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The multisubunit SWI/SNF and RSC complexes utilize energy derived from ATP hydrolysis to mobilize
nucleosomes and render the DNA accessible for various nuclear processes. Here we test the idea that
remodeling involves intermediates with mobile DNA bulges or loops within the nucleosome by cross-linking the
H2A N- or C-terminal tails together to generate protein “loops” that constrict separation of the DNA from the
histone surface. Analyses indicate that this intranucleosomal cross-linking causes little or no change in
remodeling-dependent exposure of DNA sequences within the nucleosome to restriction enzymes. However,
cross-linking inhibits nucleosome mobilization and blocks complete movement of nucleosomes to extreme end
positions on the DNA fragments. These results are consistent with evidence that nucleosome remodeling
involves intermediates with DNA loops on the nucleosome surface but indicate that such loops do not freely
diffuse about the surface of the histone octamer. We propose a threading model for movement of DNA loops
around the perimeter of the nucleosome core.

Assembly of the eukaryotic genome into nucleosomes and
higher-order chromatin structures greatly reduces the accessi-
bility of DNA and restricts various nuclear events, including
DNA repair, recombination, replication, and transcription.
Eukaryotic cells have developed several ways to disrupt or
modulate chromatin structures to facilitate the binding of
trans-acting factors to DNA, allowing such processes to occur.
For example, the chromatin structure is directly or indirectly
altered by posttranslational modifications such as phosphory-
lation, acetylation, methylation, and ubiquitylation, which pri-
marily occur on the core histone tail domains. Although the
precise functions of each of these highly conserved modifica-
tions have yet to be resolved, it is believed that the combina-
tion of distinct covalent modifications can be recognized by
downstream protein factors which in turn regulate chromatin
structure and DNA accessibility (37, 48, 56). A second critical
process involves multiple-subunit enzymes that use energy de-
rived from ATP hydrolysis to remodel chromatin structure and
disrupt DNA-histone interactions, thereby stimulating DNA-
dependent processes (5, 23, 47).

ATP-dependent remodeling complexes have been exten-
sively studied and shown to have the ability to alter and rear-
range nucleosomes in a manner that increases the accessibility
of nucleosomal DNA (9, 16, 35). These complexes share a
homologous ATPase domain that belongs to the SF2 super-
family of DNA-stimulated helicases and are generally divided
into four different families: SWI/SNF, ISWI, INO80, and CHD
(9, 13, 16). Typically, the isolated ATPase subunit can catalyze
nucleosome remodeling independent of other remaining sub-

units, with ATPase activity stimulated by double-stranded
DNA and/or nucleosomes (16, 34). These chromatin-remodel-
ing enzymes can often recognize histone posttranslational
modifications through auxiliary subunits, and they can regulate
chromatin structures by assembly, disassembly, and transloca-
tion of nucleosomes in an ATP-dependent manner (9, 16).

The Saccharomyces cerevisiae SWI/SNF complex was the
first remodeling enzyme to be identified, and it is required for
expression of many inducible genes, such as HO, SUC2, and
INO1 (10, 36, 53). Although SWI/SNF is not essential for yeast
growth, a genome-wide analysis demonstrated that �5% of
yeast genes are regulated by SWI/SNF, with functions that
contribute to both gene activation and repression (19). More-
over, this complex plays a critical role in gene expression in
late mitosis (24). The yeast RSC (remodels the structure of
chromatin) complex is related to SWI/SNF but is more
abundant and essential for cell growth (7). RSC has func-
tions in stress response, gene activation in transcription, and
chromosome segregation (11, 22). Both SWI/SNF and RSC
have also been shown to function during recombinational
repair of DNA double-strand breaks (8).

SWI/SNF and RSC have been the targets of extensive bio-
chemical characterization. SWI/SNF was shown to destabilize
approximately 40 bp of histone-DNA interactions at either
edge of a nucleosome, based on electron energy loss micros-
copy and atomic force microscopy studies (4, 41). Further-
more, a photochemical mapping study demonstrates that SWI/
SNF can mobilize a mononucleosome by as much as 50 bp off
the ends of DNA fragments (21). ATP-dependent nucleosome
sliding along DNA substrates occurs in cis and leads to the
exposure of cognate DNA for trans-acting factors (17, 18, 51).
However, crucial aspects of the mechanism of nucleosome
remodeling remain undefined.

One proposed mechanism for how the nucleosome might be
translocated along the DNA, referred to as twist diffusion,
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involves the ATP-dependent twisting of the DNA helix on the
histone surface like a corkscrew, with as little as �1 bp of DNA
traveling through the core region (25, 50). This model is sup-
ported by crystal structures of a nucleosome core particle in
which the DNA on one side is observed to contain a single-
base-pair “twist defect” compared to the DNA at the other
side of the core (12, 33) and has the energetic advantage that
the gain or loss of a base pair internally within the nucleosome
can occur without disruption of histone-DNA interactions.
However, studies using DNA substrates that inhibit DNA ro-
tation on the nucleosome surface indicate that nucleosome
sliding catalyzed by human SWI/SNF (hSWI/SNF) likely does
not occur solely via a twist-diffusion mechanism (1, 3, 49).

Recent studies have led to a proposal that remodeling en-
zymes use a DNA translocase mechanism to induce nucleo-
some sliding along DNA by creating transient DNA bulges or
loops on the histone octamer surface (40, 57, 58). This bulge
propagation model suggests that linker DNA can be drawn
into the core to form an internal DNA loop. Indeed, several
studies indicate that remodeling enzymes harbor DNA trans-
location activity (20, 39, 52), suggesting that a unifying feature
of remodelers is catalyzing DNA movement relative to the
remodeling complex. Alternatively, a related third model pro-
poses that a loop may be formed within the nucleosome by a
dissociation and recapture mechanism, involving linker DNA.
In either of the last two models, the internal DNA loop is
envisioned to propagate through the nucleosome core like a
wave, resulting in the movement of the histone octamer along
the DNA segment (26). This model is strengthened by recent
single-molecule and biochemical studies demonstrating that
both SWI/SNF and RSC are able to translocate on DNA and
nucleosomal templates to produce loops in an ATP-dependent
fashion and that nucleosome remodeling by RSC seems to
produce a remodeled intermediate that contains internal DNA
loops and more than 147 bp of DNA (29, 43, 57).

In this work we have tested whether SWI/SNF- and RSC-
dependent nucleosome remodeling involves DNA bulge prop-
agation by employing nucleosome substrates in which either
the two N-terminal or C-terminal tails of H2A are cross-linked
together in an intranucleosomal fashion. Cross-linking gener-
ates constraining loops around the superhelical gyres that
should inhibit the propagation of DNA bulges or loops on the
histone surface. Our results indicate that loops formed during
SWI/SNF and RSC nucleosome remodeling likely are not
freely propagated around the exterior of the nucleosome;
rather, we propose such loops are translocated around the
histone octamer via a threading mechanism.

MATERIALS AND METHODS

DNA templates. A 215-bp EcoRI-DdeI DNA fragment and a 244-bp EcoRI-
NsiI DNA fragment containing the Xenopus borealis somatic 5S RNA sequence
were generated from plasmid pXP-10; the fragments included sequences �78 to
�137 and �78 to �166 according to the 5S transcription start site, respectively.
These fragments harbor a site for the restriction enzyme EcoRV at position �35,
which is protected from digestion by the histone octamer after nucleosome
assembly (Fig. 1A). A 343-bp DNA fragment containing the 601 nucleosome-
positioning sequence was obtained from plasmid CP1024 by EcoRI and HindIII
restriction enzyme digestion (54); this fragment contains a unique HhaI digestion
site close to the predicted nucleosome dyad (55) (Fig. 1B). These three frag-
ments were 5� end radiolabeled with [�-32P]ATP and polynucleotide kinase
(PNK) (New England BioLabs) by standard techniques. For large-scale prepa-
rations, the 601 DNA fragments were amplified by standard PCR (31). In certain

FIG. 1. Intranucleosomal cross-linking. (A) The 343-bp 601 DNA
fragment used for nucleosome reconstitution. The HhaI site is located
near the nucleosome dyad at the center of the DNA fragment. The
oval indicates the predicted location of the nucleosome. (B) Location
of the N- and C-terminal tails of H2A within a nucleosome core model
(PDB accession code 1kx5) (12). DNA is gray, H2A light blue, H2B
dark blue, H3 light magenta, and H4 magenta. The model includes all
of the N-terminal tail of H2A and all but the final two residues of the
C-terminal tail (12). Bases contacted by the H2A N-terminal tail do-
main as determined by cross-linking studies are red (27). The predicted
location of the bifunctional cross-linker bridging the two H2A N-ter-
minal tail domains is indicated by yellow bars. (C) Intranucleosomal
cross-linking occurs with high efficiency. Nucleosomes reconstituted
with the 343-bp 601 DNA fragment and either H2A G2C or H2A
S128C were cross-linked with BM[PEO]4, and the samples were ana-
lyzed by SDS-PAGE and Coomassie staining or Western blotting with
anti-H2A antisera. Lanes 1 and 2 in each panel contain un-cross-linked
and cross-linked nucleosomes, respectively. Stars indicate the cross-
linked H2A-H2A band. (D) Nucleosomes containing H2A G2C (wild
type [wt]) or H2A G2C�1 (�1), H2A G2C�3 (�3), or H2A G2C�8
(�8), in which 1, 3, or 8 amino acid residues, respectively, were deleted
from the H2A N-terminal tail domains, were treated with BM[PEO]4,
and the efficiency of cross-linking was analyzed by SDS-PAGE and
Western blotting with anti-H2A antisera. (E) Cross-linked and un-
cross-linked nucleosomes (Nuc) containing H2A G2C exhibit similar
sedimentation profiles. Radiolabeled nucleosomes separated on glyc-
erol gradient fractions were analyzed by 0.7% nucleoprotein gel elec-
trophoresis and phosphorimaging. The direction of sedimentation and
fraction numbers are indicated. Fraction 8 was chosen for further
analysis in this preparation. (F) Nondenaturing polyacrylamide gel
analysis of un-cross-linked (Un) and cross-linked (XL) nucleosomes.
Gradient-purified cross-linked and un-cross-linked nucleosomes were
run on the gel as indicated.
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instances, 5� ends of DNA fragments within reconstituted nucleosomes were
radiolabeled with [�-32P]ATP and PNK, followed by a second glycerol gradient
purification (see below).

Preparation of histone proteins. The coding sequences for the mutant H2As
containing a cysteine substitution at either residue 2 (H2A G2C) or 128 (H2A
S128C) were obtained by QuikChange site-directed mutagenesis (Stratagene).
Xenopus H2A, H2B, and H2A mutants were expressed in bacterial cells and
purified as preformed dimers as described previously (28). H2A deletion mutants
were based on H2A G2C but with residue 3 (H2A G2C�1), residues 3 to 5 (H2A
G2C�3), or residues 3 to 10 (H2A G2C�8) deleted.

Nucleosome reconstitution. Nucleosomes were reconstituted with DNA frag-
ments and either wild-type H2A or mutants in complex with H2B and H3/H4 in
a large-scale format to allow analysis of protein-protein cross-linking in the same
samples used for remodeling, as described previously (31). Briefly, 1 �g radio-
labeled DNA fragments (1,000 kcpm), 500 �g of cold 601 343-bp DNA frag-
ments, �200 �g H2A/H2B dimer, and 170 �g H3/H4 tetramer were combined in
a 2-ml reaction mixture containing Tris-EDTA (TE)–2 M NaCl and 10 mM
dithiothreitol (DTT). Alternatively, nucleosomes were reconstituted with linear-
ized CP1024 plasmid DNA in an identical 2-ml reaction mixture. Nucleosomes
were reconstituted by standard salt dialysis at 4°C with 10 mM 	-mercaptoeth-
anol in all dialysis buffers (31).

H2A-H2A intranucleosome cross-linking. The cysteine residues within the N-
or C-terminal tails of H2A mutants were cross-linked after nucleosome forma-
tion by reacting with BM[PEO]4 (Pierce). Cross-linking reactions were carried
out by titrating in BM[PEO]4 to a final nucleosome/cross-linker ratio of 1:2 and
incubating at 37°C for 30 min as described previously (31). Reactions were
terminated by addition of DTT to a 10 mM final concentration, and the cross-
linking was quantified by running a portion of the sample on 15% SDS-PAGE gel
and by Western blotting (31). Cross-linked and un-cross-linked nucleosomes
were loaded onto 10-ml 5 to 30% glycerol gradients (in 10 mM Tris-Cl [pH 8.0],
1 mM EDTA, 10 mM DTT) and sedimented at 34,000 rpm for 15 to 18 h at 4°C
with an SW41 type rotor. Fractions containing the purified nucleosomes were
identified by running 10 �l on 0.7% native nucleoprotein gels (0.5
 Tris-borate-
EDTA [TBE]) and stored at 4°C.

RSC and SWI/SNF remodeling reactions. Purified RSC from Saccharomyces
cerevisiae was a kind gift from Blaine Bartholomew (Southern Illinois Univer-
sity). The yeast SWI/SNF complex was prepared as described previously (46).
Both yeast RSC and SWI/SNF were aliquoted and stored at �80°C. RSC re-
modeling was carried out in a 20-�l reaction mixture with approximately 0.5 nM
nucleosomes, with the amounts of RSC noted in the figure legends in RSC
remodeling buffer (20 mM Na-HEPES [pH 7.8], 3 mM MgCl2, 0.08% NP-40,
1.7% glycerol, 0.2 mM phenylmethylsulfonyl fluoride [PMSF], 2 mM DTT), and
with 0.8 mM ATP at 30°C. SWI/SNF remodeling reactions were carried out in
the same manner but with SWI/SNF remodeling buffer (10 mM Tris, 50 mM
NaCl, 5 mM MgCl2, 1 mM DTT, and 100 ng/�l bovine serum albumin), with the
amounts of enzyme noted in the figure legends, and with 1 mM ATP at 30°C.
Restriction enzyme digestions were performed by adding 10 U restriction en-
zymes to the above reaction mixtures either during or after the remodeling as
indicated in the figure legends. In the latter case, remodeling reactions were
stopped and remodelers were removed from nucleosomes by adding 300 ng
sonicated calf thymus (CT) DNA as a nonspecific competitor. For analysis of
DNA cleavage, reactions were stopped by adding 4 �l 6
 SDS DNA loading
buffer containing 2 mM EDTA. The results were analyzed on 5% polyacrylamide
gels containing 0.04% SDS run at 120 V for 2.5 h at room temperature.

Nucleosome sliding assays. Remodeling reactions were set up as described
above. Remodelers were removed by addition of 300 ng of nonspecific compet-
itor DNA and glycerol to a 5% final concentration and kept on ice for 5 min.
Then the nucleosome translational positions were determined by separation on
a nondenaturing 4% polyacrylamide gel (acrylamide/bisacrylamide ratio, 35:1)
run at 100 V for 3 h at 25°C, including a prerun of 100 V for 1.5 h at the same
temperature.

RESULTS

Facile cross-linking of the N- or C-terminal tails of histone
H2A within a single nucleosome. To test if bulge propagation/
looping contributes to the mechanism of ATP-dependent-re-
modeling-induced nucleosome mobilization, we generated
nucleosomes containing proteinaceous loops constraining the
superhelical wraps of DNA on the outside of the nucleosome.
This was accomplished by cross-linking cysteine residues

placed within either the N- or C-terminal tail domains of H2A
in reconstituted nucleosomes by reaction with the bifunctional
reagent BM[PEO]4. The loops are expected to create steric
hindrance to the formation and/or propagation of a DNA
bulge loop on the nucleosome surface.

We generated H2A mutants H2A G2C and H2A S128C, in
which either the 2nd or 128th (penultimate) residue in the
protein is replaced by cysteine, near the end of either tail
domain. Note that the H2A N- or C-terminal tails exit the
nucleosome in opposite directions, approximately parallel to
the nucleosome dyad, above and below one or two superhelical
DNA gyres, respectively (Fig. 1B) (12, 33). Prior studies indi-
cate that the ends of the H2A N-terminal tails wrap around the
upper/lower DNA superhelices and cross-link to DNA bases
about 25 Å apart (28) (Fig. 1B, red). Considering that C�-C�
distances of cysteine residues cross-linked by BM[PEO]4 a are
predicted to be �24 Å, the N-terminal tail domains of H2A
G2C are thus likely to be cross-linked by this reagent in the
native structure. A similar analysis indicates that the H2A
C-terminal tail domains should be close enough to allow cross-
linking in nucleosomes containing H2A S128C (12, 27). In-
deed, we find that nucleosomes containing H2A G2C or H2A
S128C are efficiently cross-linked in an intranucleosomal fash-
ion. Nucleosomes containing these proteins were reconstituted
in a large-scale format (see Materials and Methods) on a
343-bp 601 DNA fragment (Fig. 1A) to allow determination of
the extent of cross-linking by SDS-PAGE. After removal of the
reducing agent, the cross-linker was titrated into solutions of
nucleosomes as described previously (31) and cross-linking was
assessed by SDS-PAGE. We found that at optimal cross-linker/
nucleosome ratios either H2A G2C or H2A S128C was cross-
linked at an efficiency of �80% (Fig. 1C) (30). Since we noted
that the cross-linked H2A-H2A protein species exhibited a
somewhat reduced Coomassie staining intensity compared to
monomeric histone proteins, the efficiency of cross-linking was
confirmed by Western blotting with anti-H2A antibodies (Fig.
1C) (31).

To determine the extent to which cross-linking the N-termi-
nal tail domains of H2A together constrains the DNA to the
surface of the core histone octamer, we prepared nucleosomes
in which these domains were shortened by 1, 3, or 8 amino acid
residues. Interestingly, shortening the N-terminal tail domain
by 1 residue resulted in a reduction in total cross-linking, while
decreasing the length of the tails by 3 residues virtually elim-
inated cross-linking (Fig. 1D). Thus, assuming a maximum of
about 3 Å is contributed per residue to the length of the tail
domain (less if the tail adopts a secondary structure such as an
�-helix), this implies that a loop formed by cross-linking the
native tails is about 6 Å longer than that for H2A G2C�1,
which represents the minimum length that allows cross-linking,
or near to it. Therefore, the total size of the loop is nominally
10 by 2 by 3 Å (the H2A tail has 12 residues, cysteine at residue
2); adding 24 Å for the cross-linker gives a total of �84 Å.
Assuming that the loop circumscribes at least 1/2 a circle
around the DNA superhelices (33), the radius of the loop is
about 27 Å. Given that tails 1 residue shorter can still be
cross-linked and that the base of the H2A tail is near the
histone surface upon which the DNA is wrapped, this implies
that the loop formed by the native cross-linked H2A tail do-
mains has about 3 Å of vertical “play,” less than 1/4 the diam-
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eter of one DNA helix. Thus, these results imply the there is
very little clearance between the cross-linked loop and the two
DNA superhelical gyres.

The cross-linked and un-cross-linked nucleosomes were
then radiolabeled and isolated on 5 to 30% glycerol gradients.
We found that intranucleosome cross-linked species repre-
sented the vast majority of the cross-linked products, since
both cross-linked and un-cross-linked nucleosomes exhibited
nearly identical sedimentation profiles through the gradients
and internucleosome cross-linked species would be expected to
sediment as dinucleosomes (Fig. 1E). In addition, analysis of
gradient-isolated nucleosomes on native 4% acrylamide gels
showed that the N- and C-terminal cross-linked nucleosomes
exhibit the same migration through the gel as un-cross-linked
nucleosomes, indicating that all species likely have identical
histone compositions and overall conformations (Fig. 1F).
These results indicate that cross-linking occurred in an in-
tranucleosomal fashion and had little or no effect on the native
nucleosome conformation and stability.

H2A-H2A intranucleosomal cross-linking has little effect on
SWI/SNF or RSC nucleosome remodeling, as determined by
restriction enzyme accessibility assays. We first determined
whether intranucleosomal cross-linking of the H2A N- or C-
terminal tail domains affected the ability of SWI/SNF to in-
crease the accessibility of a restriction enzyme to a cognate site
buried within a nucleosome (32, 38). Reconstitution of the
343-bp DNA fragment containing the 601 nucleosome posi-
tioning element results in a nucleosome with an HhaI restric-
tion enzyme site located close to the nucleosome dyad and
about 100 bp of linker DNA on either side of the nucleosome
core region (Fig. 1B). Un-cross-linked control nucleosomes
incubated in remodeling buffer were resistant to HhaI cleav-
age, as expected, confirming that the 601 nucleosomes were
efficiently reconstituted and located at the expected position
on the 601 DNA fragment (Fig. 2A, lane 1). In the presence of
SWI/SNF or ATP alone, little or no cleavage of the nucleo-
some DNA is observed (a small amount of cleavage is likely
due to residual ATP that copurified with the SWI/SNF (Fig.
2A, lanes 2 and 3). However, when both SWI/SNF and ATP
were added to the reaction mixture, HhaI digested nearly all of
the nucleosomes in a 60-min incubation (Fig. 2A, lane 4),
indicating that the ATP-dependent remodeling activity of SWI/
SNF altered nucleosome structure and/or position to increase
accessibility of the HhaI site.

The effect of cross-linking on the ability of HhaI to digest
nucleosome DNA was then investigated by a restriction en-
zyme accessibility (REA) time course experiment. In the ab-
sence of SWI/SNF, nucleosomes containing N-terminally
cross-linked H2A were as resistant to HhaI digestion as control
nucleosomes over the entire time course of the reaction, fur-
ther indicating that the cross-linking did not alter nucleosome
positioning or stability (Fig. 2B). Time course experiments
carried out in the presence of SWI/SNF and ATP (Fig. 2C and
D) showed that approximately 5 to 10% of the DNA in un-
cross-linked and cross-linked nucleosomes was rapidly digested
by HhaI in 5 min and the percentage of cut nucleosome DNA
increased further with digestion time, with 80 to 90% of
nucleosome DNA digested in 60 min. These results indicate
that intranucleosome cross-linking of the N-terminal tail do-

mains of H2A has little effect on the SWI/SNF remodeling-
induced increase in HhaI site accessibility.

We next examined nucleosomes cross-linked via the H2A
C-terminal tail domains, which creates a loop around the DNA
superhelix that crosses the dyad axis of the nucleosome.
Nucleosomes containing H2A S128C were reacted with
BM[PEO]4 to cross-link the H2A C-terminal tail domains (Fig.
1E). Then substrates were remodeled with SWI/SNF, REA
assays were performed as described above (Fig. 2C), and the
extent of digestion was plotted versus time (Fig. 2E). Again,
little or no effect of cross-linking within H2A S128C-containing
nucleosomes on REA was detected, similar to results with the
nucleosomes with cross-linked H2A N-terminal tail domains.

The RSC ATP-dependent remodeling complex is related to
the SWI/SNF complex and mobilizes nucleosomes in a similar
manner (9). In addition, recent work shows that RSC can
generate a remodeling intermediate with DNA loops on the
nucleosome surface (43). We therefore determined the effect
of intranucleosomal cross-linking on the remodeling activities
of RSC by REA assays. Control and cross-linked nucleosomes
were remodeled by RSC in the presence of ATP and digested
with HhaI, and cleavage was quantified by gel electrophoresis
and phosphorimaging. Similar to results with SWI/SNF,
nucleosomes containing cross-linked N- or C-terminal H2A
tails were remodeled by RSC at rates nearly identical to those
for un-cross-linked controls (Fig. 2F and G).

In the previous experiments, we noticed a small effect of
intranucleosome cross-linking on the extent of REA at the
HhaI site, primarily at the longest times of digestion. However,
the cross-linked and un-cross-linked nucleosomes were di-
gested in separate reactions, so small differences in remodeler
or restriction enzyme activities may have contributed to these
differences. To ensure that cross-linked and un-cross-linked
nucleosomes were exposed to identical remodeling and restric-
tion enzyme activities and to test another restriction enzyme
and DNA template, distinguishable 5S nucleosome substrates
were combined in the same reaction pot. Nucleosomes recon-
stituted with H2A G2C on a 215-bp fragment were cross-linked
as described above, combined with an equal amount of un-
cross-linked nucleosomes reconstituted with a 244-bp 5S DNA
fragment (Fig. 3A), and then incubated in the same remodel-
ing reaction mixture. In the absence of SWI/SNF, both nucleo-
somes were resistant to digestion with EcoRV (Fig. 3C). How-
ever, in the presence of SWI/SNF and ATP, the cross-linked
and un-cross-linked nucleosomes were remodeled at virtu-
ally the same rate, but with the same small difference (�6 to
8%) in the extent of digestion of un-cross-linked versus
cross-linked nucleosomes detected in previous experiments
(Fig. 3B and C).

H2A-H2A cross-linking inhibits remodeling-induced nucleo-
some mobilization. Both SWI/SNF remodeling and RSC re-
modeling result in movement of nucleosomes from central
positions to the ends of DNA fragments, in a bidirectional
manner (9). Mobilization of nucleosomes can be monitored by
nondenaturing polyacrylamide gel electrophoresis, where the
end-positioned nucleosomes show more rapid mobility than
center-positioned nucleosomes. To determine whether cross-
linking alters the ability of SWI/SNF to mobilize nucleosomes,
the un-cross-linked 244-bp and cross-linked 215-bp 5S nucleo-
somes were remodeled with limiting amounts of enzyme and
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translational positions were analyzed on native polyacrylamide
gels. Nucleosomes on 5S DNA fragments adopt a distribution
of distinct translational positions near the center and upstream
ends of these fragments, as observed on the native gel (Fig. 4A,
lanes 1 and 2), consistent with previous chemical and nuclease
mapping studies (3, 28). When incubated with remodeling buf-

fer and ATP (no SWI/SNF) or SWI/SNF (no ATP) alone, the
nucleosomes exhibit unaltered distributions of translational
positions in the gel (Fig. 4A, lanes 1 to 8). However, when
nucleosomes were incubated with both ATP and SWI/SNF, the
nucleosome translational positions were significantly changed.
Almost all of the un-cross-linked 244-bp nucleosomes shifted

FIG. 2. Intranucleosome cross-linking has little effect on SWI/SNF- and RSC-dependent exposure of restriction enzyme sites within the 601
nucleosome. (A) ATP- and SWI/SNF-dependent exposure of the HhaI site within the 343-bp 601 nucleosome. Radiolabeled, purified nucleosomes
(0.5 nM) were incubated in remodeling buffer with 10 U HhaI (lane 1), with HhaI and 1 nM (1 nM) yeast SWI/SNF (ySWI/SNF) in the absence
of ATP (lane 2), with 1 mM ATP without ySWI/SNF (lane 3), or with both ATP and ySWI/SNF (lane 4), as indicated above the gel. Reaction
mixtures were incubated at 30°C for 60 min. Reactions were then stopped by addition of SDS loading buffer, and samples were analyzed on a 5%
SDS-polyacrylamide gel. (B) Time course assay of nucleosome digestion by HhaI in the absence of SWI/SNF. Cross-linked and un-cross-linked
nucleosomes containing H2A G2C were incubated with the restriction enzyme in remodeling buffer, reactions were stopped at the indicated times,
and digestion was analyzed as in panel A. (C) Cross-linked and un-cross-linked nucleosomes were incubated as in panel B except reaction mixtures
included 1 nM SWI/SNF. (D) The intensity of the undigested nucleosome band at each time point in panel C was quantified by phosphorimaging,
and the fraction (Fxn) of uncut nucleosomes was plotted versus digestion time. The squares and triangles represent un-cross-linked and
cross-linked nucleosomes, respectively. (E) As in panel D except that nucleosomes containing H2A S128C and cross-linked via the C terminus of
H2A were examined. (F and G) As in panels D and E, respectively, except that nucleosomes were incubated with 0.1 nM RSC.
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to a rapidly migrating species corresponding to translational
positions at the very ends of the DNA fragment as a result of
SWI/SNF remodeling (Fig. 4A, compare lanes 7 and 9). In
contrast, we found that about one-half of the 215-bp cross-
linked nucleosomes were converted to a rapidly migrating spe-
cies, while about one-half of the nucleosomes maintained
more-central positions on the 215-bp DNA fragment (Fig. 4A,
compare lanes 8 and 10). To confirm that the inhibition of
nucleosome mobilization is due to the cross-linking of the
H2A-H2A N-terminal tail domains rather than differences in
fragment length, un-cross-linked nucleosomes reconstituted on
the 215-bp 5S DNA fragment were assayed for nucleosome
positions before and after remodeling. Importantly, nearly
100% of the 215-bp 5S nucleosomes were mobilized to the
DNA ends in the presence of SWI/SNF and ATP, in contrast
to the cross-linked nucleosomes (lanes 11 and 12). These re-
sults indicate that the intranucleosomal cross-linking of the
H2A N-terminal tail domains inhibits SWI/SNF-induced mo-
bilization to end positions on the 5S DNA fragment.

We also examined nucleosome mobilization on the 343-bp
601 DNA fragment (Fig. 1B). Notably, nucleosomes contain-
ing N-terminally cross-linked H2As had translational position-
ing indistinguishable from those of un-cross-linked nucleo-
somes (Fig. 4B, lanes 1 and 2). Similar to what was found for
the 5S nucleosomes, incubation with remodeling buffer or buf-
fer containing SWI/SNF or ATP alone did not result in signif-

icant changes in the migration of the nucleosomes in the gel
(Fig. 4B, lanes 1 to 8). However, incubation of un-cross-linked
nucleosomes in the presence of both SWI/SNF and ATP re-
sulted in efficient conversion to species with substantially faster
electrophoretic mobility on the gel, consistent with a change of
nucleosome positions from the center to the ends of the DNA
templates (Fig. 4B, lane 9). Interestingly, two main remodeled
products with closely related translational positions near the
ends of the DNA fragment were observed on the gel. Previous
work suggests that the lower band corresponds to a position
abutting or shifted off the end of the DNA fragment (21), while
the slower-migrating band corresponds to a related, more in-
terior end position. We confirmed this assignment by restric-
tion enzyme (data not shown) and exonuclease III (Exo III)
mapping. Prior to remodeling a single Exo III-resistant band is
detected, consistent with a nucleosome at the expected loca-
tion at the center of the fragment (Fig. 4C, lane 1). After
remodeling, Exo III barely trims the end of the DNA (Fig. 4C,
compare lanes 2 and 3), while more-extensive digestion reveals
a second digestion pause, about 20 bp further in from the end
of the fragment (lane 4).

In contrast, when cross-linked 601 nucleosomes were re-
modeled, about 35% of nucleosomes retained their original
centrally located translational positions, without any apparent
movement, while �10% of the remodeled nucleosomes mi-
grated at intermediate positions between the center and end-
positioned nucleosomes (Fig. 4B, lane 10). Only about one-
half of the cross-linked nucleosomes were converted to rapidly
migrating species corresponding to positions near the end of
the DNA fragment. Notably, only a small percentage (5%) of
the nucleosomes were converted to the most rapidly migrating
species, while 50% maintained the more interior position at
the end of the DNA fragment (Fig. 4B, lane 10). Exo III
mapping shows that, while cross-linking does not alter the
location of the unremodeled nucleosome (Fig. 4C, lanes 1 and
5), the digestion pause after remodeling at the extreme end of
the DNA fragment is considerably weakened (Fig. 4C, com-
pare lanes 3 and 7). More-extensive Exo III digestion reveals
that the majority of the nucleosomes are located at a more
interior position, with much weaker protection at the extreme
end of the fragment (Fig. 4C, lanes 4 and 8). These results
demonstrate that the nucleosome mobilization activity of SWI/
SNF is restricted by the H2A-H2A N-terminal intranucleo-
some cross-linking and that the cross-linking nearly completely
inhibits the movement of nucleosomes to the endmost position
on the 601 DNA fragment.

To further analyze the extent of remodeling in the un-cross-
linked and cross-linked nucleosomes, time course experiments
were performed with increased amounts of enzyme. Nucleo-
somes were incubated with SWI/SNF and ATP, and reactions
were stopped by adding excess calf thymus DNA. Results were
analyzed on native translational gels as above. Remodeling of
un-cross-linked nucleosomes resulted in accumulation of end
positions with increasing time such that almost 95% of un-
cross-linked nucleosomes were mobilized to the DNA ends in
60 min, with the vast majority of nucleosomes moved to the
most rapidly migrating species, corresponding to the endmost
position on the DNA fragment (Fig. 5A, left). In contrast,
cross-linked nucleosomes were mobilized to a reduced extent
and, strikingly, accumulated at the interior position near the

FIG. 3. Intranucleosome cross-linking has little effect on SWI/SNF-
dependent exposure of restriction enzyme sites within the 5S nucleo-
somes. (A) Nucleosomes were reconstituted on 244-bp and 215-bp 5S
DNA with H2A G2C and wild-type H3/H4, and the N-terminal tails
within the 215-bp nucleosomes were cross-linked as described in the
text. (B) The same amounts of cross-linked and un-cross-linked
nucleosomes were mixed together and subjected to EcoRV digestion
in the absence of SWI/SNF or presence of 1 nM SWI/SNF for the
indicated times. (C) Plot of the fraction of uncut 5S nucleosomal
DNAs versus digestion time.
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end of the fragment but did not advance to the extreme end-
most location (Fig. 5A, right). A plot of the amount of nucleo-
somes in the original, unmobilized position shows that, while
about 5% of the un-cross-linked nucleosomes remained at the
central location after 60 min of remodeling, �20% of the
cross-linked nucleosomes remained at the central location
(Fig. 5C).

To assess whether cross-linking would similarly restrict the
nucleosome mobilization activity of RSC, similar time course
experiments were performed. Compared to remodeling by
SWI/SNF, nucleosomes were remodeled by RSC more rapidly
in the first 10 min (Fig. 5B, lanes 2 to 4), but both remodelers
mobilized nucleosomes to apparently the same positions, as
shown in the translational gels (Fig. 5, compare panels A and
B). Importantly, we found that cross-linking has the same ef-
fect on RSC nucleosome mobilization activity as that observed
with SWI/SNF, whereby cross-linking results in almost a com-
plete inhibition of mobilization to the extreme end position
(Fig. 5B, compare lanes 9). Likewise, a similar effect on the
amount of nucleosomes mobilized from the original central
position is observed (Fig. 5D). Interestingly, the effect of cross-
linking on remodeling-dependent mobilization to the extreme
end position was also detected by Exo III analysis. Mapping of
cross-linked nucleosome locations after remodeling revealed a
diminution of the extreme end position (Fig. 4C, lane 8, open
circle), with the majority of nucleosomes mapping to the more
interior position (Fig. 4C, lane 8, solid circle). These results
indicate that both complexes are similarly affected by in-
tranucleosome cross-linking and are consistent with the idea
that both employ similar mechanisms to induce nucleosome
movement.

To determine whether the incomplete mobilization of cross-
linked nucleosomes to the extreme end position was due to
slower kinetics or a physical block to mobilization, we exam-
ined nucleosome mobilization with saturating amounts of
RSC. Under such conditions, nearly complete movement of
cross-linked and un-cross-linked nucleosomes was achieved at
very early time points (Fig. 5E). Significantly, remodeled un-
cross-linked nucleosomes exhibited the two translational posi-
tions close to the DNA ends, as discussed above (Fig. 5E, left).
However, the cross-linked nucleosomes were not moved to the
extreme end position, even with saturating amounts of RSC,
after long incubation times (Fig. 5E, right).

Likewise, experiments with 601 and 5S nucleosome H2As
cross-linked via the C-terminal tail domains show that a con-
straining loop around the DNA near the dyad axis also restricts
nucleosome mobilization in a manner similar to that observed
with nucleosomes containing N-terminally cross-linked H2A.
Cross-linked nucleosomes are mobilized from the central po-
sition to end positions on the 601 fragment at a slower rate,
and cross-linking restricts mobilization to the extreme end
position (data not shown).

FIG. 4. Intranucleosome cross-linking inhibits nucleosome mobili-
zation by SWI/SNF. Nucleosomes cross-linked via the N-terminal tail
domains of H2A and un-cross-linked controls were remodeled by
incubation with 1 nM SWI/SNF, and translational positions were an-
alyzed on 4% polyacrylamide translational gels as described in Mate-
rials and Methods. (A and B) Remodeling of un-cross-linked and
cross-linked nucleosomes assembled on 244-bp and 215-bp 5S DNA
fragments, respectively (A) or on the 343-bp 601 DNA fragment (B).
Lanes 1, 3, 5, 7, and 9 show un-cross-linked 244-bp control nucleo-
somes, while lanes 2, 4, 6, 8, and 10 contain cross-linked nucleosomes
on the 215-bp fragment. Samples were incubated either in TE (lanes 1
and 2), in remodeling buffer alone (lanes 3 and 4), or in remodeling
buffer and ATP alone (lanes 5 and 6), SWI/SNF alone (lanes 7 and 8),
or both SWI/SNF and ATP (lanes 9 and 10). Nucleosome positions
represented by each of the bands are shown beside the gel. Lanes 11
and 12 in panel A show un-cross-linked nucleosomes on the 215-bp 5S
template before and after remodeling, respectively. (C) Exonuclease
III mapping of nucleosome positions before and after RSC remodel-
ing. Remodeling reactions with nucleosomes containing H2A G2C and
the 343-bp 601 DNA fragment were stopped by addition of 300 ng CT
DNA and then subjected to Exo III digestion for 5 min, and the
products were analyzed by sequencing gel electrophoresis and autora-
diography. Lanes 1 and 2, unremodeled control nucleosomes incu-
bated with or without 0.25 unit of Exo III, respectively; lanes 3 and 4,

remodeled control nucleosomes incubated with 0.25 or 0.5 unit of Exo
III; lanes 5 and 6, unremodeled cross-linked nucleosomes incubated
with or without 0.25 unit of Exo III; lanes 7 and 8, remodeled, cross-
linked nucleosomes incubated with 0.25 or 0.5 unit of Exo III, respec-
tively.
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Inhibition of nucleosome mobilization is not due to addition
of a bulky adduct to the H2A tail domain. An alternative
interpretation of the differences in mobility between remod-
eled cross-linked and un-cross-linked nucleosomes is that
cross-linking with BM[PEO]4 results in restricted dimer evic-
tion or histone dissociation. To address this possibility, nucleo-
somes were analyzed on 0.7% agarose nucleoprotein gels be-
fore and after RSC remodeling reactions. The tetramer,

hexamer, and other subnucleosomal species exhibit distinct
migrations on these gels, but nucleosomes with different trans-
lational positions have similar mobilities on agarose gels. Sam-
ples of remodeled and unremodeled nucleosomes were split
and loaded onto both acrylamide and agarose gels after addi-
tion of CT DNA to dissociate SWI/SNF (Fig. 6A and B), and
the results were analyzed by phosphorimaging. While remod-
eled and unremodeled nucleosomes exhibit distinct migration
patterns on the acrylamide gel, as observed in previous exper-
iments, no difference is detected on the agarose gel. Moreover,
remodeled un-cross-linked and cross-linked nucleosomes ex-
hibited identical electrophoretic mobilities, even compared to
the unremodeled particles on the agarose gel (Fig. 6B). These
results indicate that remodeling does not result in significant
dissociation of the histone octamer, consistent with a recent
report that such activity is minimal on strong nucleosome po-
sitioning sequences (54). Moreover, cross-linking clearly does
not result in a reduction in histone dissociation from the re-
modeled species.

A second possibility is that the altered movement of cross-
linked nucleosomes is due to the presence of the bulky cross-
linking modification itself. To investigate this possibility, H2A
G2C in reconstituted nucleosomes was site-specifically modi-
fied by reacting with fluorescein-5-maleimide (FM). FM effi-
ciently reacts with free sulfhydryl groups within proteins and
has a molecular mass of 427 kDa, similar to that of the cross-
linker BM[PEO]4. Thus, modification with FM mimics the
addition of BM[PEO]4 but without resulting in H2A-H2A
cross-linking. Nucleosomes containing H2A G2C were modi-
fied with FM and then radiolabeled with [�-32P]ATP, and the
labeled nucleosomes were purified by 5 to 30% glycerol gra-
dients as described above. The alterations of nucleosome
translational positions induced by RSC remodeling were char-
acterized by electrophoresis on 4% native translational gels. As
shown in Fig. 6C, FM-labeled and unlabeled nucleosomes are
efficiently mobilized by RSC and show exactly the same migra-
tion properties on the gel, indicating that the site-specific mod-
ification does not interfere with the nucleosome mobilization
activity of RSC. Thus, the apparent inability of SWI/SNF and
RSC to completely mobilize nucleosomes to the very end po-
sition on the DNA fragment is unlikely to be due to simple
inhibition by the presence of a bulky modification on the H2A
tail domains, but rather appears to be due to the presence of a
bona fide cross-link.

DISCUSSION

We find that nucleosomes containing protein loops that re-
strict DNA from separating from the surface of the histone
octamer at two locations on the nucleosome do not signifi-
cantly interfere with exposure of internal DNA sites, as mea-
sured by restriction enzyme accessibility assays, but do impair
mobilization of the bulk of nucleosomes by SWI/SNF or RSC.
When considered with recent evidence that these enzymes
translocate DNA within the nucleosome and form internal
DNA loops, our results place strict requirements on models for
the mechanism of nucleosome remodeling by these enzymes.

Recent work has demonstrated that DNA is likely drawn
into the nucleosome by a translocase activity that contacts
nucleosomal DNA near superhelix position �2.5 (40, 42, 58)

FIG. 5. Cross-linking inhibits remodeling-dependent nucleosome mo-
bilization to a position off the end of the DNA fragment. (A) Nucleo-
somes were reconstituted on the 343-bp 601 DNA fragment with H2A
G2C, and un-cross-linked and cross-linked nucleosomes (0.5 nM) were
remodeled with 3 nM SWI/SNF. Reactions were stopped at various
times by addition of competitor DNA, and products were analyzed on
nondenaturing 4% polyacrylamide translational gels. Assigned trans-
lational positions relative to the DNA are shown on the right of the
gels. (B) As in panel A except that remodeling was carried out with 0.1
nM RSC complex. (C and D) The bands corresponding to the original
centrally located nucleosomes in panels A and B, respectively, were
quantified and plotted versus remodeling time. (E) Remodeling of
un-cross-linked and cross-linked nucleosomes containing H2A G2C
with saturating RSC. Reaction mixtures containing 0.5 nM RSC were
incubated at 30°C for 5 min, and the remodeling reactions were initi-
ated by addition of 0.8 �M ATP. Reactions were stopped at the
indicated times, and samples were analyzed as described for panel A.
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and that RSC nucleosome remodeling intermediates with pro-
truding DNA loops that are resolved in some manner to yield
mobilized nucleosomes can be observed (43). Loop formation
is believed to result in increased accessibility to restriction
enzymes (34) and can occur prior to mobilization (43). A
simple model posits that internal DNA loops move around the
nucleosome via a wavelike motion to effect advancement of the
histone octamer along the DNA (14, 26). However, cross-
linking the N- or C-terminal tail domains together results in
constraints at superhelix location (SHL) positions �4 and �0
(dyad), respectively, that apparently hinder but do not block
nucleosome mobilization. Thus, our results indicate that free
diffusion or directed motion of a DNA loop or bubble is not a
primary mechanism by which DNA loops progress about the

histone octamer surface, as the cross-linked H2A tail domains
would prohibit loops from freely passing these restriction
points.

Interestingly, our REA analyses indicate that the rate of
initial loop formation is likely not affected by the cross-linking,
suggesting that the inhibition we observe occurs at a step after
initial loop formation. Moreover, the fact that we observe a
reduction in the rate of mobilization but not a total block to
movement suggests that cross-linking does not grossly alter the
remodeling pathway. We therefore propose that loops do not
diffuse about the exterior of the nucleosome but rather feed
through specific restriction points by threading past fixed con-
strictions (Fig. 7). An important aspect of this model is that
initial loops feed formation of secondary loops by sliding or

FIG. 6. Differences in remodeling products are not due to differential histone loss. (A and B) N-terminally cross-linked and un-cross-linked
nucleosomes were remodeled with 3 nM SWI/SNF for 60 min. Reactions were terminated by addition of competitor DNA, and samples were split
and run on the native acrylamide (A) and agarose (B) gels. Lanes 1 and 3, un-cross-linked nucleosomes; lanes 2 and 4, cross-linked nucleosomes.
Nucleosomes in lanes 3 and 4 were remodeled by SWI/SNF, as indicated. (C) Modification without cross-linking of nucleosomes containing H2A
G2C does not inhibit nucleosome mobilization. Nucleosomes were modified with fluorescein-maleimide and then subjected to RSC remodeling
as indicated. Products were analyzed on 4% acrylamide nucleoprotein gels as described in Materials and Methods.

FIG. 7. Threading model for movement of DNA vis-à-vis the histone octamer during SWI/SNF or RSC nucleosome remodeling. The model
indicates that the remodeling complex induces formation of an internal loop, perhaps by unwrapping and rewrapping of DNA beyond the original
register. The loop then feeds into a second loop by shuttling along the surface of the nucleosome at a constriction point (red lines) provided by
the H2A tail domains. Further threading, perhaps driven by the remodeling complex, works the extra DNA in the loop through the body of the
nucleosome. Superhelix locations 0 to 7 are indicated in the first cartoon, with the dyad axis of the nucleosome oriented horizontally. Primary
contacts of the remodeler with nucleosome DNA are indicated in purple and orange (58). DBD, DNA binding domain.
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threading of the DNA through constrictions on the surface of
nucleosomes. We propose that such constrictions are a natural
feature of nucleosome remodeling and are perhaps due to sites
of association of the native tail domains with the DNA on the
exterior of the nucleosome.

For example, both N-terminal tail domains are intimately
associated with nucleosomal DNA at SHL position �4 and
involve contacts to the DNA backbone by four basic residues
(two arginines and two lysines) within the 12-residue domain
(33). Thus, it is possible that the tail domains serve to maintain
tight association of the nucleosome DNA with the surface of
the histone octamer, while loops form between tail domain
contact points. It is unclear how many of the tail domains
provide such constraint, but it is interesting to note that, of
these domains, the H4 and H2A N-terminal tails exit the
nucleosome over/under the two superhelical gyres, while the
H3 and H2B tail domains exit between the gyres, perhaps
resulting in less constraint. In addition it is possible that asso-
ciation of the ATP-dependent translocase activity with nucleo-
some DNA near superhelix location �2 also provides a con-
straint (Fig. 7, orange bar), forcing the loop to extrude at about
SHL position �3.5.

We also note that the effect of cross-linked loops on nucleo-
some mobilization to the most extreme end position observed
in the control reactions is not simply due to the presence of a
bulky modification on the H2A tail domains or a lack of H2A/
H2B dimer dissociation from the remodeled nucleosomes.
This result is consistent with a recent study, which showed that
octamer ejection or dimer displacement activities of remodel-
ers are minimal on nucleosomes containing robust nucleosome
position elements (44, 54). The effects of cross-linking on
nucleosome mobilization to the extreme end location may be
related to the threading mechanism we propose. It is possible
that a larger threshold amount of DNA contained within a
primary loop is required to thread past the enhanced restric-
tion provided by the cross-linked loops than is required for the
un-cross-linked tail domains. Thus, we envision that, as the
nucleosome reaches the extreme end of the fragment, insuffi-
cient DNA remains to accumulate to the threshold loop size,
thereby resulting in the nucleosome remaining at the penulti-
mate position on the fragment. Alternatively, the presence of
the cross-link may emphasize a requirement for remodeler-
dependent lifting of the proximal linker DNA, consistent with
an unwinding-recapture mechanism for initial loop formation
(15). Finally, it is important to note that Exo III trimming
denotes the most exterior DNA location in contact with the
histone octamer, and therefore an alternative possibility is that
cross-linking affects retention of an internal DNA loop (43).

As mentioned above, we also observe that H2A tail-H2A tail
cross-linking does not alter remodeling-dependent REA. In
prior work, we demonstrated that a single covalent cross-link
between nucleosome DNA and a core histone was sufficient to
block remodeling-dependent increases in REA at distant sites
in the nucleosome, suggesting that initial internal loop forma-
tion involves concerted reorganization of histone-DNA inter-
actions throughout the nucleosome (2). While histone-DNA
cross-linking restricts both separation of DNA from the his-
tone surface and lateral movement of the DNA with respect to
the histone protein, the cross-linking in the current work pro-
vides only the former impediment. Moreover, a recent careful

analysis of the activity of a minimal RSC translocase complex
on naked DNA indicates a distinct rate-limiting initiation
phase, which may involve multiple small steps of translocation
leading to initial DNA loop formation (45), while ACF trans-
lation may involve step sizes as small as 3 bp (6). Thus, remod-
elers may be designed to thread small segments of DNA past
constriction points on the nucleosome surface.
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