presented in the text. The colored insets show the net phosphorus distributions of the indicated nucleosomes. Bar, 24 nm
(insets, 12 nm). (b) Nucleosomes indicated by arrows in the low-magnification views on the left are shown on the right at higher magnification, with the phosphorus
represented as red. The inset in the upper-left panel is included to clarify that a protein-free DNA writhe lies just to the right of the nucleosome at the left of the field.
Bar, 11 (left) and 5.5 (right) nm.
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also occur, perhaps as a consequence of reduced DNA binding.
An H2A-H2B dimer, for example, may be lost along with the
disruption of DNA from the histone core on some particles.
Particles with higher-than-average protein content may arise
from atypical associations with additional histones liberated
from other disrupted nucleosomes.

SWI/SNF disruption involves loss of histone-DNA contacts
but does not require loss of histones. The images and stoichi-
ometric analysis by ESI (Fig. 4 and 5) indicate that ATP-de-
pendent disruption of multiple nucleosomes in an array by
SWI/SNF favors a loss of DNA over a loss of histones from the
particles. Thus, disruption of nucleosomes by SWI/SNF might
only require alteration of histone-DNA contacts, resulting in
loss of the DNA, perhaps by unwinding, without the loss of
histones from the nucleosome core. To test the possibility that
SWI/SNF disrupts nucleosomes without requiring the loss of
histones from the octamer core, we analyzed SWI/SNF disrup-
tion of nucleosomes biochemically, using nucleosome cores
which contained covalently cross-linked histone octamers. His-
tone-histone cross-linking was performed with dimethyl suber-
imidate (31). This converts the histone octamer into a single
100-kDa complex (Fig. 6A), which retains the ability to recon-
stitute DNA into nucleosome cores (Fig. 6B) (reference 31 and
references therein). Note that, although the same amount of
protein was loaded, the cross-linked octamer is poorly con-
trasted because it takes up less silver than the control histones.
The individual core histones are resolved in the control oc-
tamer lane but are not present in the cross-linked octamer

lane. Though the silver staining suggests that the core histones
are not present in equal stoichiometric amounts, the Coomas-
sie stain (not shown) confirmed that they are present at equal
levels.

Treatment of the cross-linked nucleosomes with the SWI/
SNF complex in the presence of ATP led to a disruption of the
nucleosomal DNase I digestion pattern that is indistinguish-
able from the disruption observed with the control nucleo-
somes, which were not cross-linked (Fig. 6C, compare lane 1 to
lane 3, and Fig. 6D, compare lanes 2 and 4 to lanes 7 and 9).
The effect of SWI/SNF on the mononucleosome is less in Fig.
6C than in 6D, because the molar ratio of SWI/SNF to mono-
nucleosomes was 10-fold higher in the reaction represented in
6D. Furthermore, we observe that the SWI/SNF complex is
also able to stimulate the binding of GAL4-AH to cross-linked
nucleosomes with the same efficiency as to control nucleo-
somes (Fig. 6D, compare lanes 3 and 5, and 8 and 10). Thus,
the consequences of SWI/SNF action on the nucleosomes com-
posed of cross-linked histones and on the control nucleosome
cores were indistinguishable by the DNase I protection assay.
This assay of mononucleosomes fully supports the conclusions
from the ESI data on nucleosomal arrays that showed that
SWI/SNF disrupts nucleosomes by targeting histone-DNA
contacts without requiring the eviction of histones from the
core particle.

To provide structural information to help interpret the
DNase digestion studies of cross-linked histone nucleosomes,
we used ESI to examine arrays of nucleosomes reconstituted

FIG. 5. (A and B) Scatter plots of protein content versus DNA content of particles on polynucleosome strands bound by one SWI/SNF complex. Reactions were
carried out in the presence of 2 mM ATP-gS (A) or 2 mM ATP (B). (C) Values for particles in polynucleosome strands exposed to ATP but not SWI/SNF in a mock
reaction. The mean protein and DNA contents (6 SD) are 100 6 9 kDa and 151 6 21 bp (n 5 42) (A), 111 6 45 kDa and 118 6 43 bp (n 5 59) (B), and 112 6 22
kDa and 157 6 34 bp (n 5 40) (C). (D to F) Scatter plots of nucleosome arrays reconstituted with cross-linked histones. Nucleosomes within a loop created by a SWI/
SNF complex (D), nucleosomes outside a loop or on strands not bound by SWI/SNF (E), and nucleosomes on arrays not exposed to SWI/SNF (mock-reacted with ATP)
(F) were used to obtain the values for these plots. The average amounts of protein and DNA are 101 6 26 kDa and 101 6 17 bp (D), 101 6 24 kDa and 166 6 27
bp (E), and 102 6 15 kDa and 155 6 27 bp (F).
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with cross-linked octamers. Nucleosomes reconstituted into
arrays with cross-linked octamers were morphologically indis-
tinguishable from control nucleosomes (images not shown;
compare Fig. 5F). Quantitative analysis revealed that nucleo-
somes within loops created by SWI/SNF had a protein content
equivalent to that of canonical nucleosomes (101 6 26 [SD]
kDa) but had lost a significant amount of DNA (101 6 17 bp);
the protein/DNA mass ratio was 1.61 6 0.36 (Fig. 5D). Cross-
linked nucleosomes outside a SWI/SNF-induced loop or on
strands not occupied by a SWI/SNF complex had near-normal
levels of protein and DNA (101 6 24 kDa of protein and 166 6
27 bp of DNA; protein/DNA mass ratio, 0.95 6 0.26) (Fig. 5E).
Similarly, nucleosomes on arrays not exposed to SWI/SNF but
mock-reacted in the presence of ATP were canonical on the
basis of their protein and DNA contents (102 6 15 kDa of
protein and 155 6 27 bp of DNA; protein/DNA mass ratio,
1.02 6 0.24) (Fig. 5F). In contrast to nucleosomes that were
not cross-linked, the cross-linked nucleosomes were more ho-
mogeneous in protein content in the presence of SWI/SNF and
ATP (compare Fig. 5B and D). Thus, the cross-linked nucleo-

somes underwent only loss of DNA without substantial protein
redistribution, yet they displayed the biochemical hallmarks of
the SWI/SNF-remodeled nucleosomes (i.e., altered DNase di-
gestion patterns and increased factor binding [Fig. 6]). This
indicates that protein redistribution is a secondary conse-
quence of nucleosome disruption which is not required for
enhancement of transcription factor binding. Protein redistri-
bution, however, may be a requirement in other aspects of
transcriptional activation or elongation.

DISCUSSION

The structural studies presented here extend the previous
biochemical analysis in two important respects. (i) While the
SWI/SNF complex has been shown to perturb the DNase I
digestion pattern of nucleosomal DNA (7, 12, 17), this effect
could easily result from either the loss of histone proteins or
the unwinding of nucleosomal DNA. Our stoichiometric mea-
surements and DNase I protection analysis of cross-linked
histone octamers both demonstrate that it is DNA that is
generally lost from the nucleosome, supporting a mechanism
where SWI/SNF peels DNA off the histone octamer surface.
(ii) While previous biochemical studies have shown that the
SWI/SNF complex can perturb multiple nucleosomes within an
array (18, 21), it was unclear whether this would occur sequen-
tially, perhaps requiring multiple SWI/SNF complexes per
polynucleosome array. The structural analysis presented here
illustrates clearly that one SWI/SNF complex can lead to the
disruption of multiple nucleosomes in a polynucleosome array.
This multinucleosome disruption is also in agreement with our
previous report, in which we showed that nucleosome arrays
can be disrupted efficiently at very low SWI/SNF ratios (18).

These data argue that the action of the SWI/SNF complex
on an array of nucleosomes can lead to a region of nucleosome
disruption. We think that the domains in which nucleosomes
appear disrupted result from an interaction with only the SWI/
SNF complex that is visualized and not with the visualized
complex and another complex that had previously interacted
and then moved on. One reason for this interpretation is that
the input ratio of SWI/SNF to DNA is quite low, so that only
about one-third of the nucleosome strands have one SWI/SNF
complex associated and strands with more than one SWI/SNF
complex are extremely rare (#1%). Secondly, cross-linked nu-
cleosomes outside of SWI/SNF loops and on strands that
are not occupied by SWI/SNF are not, on average, disrupted,
based on mass and phosphorus analyses. Nevertheless, though
it is unlikely, we cannot definitively rule out the possibility that
disruption of nucleosomes around a bound SWI/SNF could
have involved another SWI/SNF molecule in a “hit-and-run”
mechanism. However, we favor a mechanism whereby a loop
domain is created by SWI/SNF, followed by a sequential dis-
ruption of nucleosomes within that domain, probably by direct
contacts with SWI/SNF by linear diffusion, while the domain is
maintained in a topologically constrained state. Evidence for a
topologically constrained region is frequently observed in SWI/
SNF-nucleosome complexes formed in the presence of ATP,
where the DNA in the loops is interwound with itself. Such
interwound DNA is rarely seen when ATP-gS is used instead
(data not shown). Indeed, the fact that the SWI/SNF complex
can interact with multiple DNA sites, generating a loop be-
tween them, raises the intriguing possibility that the SWI/SNF
complex might be able to simultaneously disrupt nucleosomes
at distal regulatory elements, i.e., enhancers and promoters.

FIG. 6. Histone octamer cross-linking does not affect nucleosomal DNA
perturbation and enhanced GAL4-AH binding by SWI/SNF. Histone cross-
linking conditions with dimethyl suberimidate and nucleosome reconstitution by
transfer were described previously (31). (A) Sodium dodecyl sulfate-18% poly-
acrylamide gel showing that cross-linking conditions with dimethyl suberimidate
create a protein band at around 100 kDa (arrowhead shows migration of 97.5-
kDa marker) with no detectable free histone or partially cross-linked product (50
ng of histone loaded; 172-bp 5S DNA probe [21] used in the reconstitution).
Note that the cross-linked histones take up less stain than control histones. The
band that migrates more slowly than the core histones corresponds to bovine
serum albumin, used to maintain stability. (B) Mobility shift gel showing that the
cross-linked octamers do not significantly change the migration of the 5S mono-
nucleosome. (C) Nucleosomes (25 nM) from the preparation used for panel B
were incubated with 1 mM ATP in the presence (1) or absence (2) of purified
SWI/SNF (2.5 nM) and analyzed by DNase I digestion. The bullets show where
the intensity of a band is modified by SWI/SNF action. (D) A single-GAL4-site
DNA probe (7) was reconstituted in nucleosome cores by using cross-linked
(lanes 2 to 6) or non-cross-linked (lanes 7 to 11) histone octamers. The nucleo-
somes (25 nM) were incubated in the presence (1) or absence (2) of 15 nM
SWI/SNF and/or 100 nM GAL4-AH dimers as indicated and were analyzed by
DNase I digestion. Mg-ATP (1 mM) is also present in all of the lanes. The
bracket indicates the GAL4-AH binding site. XLed and X-linked, cross-linked;
unXLed and unX-linked, not cross-linked.
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29. Utley, R. T., J. Côté, T. Owen-Hughes, and J. L. Workman. 1997. SWI/SNF
stimulates the formation of disparate activator-nucleosome complexes but is
partially redundant with cooperative binding. J. Biol. Chem. 272:12642–
12649.

30. Varga-Weisz, P. D., M. Wilm, E. Bonte, K. Dumas, M. Mann, and P. B.
Becker. 1997. Chromatin-remodeling factor CHRAC contains the ATPases
ISWI and topoisomerase II. Nature 388:598–602.

31. Walter, P. P., T. A. Owen-Hughes, J. Côté, and J. L. Workman. 1995.
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