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ABSTRACT: The Swi/Snf chromatin-remodeling complexes, human BAF/PBAF and yeast RSC, can catalyze
formation of stably altered dimeric forms of nucleosomes. However, the ability to create remodeled dimers has not
yet been reported for the Saccharomyces cerevisiae Swi/Snf complex. Despite its similarity with the other Swi/Snf
proteins, the yeast Swi/Snf complex features certain structural and functional differences. This raises the question of
whether ySwi/Snf can in fact catalyze formation of dimeric nucleosomes. Dimer formation was proposed to have a
specific impact on chromatin regulatory effects. Thus, the answer to the above question may be helpful in clarifying
the ySwi/Snf functions in vivo and generalizing the notions of the regulatory principles of Swi/Snf family proteins.
Here we describe ySwi/Snf-catalyzed formation of nucleosome dimers using mono- and dinucleosome templates
assembled from purified histones and DNA of the high-affinity (601) nucleosome positioning sequence. We
evaluated effects of nucleosome template geometry on the formation of altered dimers and assayed formation of

altered nucleosome pairs on reconstituted dinucleosomes.

The basic unit of chromatin organization is the nucleosome,
which consists of 146 bp of DNA wrapped around an octamer of
histone proteins (/). Such dense DNA packaging, needed to fit
DNA in nucleus, reduces DNA accessibility and dynamics, which
are required for the expression and maintenance of the eukaryotic
genome. A family of ATP-dependent chromatin remodeling com-
plexes can alter the tight wrapping of nucleosomal DNA and faci-
litate mobilization of histone octamers. Remodeling complexes can
be divided into Swi/Snf, Iswi, CHD, and INOS80 protein families on
the basis of the similarity of their ATPase subunits (2).

The Swi/Snf proteins, initially identified in Saccharomyces
cerevisiae (3, 4), in addition to the catalytic subunit contain 8—14
proteins, which determine the features and specialization of Swi/
Snf complexes. Most eukaryotes utilize two related Swi/Snf
remodelers: one subfamily comprises yeast Swi/Snf, fly BAP,
and mammalian BAF, whereas the other subfamily includes
yeast RSC, fly PBAP, and mammalian PBAF (2, 5, 6). All tested
Swi/Snf complexes possess several common biochemical activ-
ities, such as the exposure of nucleosomal DNA, nucleosome
sliding, and histone octamer transfer (2, 5, 6). Depending on the
conditions, a particular effect (octamer transfer as in refs 7 and 8
or sliding as in refs (9—13)) may be dominating or an exclusive
outcome of the remodeling reaction.

In addition to nucleosome mobilization activities, human BAF/
PBAF complexes (purified via the affinity-tagged common subunit,
Inil) and related yeast RSC complex (/4) can connect two mono-
nucleosomes together to form an altered noncovalent dimer of
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mononucleosomes, in which ~60 bp of DNA is more weakly
bound than in normal nucleosomes (8, /5, /6). BAF/PBAF pro-
teins can also generate structurally altered pairs of adjacent nucleo-
somes on polynucleosomes (termed “altosomes”) as evidenced by
altered MNase' digestion pattern, which shows an increase in the
amount of internucleosomal fragments in the regular ladder of
nucleosome-sized DNA multimers (/7). These asymmetric struc-
tures appear to contain two intact histone octamers; however,
instead of the single 292 bp protected fragment typical of two
closely abutting nucleosomes, the altosomes protect one internu-
cleosomal-sized fragment of 220 bp and one 70 bp subnucleosomal
fragment (/7). The formation of structurally altered dimers and
dinucleosomes was supported by direct imaging of remodeled
mono- and polynucleosomes by atomic force microscopy (/6).
Altered dimers and dinucleosomes possess an “inverted” accessi-
bility to transcription factors, such as the accessibility of DNA in
altered dimers for Gal4 binding being the opposite of that for
normal nucleosome cores [highest in the middle of the template and
lowest at the ends (15, 18, 19)], suggesting that dimers might func-
tion to facilitate factor access to nucleosomal DNA. The functional
roles for altosomes in vivo were emphasized by studies showing that
subnucleosomal MNase footprint products, associated with tran-
scription, can result from BAF/PBAF action (17).

However, the ability to catalyze formation of altosomes or
altered nucleosome dimers remained obscure for the S. cerevisiae
Swi/Snf complex. It was mentioned that the altered dimers were not
observed even under conditions that rule out possible dissociation
of dimers upon gel electrophoresis (//); nucleosome dimers were
also not observed in experiments, including activation domain-
targeted ySwi/Snf remodeling (20). Despite the evident similarity

'Abbreviations: BSA, bovine serum albumin; DNase 1, deoxyribo-
nuclease I; MNase, micrococcal nuclease; PAGE, polyacrylamide gel
electrophoresis; SDS, sodium dodecyl sulfate.
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F1GURE 1: Purification and characterization of the S. cerevisiae Swi/Snf complex. (A) Purified ySwi/Snf, resolved on SDS—PAGE and stained
with silver reagent. Three PAGE concentrations are given to show the separation of ySwi/Snf subunits. (B) ATPase activity of the isolated ySwi/
Snf complex using various nucleosome and DNA substrates, depicted at the bottom. The rectangles and rectangles in ovals indicate the minimal
601 positioning sequence and the 601 positioned nucleosomes, respectively; the numbers give the sizes (base pairs) of extranucleosomal DNA.

with the other Swi/Snf family members and common major chro-
matin restructuring activities in vitro, ySwi/Snf possesses a number
of structural and functional differences (see Discussion). This raised
the question of whether yeast Swi/Snf can generate dimeric nucleo-
some structures. Altosome formation and nucleosome reposition-
ing were proposed to have distinct, temporally staged regulatory
effects in vivo (17, 19); thus, an answer to the question posed above
may help to clarify the ySwi/Snf functions in vivo and the gene
regulatory principles of Swi/Snf chromatin modifiers in general.

However, some structural and functional variability is to be
expected among distinct Swi/Snf complexes as they come from
different organisms and have different compositions and sub-
specialization. Given the degree of conservation among them
(reviewed in ref 2) and the evident separation of known chro-
matin remodeling complexes to the individual families, conserved
from yeast to mammals (2), there is a reasonable expectation that
members of the same family should share same general features,
including basic biochemical activities, even though these activ-
ities may require different contexts to be clearly evinced in vitro.
The in cis and in trans nucleosome dimerization is likely to be
such a general feature of the Swi/Snf proteins, important for their
specific functional roles in vivo.

Here we describe formation of altered nucleosome dimers in the
ySwi/Snf-catalyzed reaction using a variety of mono- and dinucleo-
some templates assembled from purified HeLa histones and DNA
of the high-affinity (601) nucleosome positioning sequence (21, 22).
We evaluated the effects of nucleosome template geometry on the
formation of altered dimers and assayed formation of altered
nucleosome pairs on reconstituted dinucleosome templates.

EXPERIMENTAL PROCEDURES

DNA Templates for Nucleosome Assembly. The Notl/
NilallI fragment of pGEM3Z601R (23), containing the minimal
601 nucleosome positioning sequence (27, 22), was cloned

between the Notl and Xbal sites of pBluescript 11+ (the Nlalll
and Xbal termini were preblunted with Klenow) to give plasmid
pBS601. To prepare pBS601N, pBS601 was cleaved with Notl, and
the termini were filled in with dNTPs/Klenow Exo- and religated.
DNA templates for mononucleosomes were derived from pBS601
or pBS60IN using pairs of restriction enzymes that leave a
desirable amount of flanking DNA on the ends of the 601 sequence.
To prepare DNA templates for dinucleosomes, an additional 601
fragment was cloned in the polylinker of pBS601 or pBS601N; the
dimer of the 601 sequences was derived using appropriate pairs of
restriction enzymes, usually Sacl and Sacll or EcoRI and HindIII
(Figure 1B, see also the Supporting Information for the sequences
and preparation of DNA templates and construction of plasmids).
For MNase footprinting, DNA templates were end-labeled with
[y-**P]dATP and Klenow Exo-.

ySwi/Snf Purification and Activity Assay. The yeast Swi/
Snf complexes was purified from S. cerevisiae extracts through
TAP-tagged Swi2 protein by the tandem-affinity (TAP) method as
described elsewhere (24—26), except the complex was eluted from
the Calmodulin Sepharose with a buffer containing 400 mM NaCl,
concentrated, and brought to 100 mM NaCl by buffer exchange in
Centricon 30 tubes (Millipore). Isolated proteins were examined
by SDS—PAGE with subsequent staining with silver reagent (Bio-
Rad). The ATPase activity of the remodeling complexes was
assayed in a 5 uL reaction mixture, containing 50 ng of core
histones or DNA or 100 ng of nucleosomes or buffer only, 5 ng of
ySwi/Snf, 0.35 uCi of [y-**P]ATP, and 0.1 mM cold ATP. The
reaction mixtures were incubated at room temperature for 40 min,
and then 1 uL. was spotted onto PEI Cellulose F plates (EMD
Chemicals) and resolved in 0.15 M LiCl and 0.15 M formic acid.
The plates were exposed to a Phosphorimage screen and quantified
on a Typhoon Scanner (GE/Molecular Dynamics).

Nucleosome Reconstitution and Assays. Nucleosomes
were reconstituted by step dilutions of a 2 M NaCl mixture of
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purified histones and DNA (starting concentrations of 0.5 ug/uL)
as described in ref 24, except the initial dilution buffer contained
10 mM Tris-HCI (pH 7.4), | mM EDTA, 0.5 mM PMSF, and
50 ug/mL BSA (fraction V, Sigma), and the final dilution buffer
contained 10 mM Tris-HCI (pH 7.4), 5 mM MgCl,, | mM
EDTA, 0.05% NP-40, 4 mM DTT, 0.5 mM PMSF, and 50 ug/
mL BSA. Where indicated, nucleosomes were purified in native
polyacrylamide gels. To evaluate reconstitutions, 5—7 uL nucleo-
some aliquots were mixed with /5 volume of a 60% sucrose/
0.01% xylene cyanol mixture in 1x TE (pH 7.6) and resolved via
5-5.5% native PAGE (29:1 or 50:1 acrylamide:bisacrylamide
ratio) in 0.5E buffer (1XE = 40 mM Tris-OH, 20.6 mM acetic
acid, 5 mM sodium acetate, and 2mM EDTA) ora 0.5 TBE/0.5E
mixture and stained with ethidium bromide.

Nucleosome remodeling was performed directly in the nucleo-
some assembly buffer [10 mM Tris-HCI (pH 7.4), 1 mM EDTA,
100—110 mM NaCl, 2.5 mM MgCl,, 2mM DTT, 0.025% NP-40,
50 ug/mL BSA, and 0.5 mM PMSF], supplemented with 1 mM
ATP and additional 2.5 mM MgCl,. The 10 #L reaction mixtures
contained 120 ng of assembled DNA templates and ~7, ~20, or
~50 ng of ySwi/Snf complex (the molar ratios of ySwi/Snf to DNA
templates were ~1:15/45/120 and 1:30/100/250 for mono- and
dinucleosome templates, respectively). After incubations at room
temperature for 1.5 h, 5—7 uL reaction aliquots were mixed with '/
volume of a 1 xTE/60% sucrose/0.01% xylene cyanol mixture and
resolved via 5—35.5% native PAGE as described above.

To examine nucleosome structure with micrococcal nuclease
(Worthington Biochemical), remodeling reactions were per-
formed in a total volume of 100 L using nucleosomes assembled
on [y-*P]DNA template. The position of the labeled nucleotide is
indicated in the figures (the 3'-end of the DNA template). The
ySwi/Snf to DNA molar ratios were 1:50 and 1:100 for mono- and
dinucleosome templates, respectively. Remodeling was terminated
by a 20 min incubation with 25—50 milliunits of apyrase (New
England Biolabs). Nucleosome aliquots (15—20 uL) were digested
for 2 min with increasing amounts of MNase. DNA was isolated
and resolved via 7% native PAGE (19:1 acrylamide:bisacrylamide
ratio). Gels were dried and exposed to a Phosphorimage screen.

The accessibility to restriction endonucleases (New England
Biolabs) was assayed using unlabeled nucleosome templates in
20 uL remodeling reactions as described above. Remodeling was
terminated by incubation with 10 milliunits of apyrase for 15 min at
room temperature. Then nucleosomes were digested with 10 units of
restriction enzyme for 30 min at room temperature. DNA was
isolated and resolved on 7% native polyacrylamide gels (29:1
acrylamide:bisacrylamide ratio) and stained with ethidium bromide.

RESULTS

Justification of Experimental Conditions. The yeast Swi/
Snf complex was isolated from S. cerevisiae cell extracts through
the TAP-tagged catalytic subunit, Swi2p protein (Figure 1A).
Nucleosomes were reconstituted using purified HeLa histones
and DNA templates, containing monomers or dimers of the
“minimal” 601 high-affinity nucleosome positioning sequence
(Figure 1B). The 292 bp sequence “601”, predicted from the
alignment of a number of nonredundant high-affinity positioning
sequences, features an inherent palindromic symmetry and
several conserved stretches within a central 71 bp portion of
the nucleosomal DNA (21, 22). Its “minimal” 147 bp central
fragment possesses affinity for histone octamers comparable to
that of the full-length 601 sequence (21, 22). One or two copies of
the minimal 601 sequence were cloned in pBluescript polylinker;
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then DNA templates containing the required amount of the 601-
flanking DNA were retrieved with appropriate pairs of restric-
tion enzymes (see the Supporting Information for the sequences
and preparation of DNA templates). The size of flanking DNA is
indicated in the figures (see Figure 1B, for example). It has been
proposed that formation of altered nucleosome dimers might be
efficient only when the DNA template has sufficient DNA length
to occupy normal histone/DNA contact points and also spans the
gaps between octamers (/9). Therefore, the used DNA templates
contained at least 20 bp of the 601-flanking DNA.

Most of the previous ySwi/Snf studies utilized nucleosomes
assembled on the moderate nucleosome affinity DNAs, like the
Xenopus or sea urchin 5S rDNA positioning sequences (27, 28),
which do not show the high binding affinity or strong positioning
properties of the 601 sequence (21, 22). However, the action of Swi/
Snf proteins can be differentially controlled by DNA sequence-
specific properties, which influence both the distribution and nature
of the remodeled product (29—34). More strong association of the
histone octamer with the 601 DNA may reduce the level of forma-
tion of intramolecular intermediates, in which entering or exiting
DNA ends are held by the same histone octamer, in favor of forma-
tion of the altered nucleosome dimers (see Discussion).

The usual in vitro studies of ySwi/Snf functions have used a
total nucleosome concentration similar to, or only slightly greater
than, the concentration of the complex, a situation that is unlikely
to occur in vivo considering the low ratio of ySwi/Snf to nucleo-
somes in the nucleus (discussion and references in ref 20). Under
the in vitro conditions described above, a direct association
between the complex and substrate may also take place, and
even predominate over a catalytic ySwi/Snf action. In the experi-
ments described below, the ratio of the ySwi/Snf complex to
nucleosomes was ~1:40—50 (plus 3-fold higher and lower if three
ySwi/Snf concentrations were used).

To avoid possible interference with the carrier oligo- or
mononucleosomes, the latter were omitted. Instead, the nucleo-
some probe of interest comprised the total chromatin content in
the reaction (~10—12 ng/uL of DNA). Higher concentrations of
nucleosomes, smaller amounts of the Swi/Snf complex, and NaCl
concentrations of 100—110 mM should emphasize the catalytic
function of ySwi/Snf. This also allowed omission of the addition
of an excess of competing nucleosomes or DNA to release the
altered nucleosomes from the remodeling complex, avoiding
associated uncontrolled effects (like the dissociation of altered
dimers). Therefore, it was shown that altered species can be
released from the RSC complex without the addition of compe-
titors, if nucleosomes are assembled on >200 bp DNA (/4). The
liberation of altered dimers from the BAF/PBAF complex was
also significantly facilitated by an increased (> 100 mM) con-
centration of NaCl (/5). In addition, elevated concentrations of
nucleosomes were shown to facilitate formation and stabilization
of the altered nucleosome dimers (/4).

The ATPase activity of ySwi/Snf was assayed in the presence of
free core histones, naked DNA, or mono- and dinucleosomes.
Conditions were similar to the ones in the experiments described
below (Figure 1B). To keep an equal amount of histone octamers
in all reaction mixtures, dinucleosomes were added at a 2-fold
lower molar ratio than mononucleosomes. The ATPase hydrolysis
was not stimulated significantly by free histones but was stimulated
by nucleosomes and, to some extent, by naked DNAs, which is
consistent with the reported DNA-dependent ATPase activity of
the SWI2 protein (35, 36). The ySwi/Snf ATPase activity was
higher on di- than on mononucleosomes. A similar effect was also
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FIGURE 2: Yeast Swi/Snf catalyzes formation of noncovalent nucleosome dimers from mononucleosomes with various extranucleosomal DNA.
The schemes of nucleosome templates are shown atop the figures. The rectangles in ovals indicate the 601-positioned nucleosomes; the numbers
show the sizes (base pairs) of the extranucleosomal DNA. (A) Gel mobility shift assay of mononucleosomes (200 ng) remodeled with 7, 20, or 60 ng
of the ySwi/Snf complex (the molar ratios of ySwi/Snf to the DNA template are ~1:120, ~1:45, or ~1:15). (B) ySwi/Snf remodeling products
resolved via native PAGE. The ratio of ySwi/Snf to nucleosomes is ~1:5; the reaction was conducted at 30 °C. The densitometric tracing of gel

segments is shown at the right.

seen upon comparison of equal (mass) quantities of di- or mono-
nucleosomal bare DNA template. This may reflect a natural prefe-
rence of ySwi/Snf for larger substrates, suggesting that nucleosome
arrays may better mimic the native substrate of the ySwi/Snf
complex. It may also be indicative of a certain cooperativity of Swi/
Snf action: at the low ratio of the complex versus substrate,
remodeling one nucleosome in a pair may target Swi/Snf activity
to the other nucleosome. A higher ATPase activity on dinucleo-
somes also may be due to a continuous ATP hydrolysis required to
maintain an altered state of a nucleosome in a dinucleosome, as
arrayed nucleosomes, in contrast to mononucleosomes, reverse
rapidly in the original state (10).

It has been found that the ySwi/Snf complex binds to nucleo-
some cores with an affinity only slightly higher than that for
naked DNA; binding of the complex to DNA (37) and nucleo-
somes is independent of ATP (37, 38).

The Yeast Swi/Snf Complex Can Catalyze Formation of
Stable Noncovalent Nucleosome Dimers from Mononu-
cleosomes Assembled on Various 601 DNA Templates. The
formation of altered products was examined by the gel mobility
shift assay after incubation of nucleosomes with ySwi/Snf and ATP.
Remodeling was typically performed in a 10 uL reaction mixture
containing 100 ng of DNA template assembled in nucleosomes at a
NaCl concentration of 100—110 mM (at molar ratios of Swi/Snf to
DNA template of ~1:15, ~1:45, or ~1:120). After a [-1.5 h
incubation at 25 °C, reaction mixtures were resolved via 5% native
PAGE and stained with ethidium bromide (Figure 2A). Unremo-
deled nucleosomes formed a defined band indicative of strictly posi-
tioned histone octamers. In the presence of ATP, the nucleosomal

pattern was resolved into two major bands, one that had the same
mobility as original nucleosomes and a second, much slower
migrating band, corresponding to the altered nucleosome species.
Given the strong resemblance of the gel mobility shift pattern of this
product and the gel shift patterns of RSC- and BAF/PBAF-
generated altered nucleosome dimers (8, 14, 15, 18), we have
attributed this band to the noncovalent association of two nucleo-
somes in the altered form. Formation of such dimeric products was
observed using mononucleosome templates with a variable amount
of extranucleosomal DNA (Figure 2A). The band of altered species
was well-defined for nucleosomes assembled on relatively short
DNA templates but was fuzzier for nucleosomes containing more
than 60—70 bp of extranucleosomal DNA. This might be expected
due to the elevated conformational flexibility, caused by long
extranucleosomal DNA. In addition, this effect may also derive
from increased structural variability arising upon dimerization of
nucleosomes with extended octamer-flanking DNA.

On particular templates, remodeled nucleosomes produced extra
band(s), running closely below the original nucleosomes. This most
likely reflects sliding of a portion of histone octamers to the end of
the DNA template. It has been shown that electrophoretic mobility
of a nucleosome is greater when a histone octamer is positioned close
to the end than to the center of a DNA fragment, due to the kink
that DNA forms at the entry—exit point of the nucleosome (39).

Occasionally, incubation of nucleosomes with ySwi/Snf and
ATP resulted in some release of DNA from nucleosomes
(Figure 2A). This effect was relatively small at a low concentra-
tion of the remodeling complex. However, at elevated concentra-
tions, ySwi/Snf can completely displace histone octamers from
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FIGURE 3: Yeast Swi/Snf can catalyze formation of nucleosome dimers
under different reaction conditions. Remodeling reactions were per-
formed at 50—150 mM NacCl (A), in the presence of 0.1—0.5% NP-50
(B), and at 37 °C (C). The molar ratios of ySwi/Snf to the DNA
template are ~1:45 (A), ~1:120 or ~1:45 (B), and ~1:120, ~1:45, or
~1:15(C). The schemes of the nucleosome templates showing the size of
extranucleosomal DNA are depicted atop the figures.

DNA (Figure 2B). Such minor in-trans displacement of histone
octamers (without an obvious histone acceptor) has occasion-
ally been observed in experiments with the yeast Swi/Snf
complex (20, 40).

The dimeric nucleosome products were generated by ySwi/Snf
under a variety of conditions, including the ionic strength of
50—150 mM of NaCl (Figure 3A) or the presence of 0.1—0.5%
nonionic detergent NP-40 (Figure 3B); nucleosome dimers were
also generated at 37 °C, a temperature that is higher than that
normally used in yeast experiments (Figure 3C). Such ySwi/Snf
activity was different from that of human BAF/PBAF, which did
not generate altered dimers when 120 mM NaCl was present in
the reaction mixture before the remodeling complex (15), suppo-
sedly due to the inhibition of the initial binding of BAF/PBAF to
cores that would allow it to convert them to this product (15).
This suggests that certain common biochemical activities of
distinct Swi/Snf complexes may require different conditions to
be evident in vitro. The lower sensitivity of ySwi/Snfto NaClmay
be in part due to the more extensive contacts that ySwi/Snf makes
with the nucleosome (40, 41).

To further characterize the altered nucleosome species, their
electrophoretic mobilities were compared to the mobilities of
mononucleosomes bound with an extra histone octamer. It has
been shown that such nucleosome/octamer dimers can be formed
at an elevated (0.4 M) concentration of NaCl and elevated con-
centrations of bare histone octamers and nucleosomes (42—44).
Therefore, these dimeric structures can accumulate upon recon-
stitution of nucleosomes by dilution of a histone/DNA mixture
from high salt using higher histone to DNA ratios and higher
concentrations of histones and DNA (Figure 4A). These assembly
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conditions also result in formation of self-associated nucleosomes
caused by the presence of histone octamer dimers during
the reconstitution (personal communication, S. Grigoryev, The
Pennsylvania State University, Hershey, PA). Nucleosomes with
an extra histone octamer and nucleosome dimers are expected to
have similar mobility on a nondenaturing gel and not resolve well.
For all tested nucleosome probes, including the ones with longer
or shorter extranucleosomal DNA spacers (panels B and C of
Figure 4, respectively), the gel mobility of Swi/Snf-generated
species was the same as, or close to, the mobility of reconstituted
nucleosome or nucleosome/octamer dimers, suggesting that the
ySwi/Snf-produced species are the noncovalent nucleosome di-
mers. Although we cannot rule out the possibility that the comigra-
ting species formed by ySwi/Snf are the octamer dimers on a
monomeric DNA fragment rather than true “nucleosome dimers”,
the former possibility seems unlikely, as it has been shown that the
hSWI/SNF proteins do not function as chaperones for free histone
octamers and do not transfer histone octamers from one nucleo-
somal template to another nucleosomal template (8). In addition,
ySwi/Snf-dependent removal of histones from one nucleosome
template and their transfer to another nucleosome template
(forming two histone octamers on one piece of DNA) must be
accompanied by formation of an equivalent amount of bare DNA.
The latter effect was not observed.

The Yeast Swi/Snf Complex Can Catalyze the Forma-
tion of Altered Nucleosome Pairs on Dinucleosomes with
Various Spacing, Assembled on 601 Positioning Sequences.
To assess whether ySwi/Snf can catalyze formation of altered
dinucleosomes, histone octamers were assembled on a series of
DNA templates containing two minimal 601 sequences, sepa-
rated by 4, 10, or 20 bp of DNA. Such structures represent a
simple model of a polynucleosome array. For the sake of
consistency, all templates had the same orientation of positioning
sequences (from 5 to 3'), as nucleosomes on the 601 DNA exhibit
certain asymmetry in the biological processes. For example,
nucleosomes on the 601 DNA present a polar barrier to RNA
polymerase II transcription in vitro (45, 46).

DNA templates were assembled in the nucleosomes with
empirically determined amounts of histone octamers, sufficient
to fill both positioning sequences (Figure 5A, lanes 1—3). At
higher concentrations of histones, one can observe formation of
the dinucleosome dimers (lane 4). Remodeling of dinucleosomes
with ySwi/Snf and the mobility shift assays of reaction products
were performed essentially as described above for mononucleo-
somes. Similar to mononucleosomes, remodeled dinucleosomes
were resolved on a native gel in two bands, corresponding to
the original and more slowly migrating band of the structurally
altered product (Figure 5B). The latter we attributed to a non-
covalent dinucleosome dimer due to the strong parallel between
the remodeling products formed from mono- and dinucleosomes.
Remodeled dinucleosomes formed a fuzzier band than altered
mononucleosome dimers that is likely due to higher flexibility
and structural variability of dimerized dinucleosomes.

The slowly migrating product was generated by ySwi/Snf
from dinucleosomes with various nucleosome spacing, including
templates with virtually no octamer-free DNA. This suggests
that ySwi/Snf can also act on nucleosomes with smaller extra-
nucleosomal DNA regions (Figure 5C). The electrophoretic
mobility of remodeled dinucleosome species was similar to the
mobility of reconstituted dinucleosome dimers (Figure 5B,C),
suggesting that the altered product is a noncovalent dimer of
dinucleosomes.
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We compared the MNase digestion pattern of nucleosome
DNA in the presence of the ySwi/Snf complex with or without
ATP. The 601 DNA contains several conserved regions with
inherent palindromic symmetry and displays a distinct symme-
trical pattern of nuclease accessibility. Without remodeling,
nucleosomes strongly protect DNA from MNase cleavage
(Figure 5D, left). After incubation of dinucleosomes with ySwi/
Snf and ATP, the MNase protection pattern became more
asymmetric. Now, a portion of the octamer-occupied DNA
possesses M Nase sensitivity similar to that of bare DNA, while
the remaining nucleosome portion remains nuclease-resistant
(Figure 5D, right). The more detailed picture of the MNase
cutting pattern in the 5'-region of the DNA template (resolved on
the lower-percentage gel) is shown in Figure S1B of the Support-
ing Information. The arising asymmetry in the MNase accessi-
bility may indicate formation of altered asymmetric nucleosome
structures. In polynucleosomes, such structures should produce
an MNase cutting pattern with abundant internucleosome-
size DNA, similar to the MNase cutting pattern observed on
the BAF/PBAF-remodeled polynucleosomes (17, 19).

This suggests that yeast Swi/Snf can catalyze formation of
altered dinucleosomes like its human counterparts. On the ySwi/
Snf-remodeled mononucleosomes, the asymmetric digestion pat-
tern was still present although, for some reason, less pronounced.

Yeast Swi/Snf Generates an Altered Pattern of Restric-
tion Endonuclease Accessibility on Mono- and Dinucleo-
somes Assembled on 601 DNA. The accessibility of DNA to
restriction enzymes in ySwi/Snf-remodeled mono- and dinucleo-
somes was examined using DNA templates containing a mono-
mer (Figure 6C) or a dimer of the minimal 601 sequence. DNA
templates assembled in the nucleosomes as described above were
incubated with ySwi/Snf with or without ATP for 1.5 h at 25 °C.
Then, ATP was depleted by treatment with apyrase, and samples

were digested for 30 min with the Msel, BstUI, or Haelll
restriction enzyme. Nucleosomal DNA was deproteinized, re-
solved on gel, and stained with ethidium bromide (Figure 6).

For all tested nucleosome templates, preincubation with ySwi/
Snf and ATP significantly stimulated DNA cleavage by the Msel
and, to a lesser extent, BstUI nucleases, which cut the DNA
within ~10 or ~20 bp of the nucleosome dyad, , respectively (sites
B2/B3 and B4/BS and M1/M2 and M3/M4 in Figure 6, re-
spectively). The increased sensitivity of nucleosomes to restriction
endonucleases verifies the efficacy of the ySwi/Snf remodeling
and indicates certain alterations in the DNA/histone contacts
within nucleosome cores, as the observed changes in the Msel or
BstUI cutting are not likely to be due to nucleosome sliding only,
because the DNA templates are not sufficiently long to allow the
nucleosomes to slide completely from the restriction enzyme
recognition sites.

However, digestion of the ySwi/Snf-remodeled nucleosomes
with the Haelll enzyme, which cleaves the template within 20 bp of
the nucleosome edge, resulted in a certain increase in the share of
uncleaved template, when compared to digestion of unremodeled
nucleosomes (Figure 6). The effect was more visible in the case
of the ySwi/Snf-remodeled mononucleosomes (Figure 6C). The
apparent explanation for this effect would be the sliding of his-
tone octamers to the end of the DNA fragment as the relocated
histone octamers will shield the Haelll cutting sites located closer
to the end of the DNA template (sites HI—H3 in Figure 6A—C).
However, in dinucleosome templates (Figure 6A,B), the slid
histone octamer will uncover the HaellT sites located in the middle
of the DNA template between the two minimal 601 sequences
(sites H4 and H5). This should result in an increase in the share of
the “monomeric” 601 DNA fragments due to enhanced Haelll
cleavage of the probes in the center of the dimer of the 601
sequences. However, this was not evident. In addition, the MNase
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FIGURE 5: ySwi/Snf can catalyze formation of dinucleosome dimers and generate an altered micrococcal nuclease protection pattern on
dinucleosomes. (A) Products of dinucleosome assembly at elevated histone:DNA ratios, resolved via native PAGE. (B and C) Dinucleosomes,
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visualized by autoradiography in the Phosphorimage cassette. The ovals on the right of the gels indicate the positions of the minimal 601 DNA

sequences, e.g., positions of nucleosomes on unremodeled templates.

digestion (Figure 5D and Figure S1 of the Supporting Informa-
tion) and gel mobility shift data (Figures 2—4 and 5B,C) show little
evidence of significant nucleosome sliding, compared to octamer
sliding that was observed by a gel shift assay on the same mono-
and, especially, dinucleosome templates remodeled with purified
Iswl and Isw2 complexes (47). Therefore, in addition to nucleo-
some sliding, the Haelll cutting pattern could also be due to
the elevated nuclease resistance of DNA at the ends of the

ySwi/Snf-remodeled nucleosomes [as described previously for the
BAF/PBAF-generated altered nucleosome, dimers, and altered
dinucleosomes (8, 15, 17—19)].

DISCUSSION

We have found evidence that the S. cerevisiae Swi/Snf complex
can convert nucleosomes to stable dimeric structures in vitro.
This was suggested by the gel mobility shift data and alterations
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restriction cleavage site are depicted.

in the nuclease cutting patterns of the ySwi/Snf-remodeled
products, which are similar to those seen in reactions of human
BAF/PBAF and yeast RSC complexes with nucleosomes. This
function of the ySwi/Snf complex was not reported in previous
studies.

Despite the overall similarity between the ySwi/Snf and other
Swi/Snf family proteins, they have certain genetic and structural
differences. ySwi/Snf is not required for mitotic growth (48),
although it participates in most chromatin-related processes in S.
cerevisiae, including transcriptional activation (49, 50), telomeric
and rDNA silencing (57), and DNA repair (52). The Swi/Snf acti-
vity is only required for 5% constitutively expressed yeast genes, in-
cluding an important subset of highly inducible genes (49, 50, 53, 54);
however, gene expression at the end of mitosis generally requires
Swi/Snf activity (53), consistent with the observation that ySwi/Snf
might regulate high-order chromatin folding in vivo (55, 56).

The ySwi/Snf complex is present in cells in small amounts, so it is
10-fold less abundant than RSC, the other yeast Swi/Snf family
complex (3, 48). The low copy number of ySwi/Snf in the nucleus
implies that this complex needs to be recruited to target genes by
transcription factors (57). This was supported by in vitro and in vivo
data demonstrating direct interaction between ySwi/Snf and tran-
scription activators or repressors (49, 58—61).

Cryo-electron microscopy and three-dimensional reconstruc-
tion (41, 62) indicated that the structure of the nucleosome
binding region of ySwi/Snf is different from that of yeast RSC
and human PBAF, which both feature a large central cavity to
accommodate nucleosomes (63—66). Although ySwi/Snf shows
a surface depression, proposed as the nucleosome binding
site (41, 62), it shows no evidence of a cavity analogous to the
one present in RSC and PBAF or of any other common
features (41, 63—66).
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However, photochemical mapping of histone/DNA contacts in
the nucleosome before and after remodeling demonstrated that
ySwi/Snf action involves displacement of 30—50 bp of DNA from
the nucleosome surface, resulting in the formation of partially
unwrapped nucleosomal species (11, 13, 67), which are similar to the
proposed intermediates in stable dimer formation catalyzed by RSC
and human BAF/PBAF on mononucleosomes (7—9, 14, 57, 67). In
the case of ySwi/Snf, however, the rebinding of the spooled-out
DNA with the histone octamer was primarily intramolecular rather
than intermolecular and results in the formation of a relatively
stable entry—exit site loop altered nucleosome conformation (/7). It
was proposed (/1) that the ySwi/Snf-generated intranucleosomal
DNA loop was formed with a much higher efficiency and rate
versus what is needed to allow a slower concurrent formation of
nucleosome dimers or altered dinucleosomes.

For now, we cannot conclude with certainty why the altered
dimers were not observed in ySwi/Snf experiments before. It is
possible that the particular characteristics of the ySwi/Snf complex
may result in specific requirements for some of its biochemical
activities to be evident in vitro. These specific requirements may
include the underlying DNA sequence, a certain affinity of the
DNA template for histone octamers, the length of the DNA
template, and concentrations of the remodeler and nucleosome
probes (see the justification for the experimental conditions in
Results). However, we observed formation of altered dimers
(Figure S1 of the Supporting Information) also using the relatively
low-octamer affinity 220 bp positioning sequence containing the
nucleosome “B” DNA from the promoter of the mouse mammary
tumor virus (34) [although under the conditions that were employed
we did not observe the reported (34) ySwi/Snf-catalyzed displace-
ment of H2A/H2B dimers from a mononucleosome assembled on
the B nucleosome sequence (not show; see also ref 47)]. The ability
of yeast Swi/Snf to catalyze formation of both altered dimers and
altered dinucleosomes would not be unexpected, as the principles of
their formation are not mutually exclusive. Prior studies of these
structures suggest that these two products may have very similar
structures; the proposed models for the altered dimer and altosome
structures are essentially analogous, with the major difference being
the break between the two DNA fragments in nucleosomes in the
dimer (ref /9 and references cited therein).

Our observation of dimer formation by the yeast Swi/Snf
complex may be helpful for the clarification of multiple mecha-
nisms of ySwi/Snf function in vivo, since the formation of nucleo-
some dimeric structures by the human Swi/Snf counterparts has
been proposed to be a distinct regulatory scheme of chromatin
accessibility (17—19). Together with translational repositioning of
nucleosomes and formation of stably altered mononucleosomes,
the creation of remodeled dimeric products, which allow greater
access of the factor to a site originally near the dyad of the
unremodeled nucleosome, may allow remodeling complexes to
create highly dynamic and accessible chromatin (8, 19).
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SUPPORTING INFORMATION AVAILABLE

Sequences of the DNA templates and construction of plas-
mids, gel mobility shift assay of ySwi/Snf-remodeled mononu-
cleosomes, assembled on a DNA template, containing the
MMTV nucleosome B positioning sequence (Figure SIA), and
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the MNase footprint of the [y-*’P]-labeled dinucleosomes
(24-Nuc-10-NPS-31) remodeled with ySwi/Snf and resolved via
native PAGE (Figure S1B). This material is available free of
charge via the Internet at http://pubs.acs.org.
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