Chromatin remodeling by RSC involves
ATP-dependent DNA translocation
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Chromatin-remodeling complexes couple ATP hydrolysis to alterations in histone-DNA interactions and
nucleosome mobility, allowing transcription factors access to chromatin. Here, we use triple-helix
strand-displacement assays, DNA length-dependent ATPase assays, and DNA-minicircle ATPase assays to
establish that RSC, as well as its isolated ATPase subunit Sth1l, are DNA translocases. RSC/Sth1 ATPase
activity is stimulated by single-stranded DNA, suggesting that Sth1 tracks along one strand of the DNA
duplex. Each RSC complex appears to contain a single molecule of Sth1, and isolated Sth1 is capable of
nucleosome remodeling. We propose that the remodeling enzyme remains in a fixed position on the octamer
and translocates a segment of DNA (with accompanying DNA twist), which breaks histone-DNA contacts and
propagates as a wave of DNA around the octamer. The demonstration of DNA translocation presented here
provides a mechanistic basis for this DNA wave. To test the relative contribution of twist to remodeling, we
use nucleosomes containing nicks in precise locations to uncouple twist and translocation. Nucleosomes
bearing nicks are remodeled less efficiently than intact nucleosomes. These results suggest that RSC and Sthl

are DNA translocases that use both DNA translocation and twist to remodel nucleosomes efficiently.
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Chromatin is dynamic, and is remodeled to affect
changes in gene expression. Chromatin remodeling in-
volves altering the structure, positioning, and modifica-
tion state of nucleosomes, the primary repeating unit of
chromatin structure. Nucleosomes can repress transcrip-
tion by blocking important cis regulatory sequences
such as enhancer-binding sites, the TATA box, or the
transcription initiation site (Owen-Hughes and Work-
man 1994). Nucleosomes are often repositioned during
the activation process, enabling transcription factors ac-
cess to their sites of action (Almer et al. 1986; Coté et al.
1994). In addition, many covalent modifications occur
on nucleosomes—such as acetylation, methylation, and
phosphorylation (Strahl and Allis 2000; Jenuwein and Al-
lis 2001)—that may mediate the binding of factors that
further affect chromatin structure and the transcrip-
tional state. Although these modifications play a crucial
role in specifying factor recruitment, they have little ef-
fect on the intrinsic stability or mobility of nucleosomes.

Structural alteration and repositioning of nucleosomes
is performed by large multiprotein complexes, termed
remodelers, which consist of four classes: SWI/SNF,
ISWI, CHD, and Mi-2/NURD (Vignali et al. 2000). Our
studies focus on the biochemical properties of RSC, an
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essential and abundant SWI/SNF-family remodeler from
Saccharyomyces cerevisiae (Cairns et al. 1996). RSC is
composed of 15 proteins, five of which are highly similar
to subunits of the yeast SWI/SNF complex, the founding
member of the family (Laurent et al. 1992; Tsuchiya et
al. 1992; Yoshinaga et al. 1992; Cairns et al. 1996; Cao et
al. 1997; Treich and Carlson 1997). Both yeast complexes
are highly similar to human SWI/SNFa and SWI/SNFb
complexes in composition and activities (Imbalzano et
al. 1994; Kwon et al. 1994; Wang et al. 1996; Xue et al.
2000). All remodeling complexes contain a DNA-depen-
dent ATPase subunit, and the primary sequence of the
ATPase domain itself is highly similar among these
classes, suggesting that they all use a similar mechanism
(Boyer et al. 2000). However, the domains outside the
ATPase domain, as well as associated subunits, are quite
different and help specify each class. ATP hydrolysis is
required for remodeling activity, as mutations that abol-
ish ATP hydrolysis likewise abolish remodeling (Coté et
al. 1994; Tsukiyama and Wu 1995). For the SWI/SNF,
ISWI, and CHD classes, the ATPase subunit has been
isolated, and in each case displays a modest level of
nucleosome remodeling in vitro, showing that the
ATPase is the catalytic engine for remodeling (Corona et
al. 1999; Phelan et al. 1999, 2000; Travers 1999; Tran et
al. 2000). RSC contains the DNA-dependent ATPase
Sthl (Laurent et al. 1992; Tsuchiya et al. 1992; Cairns et
al. 1996), but the remodeling properties of this protein in
isolation have not been reported.
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A central feature of remodelers is their ability to mo-
bilize nucleosomes. Repositioning of histone octamers
can occur along the same DNA segment by sliding
(Hamiche et al. 1999; Lingst et al. 1999; Whitehouse et
al. 1999; Lingst and Becker 2001), or to an unlinked
DNA segment by octamer transfer (Lorch et al. 1999,
2001; Phelan et al. 2000). In addition, octamer eviction
has been observed when the underlying sequence con-
tains multiple binding sites for a transcriptional activa-
tor and both the remodeler and the activator are present
at high levels (Owen-Hughes and Workman 1996).

The stability of the nucleosome is attributed to the
sum of its 14 histone-DNA contacts (Luger et al. 1997).
A central question for remodelers is how ATP hydrolysis
is converted into a mechanical force that can break these
contacts. All remodeler ATPases are members of the SF2
superfamily of DNA-dependent ATPases, and many of
the other members are proven DNA helicases (Eisen et
al. 1995). However, helicase activity (DNA duplex sepa-
ration) has not been shown for any remodeler, nor are
single-stranded regions of DNA generated during remod-
eling (Coté et al. 1998). However, remodelers in the SWI/
SNF and ISWI classes do display DNA twisting activity,
suggesting that the twisting of DNA on the histone oc-
tamer surface may provide the mechanical force for
breaking histone-DNA contacts to create a small seg-
ment of DNA that is lifted from the octamer surface
(Varga-Weisz and Becker 1998; Havas et al. 2000; Flaus
and Owen-Hughes 2001; Gavin et al. 2001). In addition,
remodelers have been proposed to impose structural al-
terations in the octamer that alter histone-DNA inter-
actions and transiently expose DNA segments, allowing
factors to bind or the DNA to reposition on the octamer
surface (Kingston and Narlikar 1999; Narlikar et al.
2001). Finally, a role for DNA tracking/translocation by
remodelers has been proposed, with the remodeler either
moving along the DNA around the nucleosome, or re-
maining fixed at the nucleosome entry/exit site (Ka-
donaga 1998; Lorch et al. 1998; Travers 1999), but experi-
ments testing for translocation by remodelers have not
been reported. The data presented here establish DNA
translocation as a property of RSC and Sth1, and suggests
that the twisting of DNA that accompanies transloca-
tion augments remodeling efficiency. This work sup-
ports a model for remodeling that accommodates DNA
translocation, DNA twist, and conformational change.

Results

Isolation and characterization of Sth1l and RSC

RSC was purified by tandem-affinity purification (TAP;
Puig et al. 2001) using a yeast strain expressing an Rsc2
derivative that contains the calmodulin-binding peptide
and the IgG-binding portion of protein A in tandem at
the C terminus. TAP purification produced a RSC prepa-
ration of high yield, purity, and activity (Fig. 1A). RSC
ATPase activity was stimulated almost equally by
single-stranded DNA, double-stranded DNA, or mono-
nucleosomes (Fig. 1C). To isolate Sth1, the ATPase from
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the RSC complex, it was overproduced as a derivative in
yeast with two Flag epitopes and a 7x-histidine tag (Fig.
1B). Western analysis verified that purified Sthl lacks
other RSC components (data not shown). STHI is an
essential gene, and genetic experiments showed that this
tagged Sthl derivative fully complements an sth1A null
mutation, indicating that this modification does not sig-
nificantly alter activity (data not shown). The ATPase
activity of purified Sth1l with single- or double-stranded
DNA was 2.5-fold below that displayed by intact RSC
(normalized for Sth1 molecules; Fig. 1C), similar to the
reduction in ATPase activity observed for the isolated
Brgl subunit, the ATPase of human SWI/SNF (Phelan et
al. 1999, 2000). This reduced activity may be caused by a
reduction in percent active molecules, the lack of other
RSC components (lowering specific activity), or a com-
bination of these two factors. Neither RSC nor Sth1 can
use 100- to 200-base (or base pair) single- or double-
stranded homopolymeric RNA (Fig. 1C). In addition,
mononucleosomes are not as effective as naked DNA in
stimulating the ATPase activity of Sth1, showing a five-
to sixfold reduction relative to RSC (Fig. 1C), which sug-
gests that other components of RSC assist Sthl in ac-
cessing the DNA on nucleosomes. As presented below,
isolated Sthl is capable of nucleosome remodeling, al-
though at reduced efficiency.

Sth1 is monomeric in soluble RSC

DNA helicases are commonly believed to function as
dimers or hexamers (Lohman and Bjornson 1996), but
recent experiments suggest that a subset function as
monomers (Mechanic et al. 1999; Velankar et al. 1999).
Knowing the oligomeric state of a translocase is impor-
tant for understanding its mechanism of action on DNA.
To determine the oligomeric state of Sthl in the RSC
complex, we tested for coimmunoprecipitation of STH1
derivatives bearing different epitope tags. First, we iso-
lated a diploid strain bearing three different alleles of
Sth1: wild-type (untagged), Protein A-tagged, and Flag-
tagged. The former two alleles were present at their en-
dogenous chromosomal location and thus were ex-
pressed from their own promoters, whereas the gene en-
coding the Flag-tagged allele was expressed from a
plasmid containing the methionine-repressible MET15
promoter. These tagged alleles fully complement an
sth1A null strain (data not shown).

A diploid strain bearing all three alleles was grown
under conditions that maintained expression of Flag-
tagged Sth1 at levels within twofold of the chromosomal
wild-type and TAP-tagged STH1 alleles, as revealed by
Western analysis using anti-Sth1l polyclonal antibodies
(Fig. 2A, lane 3). Strains bearing only one tagged allele
verified the identity and migration of each Sthl deriva-
tive (Fig. 2A). Immunoprecipitation of Flag-Sth1l effi-
ciently precipitates Flag-Sth1 and the RSC component
Arp9 (and Rsc3, not shown), but does not coprecipitate
either wild-type or TAP-tagged Sthl (Fig. 2B). Likewise,
immunoprecipitation of protein A coprecipitates Arp9
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Figure 1. Purification and ATPase activities of
RSC and Sthl. (A) Purified RSC. RSC was puri-
fied from strain BCY211, which expresses TAP-
tagged Rsc2 from the chromosomal RSC2 locus.
Harvesting and purification were performed as
described in Puig et al. (2001) and Materials and
Methods. Small RSC subunits Rsc12-15, which
stain weakly with silver, are present but not
shown. (*) Degradation product of Sthl. (B) Puri-
fied Sth1. Sth1 was purified from strain BCY243,
which bears a chromosomally integrated Gal4
overproduction system (B. Cairns, unpubl.) and a
high-copy plasmid directing the synthesis of
Flag-tagged Sthl from the GALI promoter.
Soluble Sth1 was purified by ion exchange (SP),
Ni-NTA, and M2-Flag affinity columns. Western
analysis verified the absence of RSC subunits in
the purified material (data not shown). (C)
ATPase properties of RSC and Sthl. Turnover
numbers (V,,,,) for RSC and Sthl with various
nucleic acid substrates: (ds DNA) double-
stranded plasmid (BSCR, 3 kb); (ss DNA) single-
stranded phagemid (BSCR, 3 kb); (ss or ds RNA)
polyl - polyC  double-stranded RNA, polyG
single-stranded RNA, or polyU single-stranded
RNA; (Nucleosomes) intact mononucleosomes
(167 bp) as described in Fig. 6. Values are the
average of at least three experiments, and all are
within a standard error of +5%.
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(and Rsc3, not shown), but not Flag-tagged Sth1 (Fig. 2C;
data not shown). Here, the protein A epitope of TAP-
Sth1l is cleaved off with TEV protease, allowing the elu-
tion of associated proteins. Thus, the presence of TAP-
tagged Sthl cannot be established; only the absence of
Flag-tagged Sthl can be verified. These results strongly
suggest that Sthl is present as a monomer in the RSC
complex. However, this does not rule out the association
of more than one RSC complex on the same nucleosome
during remodeling.

Remodelers as ATP-dependent translocases

Sthl belongs to the DEAD/H-box family of the SF2 su-
perfamily of DNA helicases (Laurent et al. 1992; Eisen et
al. 1995; Lohman and Bjornson 1996). However, purified
SWI/SNF and RSC do not show classical DNA helicase
activity. That is, they do not catalyze DNA duplex
strand separation, as detected by the displacement of a
DNA oligonucleotide hybridized to a complementary
single-stranded DNA template (Coté et al. 1994; data not
shown). However, DNA helicases have two properties:
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ATP-dependent DNA translocation and DNA duplex
strand separation. In the case of the monomeric DNA
helicase PcrA, these properties can be uncoupled by mu-
tation, as certain PcrA mutants lack duplex unwinding
but maintain DNA translocation (Soultanas et al. 2000).
In addition, PcrA can translocate along a single strand of
DNA (Dillingham et al. 2000, 2002), and the crystal
structure of PcrA shows the binding of its translocation
domain to one strand of the DNA (Velankar et al. 1999).
Importantly, ATP hydrolysis by PcrA is apparently
coupled to DNA translocation (Dillingham et al. 2002).
Using PcrA as a model, we reasoned that remodeler
ATPases might possess DNA translocation activity but
not separate the strands of the duplex, as remodeling
does not involve the creation of single-stranded regions
(Coté et al. 1998). Indeed, DNA duplex separation is only
required for processes in which one strand is used as a
template, such as DNA/RNA synthesis or DNA repair.
Three assays were applied to test for DNA translocation:
DNA length-dependent ATPase activity, single-stranded
DNA-minicircle analysis, and triple-helix strand dis-
placement.
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Figure 2. Oligomeric state of Sth1 in RSC. Coimmunoprecipi-
tation analysis was performed using whole-cell extracts and ei-
ther anti-Flag agarose or IgG-Sepharose (for TAP tag). (A) West-
ern analysis using anti-Sth1 antisera of extracts from three dip-
loid strains bearing different tagged STHI alleles. All three
strains contain a wild-type STH1 allele. BCY241 (lane 1) also
bears an integrated TAP-tagged STH1 allele, BCY240 (lane 2)
also contains a Flag-tagged allele present on a centromeric plas-
mid (p1170.STH1), and BCY242 (lane 3) contains both the inte-
grated TAP-tagged allele and p1170.STHI. (B) Precipitation of
Flag-tagged Sthl. (Control) Anti-Flag beads with BCY241 ex-
tract. Anti-Flag precipitation was performed with BCY242 ex-
tract. (C) Precipitation of BCY242 extract with IgG. (Control)
IgG with BCY240 extract.
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Sth1 and RSC display DNA length-dependent
ATPase activity

If RSC hydrolyzes ATP to translocate along DNA, then
its ATPase activity may be proportional to DNA length,
in contrast to ATPases that are stimulated by DNA bind-
ing alone. In previous work, a set of short oligonucleo-
tides was used to determine the minimum length for
appreciable RSC ATPase activity (~25 bases), but the ba-
sis for this length dependence was not addressed (Cairns
et al. 1996). To more clearly determine whether DNA
length dependence was related to remodeler transloca-
tion, ATPase activity was correlated to DNA length us-
ing a large range of single- and double-stranded DNA
molecules. These experiments were modeled on previ-
ous work showing that the ATPase activity of certain
helicases is proportional to DNA length over a limited
range (Young et al. 1994). This observation can be ex-
plained as follows: when the rate of DNA binding (or
more likely, the transition to translocation) is slow rela-
tive to the rate of translocation, and ATPase activity is
coupled to translocation, then the observed ATPase ac-
tivity is proportional to DNA length. Here, short frag-
ments of DNA should display a lower apparent ATPase
activity than long fragments, owing to premature release
of the DNA following translocation through the end of
the fragment (termination-release). Termination-release
would be followed by a period of inactivity that lasts
until the enzyme binds and begins translocation on an-
other DNA molecule. Thus, the actual curve of ATPase
activity versus DNA length is predicted to have three
phases: (1) a region representing the minimum DNA
length for initial DNA binding, where ATPase activity is
very low; (2) a region where ATPase activity is propor-
tional to DNA length; and (3) a region where increasing
the DNA length does not increase ATPase activity. Here,
the length at which the maximal ATPase velocity (V,,..)
is reached signifies the processivity limit for the trans-
locase.

To ensure that our experiments were performed at
substrate concentrations that elicited maximal velocity,
we determined the K, (in micromolar nucleotide) values
for RSC and Sthl for single- and double-stranded DNA
molecules. The K, values for RSC are 0.36 + 0.02 pM
and 0.34 = 0.02 pM for single- or double-stranded DNA,
respectively, whereas values for Sthl are 0.62 = 0.04 pM
and 0.46 = 0.02 uM, respectively, using single- or double-
stranded DNA (phagemid Bluescript, 3 kb). Each DNA
was then tested at a uniform nucleotide concentration of
30 pM (not oligonucleotide concentration). Thus, reac-
tions containing longer oligonucleotides contain propor-
tionately fewer DNA molecules than reactions contain-
ing shorter oligonucleotides, but all contain identical
nucleotide concentrations. Control experiments verified
that 30 uM nucleotide is at least 30-fold above the con-
centration that elicits V., for oligonucleotides that are
of sufficient length to bind RSC/Sth1 (see below).

The ATPase activities of RSC and Sthl display the
three-phase response described above: double-stranded
DNA molecules shorter than 15 bp are relatively inert,
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those in the range of 15 to 85 bp show ATPase activity
proportional to length, and those longer than 85 bases
provide no additional stimulation (Fig. 3A,C). Similar re-
sults are observed with single-stranded DNA, with the
lower and upper length limits for ATPase activity at ~20
and ~75 bases, respectively (Fig. 3B,D). These results sug-
gest that RSC/Sth1 binds to DNA of 15-20 bases, trans-
locates, and then terminates translocation after ~80
bases unless an end is reached. Consistent with this in-
terpretation, we do not observe binding of RSC to DNA
molecules shorter than 18 bases, the lower limit for elic-
iting ATPase activity (data not shown). Notably, the
length of DNA bound to the PcrA translocase in the
cocrystal structure is ~17 bases (Velankar et al. 1999),
consistent with our observations. Double-stranded DNA
templates are only slightly more effective in stimulating
ATPase activity than are single-stranded templates of
equal length, consistent with RSC/Sth1 tracking along
one strand of the duplex, but showing a slight preference

A RSC complex
10 SRS T T e
E ol ;
: | f
wl L. . ]
<
g [ . 5
z 20 Fooeeen g -
: |
0 o* 1 L L | ¢
0 20 40 60 80 100 120
ds DNA length
C Sthl
100 [ n 1 T e 1 & Y
3 ]
S w - ~
£ .
g wf 4 ]
g .
E 40 - 3 / a
4 L : : ]
E : : : )

e
¢ : : : : 4
00—+ i L i i 1

0

20 40 80 80 100 120

ds DNA length

for its presumed natural substrate, double-stranded
DNA.

ATPase properties of Sthl and RSC
with DNA minicircles

We reasoned that if premature termination-release un-
derlies the lower ATPase activity observed with short
DNA molecules, then a relatively higher ATPase activ-
ity should be observed with short circular DNA mol-
ecules compared with identical linear molecules. Here,
circular DNA may mimic a DNA of infinite length and
simply revolve through the translocase. To test this, we
developed an ATPase assay involving DNA minicircles.
Because of the rigidity of double-stranded DNA, circles
of <120 bp cannot be formed (without DNA-bending
agents), whereas single-stranded DNA has no conforma-
tional restraints or persistence length (Hagerman 1988).
Therefore, we prepared single-stranded DNA minicircles
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Figure 3. Dependence of RSC and Sth1 ATPase activity on DNA length. The maximal velocity of ATPase activity was determined
with RSC or Sth1 as described in Materials and Methods. Values are the average of at least three experiments and are reported relative
to the V,,,, observed with double-stranded plasmid DNA (BSCR, 3 kb). The standard error with double-stranded DNAs is +5%; with
single-stranded DNAs, +3%. (A) Length dependence of RSC with double-stranded DNA. (B) Length dependence of RSC with single-
stranded DNA. (C) Length dependence of Sth1 with double-stranded DNA. (D) Length dependence of Sth1 with single-stranded DNA.
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of 45 or 30 bases, verified their integrity by resistance to
exonuclease digestion (Fig. 4A; data not shown), and
tested their activity in ATPase assays.

Consistent with translocation, circular 45-mers are
significantly more effective at stimulating ATPase activ-
ity than the identical linear molecule; activity is in-
creased 2.5-fold with Sthl and 2.2-fold with RSC (Fig.
4B,C). Importantly, the V.., levels approach those ob-
served with long single-stranded DNA (note that all val-
ues are reported relative to V., with double-stranded
plasmid DNA). The differences are not caused by sub-
strate preference because the observed K., values for lin-
ear-versus-circular templates are nearly identical: the K,
values for RSC with linear and circular 45-mers are
1.04 + 0.13 uM and 1.01 £ 0.11 pM, respectively, and the
K, values for Sthl with linear and circular 45-mers are
0.82 = 0.05 pM and 0.76 = 0.06 uM, respectively. In con-
trast, both linear and circular 30-mers were poor stimu-
lators of ATPase activity: the V., values for RSC were
14% and 20%, respectively, and for Sth1l were 18% and
25%, respectively. We suggest that the difference in the
45-mer as compared with the 30-mer reflects the mini-
mum length required to both bind and commit to pro-
cessive translocation.

Sth1 and RSC displace a triple helix

Triple-helix strand displacement has been used to show
translocation by the endonuclease EcoAl or by SV40 T-
antigen (Kopel et al. 1996; Firman and Szczelkun 2000).
The assay relies on the propensity for a homopurine-
homopyrimidine repeat to form a three-strand triple he-
lix (H-DNA) with a complementary homopyrimidine
oligonucleotide at moderately low pH (pH 5.5; Htun and
Dahlberg 1989). When shifted to near neutral pH (pH
7-8), the triple helix remains stably bound. However, if
the third strand is displaced, it will not reform a triple
helix at neutral pH. In the triple helix, the homopyrimi-
dine oligonucleotide occupies the major groove of the
mirror repeat, with each base of the oligonucleotide
forming a Hoogsteen base pair with the Watson-Crick
base pairs (van Dongen et al. 1999). The basis for the
translocation assay is the displacement of the homopy-
rimidine oligonucleotide (bound to the duplex by weaker
Hoogsteen base pairs) as the translocase proceeds
through the triple helix.

We formed a triple helix of 40 bp, located centrally on
a 190-bp double-stranded DNA, using a 40-base homopy-
rimidine oligonucleotide. This triple helix is highly
stable when shifted to pH 7-8, although it is released
efficiently by heating briefly at 90°C (Fig. 5, lane 1). Pure
RSC or Sthl shows comparable ATP-dependent triple-
helix displacement when normalized for ATPase activity
(Fig. 5A,B). ATP hydrolysis is required, because no dis-
placement is observed with ATPyS (Fig. 5A,B, lane 6).
For both Sthl and RSC, displacement is proportional to
the amount of enzyme added and the reaction time, con-
sistent with the substrate representing a single species
(data not shown). However, this displacement could be
caused by direct binding and disruption of the triple he-
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Figure 4. ATPase activity with single-stranded DNA mini-
circles. (A) Integrity of the DNA minicircle. Integrity was veri-
fied by resistance to ExoVIL Linear or circular 45-mer DNA (300
ng) was treated with ExoVII, separated on a 7.5% polyacryl-
amide gel, and visualized by ethidium bromide staining. A nega-
tive of the image is provided. Identical susceptibility and resis-
tance were obtained with the linear and circular 30-mer, respec-
tively (data not shown). (B,C) ATPase activity of Sth1 (B) or RSC
complex (C) with linear (closed diamonds) or circular (closed
circles) 45-mers. Values are the average of at least three experi-
ments and are reported relative to the V. elicited by double-
stranded plasmid DNA (BSCR, 3 kb). Standard errors are re-
ported in the text.
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lical structure itself rather than translocation through it.
To address this, we isolated and tested the 40-bp triple
helix used above. No displacement of the third strand
was observed with Sthl (Fig. 5C) or RSC (data not
shown), strongly suggesting that RSC or Sthl binds to
the flanking duplex DNA, and invades the triple helix by
translocation.

However, triple-helix displacement might also result
from an ATP-dependent conformational change in the
extended duplex region (such as DNA twisting) that
propagates to the triplex region. We note that these sub-
strates lack a constrained end, and therefore are free to
rotate, which should dissipate twist and prevent propa-
gation to the triplex region. Nevertheless, we tested this
by using substrates that either have or lack a nick in the
phosphodiester backbone of one of the duplex DNA
strands near the duplex/triplex junction, which should
prevent twist or conformational propagation as it im-
parts rotational and conformational flexibility to the
DNA. We formed a triple helix of 40 bp at one end of a
114-bp duplex DNA (identical in sequence to those de-
scribed above) that either lacks or contains a nick within
4 bases of the duplex/triplex junction (Fig. 5D). Interest-
ingly, nearly identical levels of third-strand displace-
ment were observed with Sthl (Fig. 5D) or RSC (data not
shown), a result inconsistent with twist/conformation
propagation but consistent with translocation through
the nick and/or along the intact strand. We note that
displacement for end-positioned triplex substrates is
two- to threefold less efficient (when normalized for en-
zyme concentration and time), consistent with our in-
terpretation that the duplex extension is used for inva-
sion, as it is present on only one side of the end-posi-
tioned substrates.

Sth1 and RSC remodel recombinant
yeast nucleosomes

We have shown previously that yeast RSC remodels rat
liver nucleosomes (Cairns et al. 1996; Lorch et al. 1998),
but its action on yeast nucleosomes has not been tested.
To prepare yeast nucleosomes, recombinant versions of
each of the four yeast histones were expressed in Esche-
richia coli and purified to homogeneity. The histones
were then assembled into octamers and reconstituted
into mononucleosomes using radiolabeled 5S DNA (167
bp), a strong nucleosome positioning sequence that
contains a recognition site for the endonuclease Dral

near the dyad of the nucleosome (Fig. 6A, left panel).
When assembled into a nucleosome, the Dral site is
protected from Dral cleavage by the underlying histone
octamer.

To assess the chromatin-remodeling activity of RSC
and Sthl on yeast nucleosomes, the ability of RSC and
Sth1 to permit cleavage by Dral was monitored. We find
that RSC and Sth1 render the nucleosome susceptible to
Dral cleavage in an ATP-dependent manner (Fig. 6C,E,
lanes 4-8), whereas reactions containing ATP~S display
no cleavage (data not shown). However, Sthl is five- to
sixfold less active than RSC, consistent with our ATPase
results with nucleosomes (Fig. 1C) and previous results
with Brgl (Phelan et al. 1999). Therefore, Sth1 possesses
the ATPase and remodeling properties of RSC, although
at reduced efficiency.

Remodeling is less efficient on nicked nucleosomes

Models for nucleosome remodeling involving DNA
twisting have been proposed, as they provide an attrac-
tive mechanism for disrupting histone-DNA contacts
(Havas et al. 2000; Gavin et al. 2001). Here, remodelers
may remain in a fixed position on the nucleosome and
rotate the DNA duplex. However, DNA helix rotation
may also occur as a consequence of DNA translocation
(Janscak and Bickle 2000). If the remodeler translocates
by tracking along one strand and remains in a fixed po-
sition on the histone octamer, the DNA must undergo
one full rotation for every 10.6 bp of translocation. The
DNA exiting the translocase will be underwound, and
the DNA approaching the translocase will be over-
wound. For a mononucleosome, the DNA in the linker
region would be free to rotate (dissipating twist); how-
ever, the DNA passing through the ATPase would be
constrained by the remodeler and the contacts of the
DNA on the octamer surface (see Fig. 7 and Discussion).
Therefore, the disruption of histone-DNA contacts by
translocation may involve both a translational and a
twist component.

To address the relative contributions of twist and
translocation to the remodeling process, an assay was
used that uncouples twist from translocation during the
remodeling process by using nicked nucleosomes as re-
modeling substrates. Mononucleosomes were formed on
a 167-bp 5S DNA template that contains nicks in two
defined locations, positioned 23 bases upstream and 33
bases downstream of the center of the Dral site (Fig.
6A,B). These nicks are predicted to prevent the propaga-

Figure 5. RSC and Sth1 displace a triple helix. Triple-helix substrates consisting of a 40-base triple helical region were prepared as
described in Materials and Methods. Triple helices were center-positioned on a 190-bp duplex DNA, end-positioned on a 114-bp duplex
DNA, or prepared without duplex extension. Substrates were treated as indicated at 30°C for 30 min (or heated briefly at 90°C, labeled
Heat) and separated in a 15% polyacrylamide gel. Displacement of the 3>P-labeled third strand as a percentage of total displacement
(%Disp.) was quantified by Phosphorlmager analysis. (A) Displacement of a center-positioned triple helix by Sthl. (B) Displacement
of a center-positioned triple helix by RSC. (C) Sth1 cannot displace an isolated triple helix. Identical results were obtained with 8 nM
RSC (data not shown). (D) Displacement of an end-positioned triple helix by Sth1 is not affected by the presence of a nick near the
duplex/triplex junction. Intact substrate or an identical substrate bearing a nick 4 bp from the duplex/triplex junction was used. Here,
reactions were performed at 30°C for 1 h to compensate for lower efficiency compared with center-positioned substrates. Identical

results were obtained with 8 nM RSC (data not shown).
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tion of twist to the Dral site by allowing free rotation of
the DNA about the phosphodiester backbone of the in-
tact strand. The efficiency of remodeling intact or nicked
substrates was quantified based on the extent of Dral
cleavage in the presence of increasing amounts of RSC or
Sthl. We find that at low enzyme concentrations, the
presence of nicks reduces remodeling efficiency two- to
threefold for both RSC and Sth1 (Fig. 6C-F, cf. lane 5 of
each). However, remodeling proceeds to near completion
in the presence of excess RSC (Fig. 6C,D, lane 8). Impor-
tantly, intact and nicked substrates were comparable in
their ability to elicit ATPase activity over this concen-
tration range, suggesting that although ATP hydrolysis is
occurring on nicked nucleosomes, remodeling is not as
efficient. Furthermore, gel shift analysis shows that RSC
binds indistinguishably to intact and nicked nucleo-
somes (K;=5 nM in the presence of ATP; data not
shown). These results strongly suggest that DNA twist
does not have to be propagated through the entire
nucleosome for remodeling to occur, but does promote
remodeling efficiency.

Discussion

Here, we provide three lines of evidence that RSC and its
isolated ATPase Sth1l are DNA translocases: triple-helix
displacement, length-dependent ATPase activity, and
enhanced ATPase activity on DNA minicircles. The
ability of RSC and Sth1 to displace a triple helix provides
strong evidence for DNA translocation. Importantly, dis-
placement is only observed when the triple-stranded re-
gion bears significant flanking duplex DNA, and is not
observed with the isolated triple-helix region. In addi-
tion, triple-helix displacement occurs on substrates bear-
ing a nick in one strand of the DNA near the duplex/
triplex junction, arguing against a conformational
change such as twist being propagated to the triplex from
the duplex region. These results suggest that the enzyme
initiates translocation on the duplex DNA and then dis-
places the third strand by invasion. The modest effi-
ciency of this reaction is likely owing to the length of the
triple-helical region (40 bp), and a possible reduction in
RSC or Sthl processivity caused by the third strand,
which may impede translocation.

Also consistent with translocation, Sth1l and RSC hy-
drolyze ATP in proportion to DNA length. Although for-
mally possible, we do not favor the interpretation that
RSC/Sth1 displays these properties because it binds to
multiple sites over a range of 80 bases, with each site
adding in a uniform and additive way to ATPase veloc-
ity; multiple binding sites should result in cooperative
interaction and result in a lower K, for longer sub-
strates. However, we find that all DNA substrates re-
gardless of length show nearly identical K, values, sug-
gesting a single binding site. We suggest that the lack of
increased ATPase activity above 85 bases reflects a pro-
cessivity limit of ~70 bases (subtracting the binding site
of ~15 bases), an interpretation supported by our experi-
ments with DNA minicircles, described below. This
length is considerably longer than the average length of
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DNA between nucleosomes in S. cerevisiae (~10 bp) or
metazoans (30-50 bp), raising the possibility that RSC
can slide an octamer these distances without disengage-
ment. In addition, the other subunits of the RSC com-
plex may serve to increase binding to, or processivity on,
nucleosomes. However, isolated Sth1 lacks these associ-
ated proteins and may show reduced processivity or re-
modeling efficiency as a consequence, which may ex-
plain the five- to sixfold reduction in remodeling effi-
ciency of Sthl compared to RSC.

The effectiveness of single-stranded DNA in stimulat-
ing ATPase activity strongly suggests that translocation
occurs along one strand of the duplex. Still, single-
stranded DNA is slightly less potent than duplex DNA,
eliciting a lower V., (84%) and displaying an upper
limit of length dependence at 75 bases. However, single-
stranded DNA is much more flexible than duplex DNA,
and may adopt conformations that limit the processivity
of the enzyme and reduce the observed maximal ATPase
velocity.

To test our DNA translocation processivity interpre-
tation, we developed an ATPase assay using single-
stranded DNA minicircles. This model predicts that
with short DNA molecules, RSC/Sth1 reaches the end of
the template before its normal processivity limit, termi-
nates ATP hydrolysis, and then releases from the sub-
strate. We reasoned that a short circular template might
mimic a template of infinite length (or at least one longer
than the processivity limit) as the template may simply
revolve through the enzyme until it reaches its intrinsic
processivity limit. The results with the circular 45-mer
were clear, as the V., was increased two- to threefold,
to levels approaching the V.. obtained with much
longer DNA templates. However, the circular 30-mer
stimulated the ATPase activity of RSC/Sth1 minimally.
We suggest that circular 45-mers are handled differently
than 30-mers by RSC; the 30-mer may not be able to
accommodate possible shape changes in RSC/Sth1 (in-
cluding the DNA step size) necessary for processive
translocation, as the end-to-end length is equivalent to
only 15 bases.

Over the past few years, several models for nucleo-
some mobility and remodeling have been proposed (see
above), and the three most prevalent are DNA twisting,
DNA translocation, and structural alteration of the oc-
tamer. We emphasize that these models are not mutu-
ally exclusive, and that important elements from all
three models may be combined to arrive at the true
mechanism. One model suggests that remodelers engage
the nucleosome at or near the point at which DNA en-
ters the nucleosome, and generate a wave of DNA de-
rived from the linker that invades the nucleosome (Lorch
et al. 1998; Travers 1999; Flaus and Owen-Hughes 2001;
Lingst and Becker 2001). The evidence for DNA trans-
location presented here provides a mechanistic basis for
this DNA wave. We envision RSC/Sth1 to remain in a
fixed position, bound to both the histone octamer and
the DNA at the entry site (Fig. 7). Indeed, previous ex-
periments with remodelers suggest their presence at or
near the entry/exit site in the absence of ATP (Lorch et
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Figure 6. Effect of DNA nicks on nucleosome remodeling efficiency. Recombinant yeast octamers were assembled into radiolabeled
intact or nicked mononucleosomes (167 bp) and purified as described in Materials and Methods. The 5S positioning sequence leaves
17 bp outside the nucleosome on the labeled end, and 4 bp on the unlabeled end. The nicks are positioned 23 and 33 bases upstream
and downstream of the center of the Dral site (6 bp). (A) Reconstitution strategy and location of the Dral cleavage site relative to the
DNA nicks. (B) Purified nucleosome substrates. Purified nucleosomes or DNA alone were separated on a 4% polyacrylamide gel and
visualized by autoradiography. (C-F) Remodeling efficiency of intact and nicked nucleosomes. Where indicated, reactions contain Dral
(20 units), ATP (1 mM), and nucleosomes (30 ng; 12 nM). All ATPase values provided are relative to activity with the RSC complex
and intact nucleosomes (panel C, lane 8) so that direct comparisons may be made. Shown is a representative experiment, but the
ATPase and cleavage values are the average of three experiments.
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Figure 7. A model for DNA translocation in nucleosome remodeling and mobility. RSC engages the nucleosome (for clarity, only half
is shown) at or near the entry/exit site and uses the energy of ATP hydrolysis to translocate a segment of DNA, depicted by the
movement of a fixed point on the DNA (yellow sphere). This segment bears both a translational and a twist component that breaks
histone-DNA contacts, and may propagate through the nucleosome by one-dimensional diffusion. DNA-binding factors may have
access to and bind the DNA wave during propagation. Resolution of the wave at the other entry/exit site results in a new translational

position, causing octamer sliding (not shown).

al. 1998; Lingst and Becker 2001). ATP hydrolysis may
then initiate translocation, which causes translational
movement of the DNA accompanied by DNA twist; the
DNA emitting from the remodeler (between the remod-
eler and the first histone-DNA contact) becomes under-
twisted (>10.6 bp/turn) owing to threading of the DNA
through the remodeler (Fig. 7). In this region, the DNA
length increases, whereas the number of turns remains
constant. This combination of translation and twist pro-
vides the energy necessary for breaking the initial his-
tone-DNA contact. The presence of RSC/Sthl at a fixed
position on the nucleosome confines the twist to the
DNA between the remodeler and the histone-DNA con-
tact, and therefore cannot be dissipated through simple
rotation. This action initiates a DNA wave; a segment of
DNA that cannot lie in its preferred position on the
nucleosome because of either its length or twist proper-
ties.

Our experiments with nicked nucleosomes suggest
that the force of translocation may be the most impor-
tant component of the DNA wave. As double-stranded
DNA can be considered a semirigid rod over short dis-
tances, translocation itself may provide sufficient me-
chanical force to break histone-DNA contacts. This cre-
ates an intermediate with a potential energy higher than
the initial remodeler-nucleosome complex, with the ad-
ditional energy stored in DNA topology and the broken
histone-DNA contact(s). Now, the DNA that was for-
merly present in the linker DNA has the opportunity to
bind to the recently exposed octamer contacts. This may
be the basis for DNA wave propagation; histone-DNA
contacts are broken at the leading edge of the wave and
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reformed at the lagging edge (Fig. 7). These alternative
wave positions may represent conformers of roughly
equal potential energy, allowing the wave to propagate
by one-dimensional diffusion. Although a wave present
on the nucleosome can, in principle, move in either di-
rection, the energy in the wave can only be dissipated
following exit from the nucleosome. Directionality may
be imposed by the presence of RSC/Sthl continually
pumping DNA waves from one side of the nucleosome.
Furthermore, the DNA wave may transiently uncover
the binding site for a transcription factor, and the energy
of factor binding may compensate for the energy lost
through the disruption of histone-DNA contacts. Thus,
the DNA wave may be trapped by the transcription fac-
tor, providing a mechanistic basis for factors to load onto
the surface of a nucleosome.

Our data suggest a role for DNA twist in remodeling
efficiency. However, recent experiments question the
role of DNA twist in remodeling (Lingst and Becker
2001). This study analyzed a different remodeler (ISWI)
in a unidirectional octamer sliding assay. ISWI catalyzed
efficient sliding of randomly nicked nucleosomes, and
showed enhanced sliding with nucleosomes containing a
single nick placed just outside of the entry/exit site
(Langst and Becker 2001). Several explanations may rec-
oncile these observations with our work and the work of
others on the role of DNA twist (Havas et al. 2000; Gavin
et al. 2001). For example, these assays measure different
aspects of remodeling (octamer sliding versus DNA ac-
cessibility), and DNA twist may play a different role in
these assays. In addition, it cannot be ruled out that
nucleosomes bearing nicks are structurally identical to



intact nucleosomes, and may behave differently in cer-
tain assays. Furthermore, ISWI and RSC may differ in
their translocation properties and therefore generate
translocated DNA segments with different length or
twist properties. Indeed, ISWI and RSC behave differ-
ently in many biochemical assays (Tsukiyama and Wu
1995; Ito et al. 1997; Cairns 1998; Varga-Weisz and
Becker 1998). Finally, a role for translocation and twist
does not rule out an additional role for conformational
changes in the octamer during the remodeling process.
For example, binding of remodelers and the strain im-
posed on the octamer by DNA twist and translocation
may simultaneously impart a conformational change to
the octamer that may alter histone-DNA interactions
and/or affect wave initiation or propagation. Further
mechanistic work is required to understand precisely
how ATP hydrolysis mobilizes nucleosomes and con-
tributes to the important and diverse roles remodelers
play in chromatin transitions and transcriptional regula-
tion.

Materials and methods

Purification of RSC

RSC was purified from BCY211, which expresses TAP-tagged
Rsc2 from the chromosomal RSC2 locus. Cells were grown in
2x YPD, and the soluble extract was used to purify RSC, essen-
tially as described in Puig et al. (2001), with an added nucleic
acid precipitation step performed with the whole-cell extract
using 0.1% (v/v) polyethylenimine and 400 mM KOAc.

Purification of Sth1

An Sthl derivative bearing a 2x Flag N-terminal tag and a 7x
Histidine C-terminal tag was prepared by PCR tagging. It was
fully sequenced, and then cloned into the high-copy plasmid
p904.STHI, containing the galactose-controlled GAL1-10 pro-
moter. Strain BCY243 bears GAL4 under the control of the
GAL1-10 promoter integrated at the LYS2 locus, inducing high
levels of the Gal4 activator in the presence of galactose (B.
Cairns, unpubl.). Cultures were grown in raffinose to an ODgq
of 0.8, galactose (2% w/v final) was added, and growth was con-
tinued at room temperature for 12 h. Cell harvesting and extract
preparation, and nucleic acid removal were performed as de-
scribed previously for the RSC complex (Cairns et al. 1996).
Sthl was purified using SP Fast-flow (Pharmacia), Ni-NTA
(QIAGEN), and M2-FLAG (Sigma) columns (for details, refer to
Supplementary Material at http://www.genesdev.org).

DNA-dependent ATPase assays

ATP hydrolysis was quantified by a colorimetric assay by moni-
toring the production of a phosphomolybdate complex in the
presence of malachite green as described previously (Cairns et
al. 1994). All reactions used substrates at a nucleotide concen-
tration of 30 uM, except when the K,, was determined. The
double-stranded form of the phagemid BSCR (Strategene) was
used as the standard substrate. For oligonucleotide sequences,
refer to Supplementary Material at http://www.genesdev.org.

Immunoprecipitations

Extracts were prepared as described previously (Cairns et al.
1999). Each immunoprecipitation was performed with 300 pg of
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whole cell extract and 25 pL of beads for 2 h in a buffer con-
taining 50 mM Tris-Cl (pH 7.5), 10% (v/v) glycerol, 2 mM
EDTA, 100 mM NacCl, and 0.05% NP-40. Precipitates were re-
covered and were washed in IP buffer containing 250 mM NaCl.
Proteins bound to Flag beads were recovered by incubating with
Flag peptides, whereas proteins bound to IgG sepharose were
recovered by cleavage with TEV protease. SDS-PAGE gels were
immunoblotted to PVDF membranes and developed. Anti-Sth1
antisera (Covance Inc.) was generated in rabbits using purified
full-length Sth1 protein.

DNA minicircle preparation

Single-stranded oligonucleotides of 45 (or 30) bases were end-
to-end ligated using a 16-base (or 12-base) oligonucleotide
complementary to the eight (or six) terminal bases with T4
DNA ligase. (For oligonucleotide, refer to Supplementary Ma-
terial at http://www.genesdev.org.) The closed circular single-
stranded DNA forms were separated from other products of li-
gation using a 7.5% denaturing polyacrylamide gel and purified
by gel extraction using standard methods. The integrity of the
DNA minicircles was verified by resistance to ExoVII (GIBCO-
BRL). Linear or purified circular DNA (300 ng) was exposed to 1
U of ExoVII at 37°C overnight, separated on an 7.5% polyacryl-
amide gel, and visualized by ethidium bromide staining.

Triple-helix displacement assay

All double-stranded DNAs for triple-helix construction contain
a 40-bp d(GA) - d(TC) tract. The intact and nicked end-posi-
tioned substrates (114 bp) and the isolated triple helix (40 bp)
were prepared by hybridizing complimentary oligonucleotides.
Nicked end-positioned substrate used a nonphosphorylated oli-
gonucleotide that was not ligated, leaving a nick 4 bases from
what will become the duplex/triplex junction. The intact sub-
strate used a phosphorylated oligonucleotide and was ligated
using T4 ligase. The substrates were analyzed using a denatur-
ing polyacrylamide gel to ensure integrity, and were purified
following electrophoresis in 15% native polyacrylamide gel.
Double-stranded DNA for center-positioned triplexes (190 bp)
was prepared by PCR using a BSCR plasmid containing the a
centrally located 40-bp d(GA) - d(TC) tract. The third strand,
consisting of a 40-nt single-stranded homopyrimidine repeat
(dTC),,, was end-labeled with [y-32P]JATP at the 5’ end. Sub-
strates were formed by incubating the labeled (dTC),, with a
twofold molar excess of double-stranded DNA, in a buffer con-
taining 33 mM Tris-acetate (pH 5.5), 66 mM potassium acetate,
100 mM NaCl, 10 mM MgCl,, and 0.4 mM spermine (Kopel et
al. 1996). Triple-helix displacement assays were carried out at
30°C in a reaction buffer containing 36 mM Tris-acetate (pH
7.3), 20 mM KOAc, 8 mM MgCl,, 5% (v/v) glycerol, 0.5 mM
DTT, and (when indicated) 1 mM ATP. Reactions (25 nL) con-
tained 30 ng of triple-helix DNA and 80 ng (18 nM) of Sthl or
200 ng (8 nM) of RSC. After 30 min, reactions were quenched
with 0.5 % SDS, 15 mM EDTA, 3% (v/v) glycerol, 2 mM Tris-
HCI (pH 8.0), and 25 ng of unlabeled (dTC),,. Products were
resolved on a 15% native polyacrylamide gel and analyzed using
Image Quant (Molecular Dynamics Inc.). For oligonucleotide
sequences, refer to Supplementary Material at http://www.
genesdev.org.

Histone expression and octamer reconstitution

The yeast histone ORFs HHT1, HHF1, HTA1, and HTB1 were
PCR-amplified (for primer sequences, refer to Supplementary
Material at http://www.genesdev.org) and cloned into pET11a
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(Stratagene). Clones were verified by DNA sequencing. Proteins
were overexpressed in BL21-Codonplus RIL cells (Stratagene)
with 0.2 mM IPTG at an ODg, of 0.4 for several hours. His-
tones were purified from inclusion bodies and reconstituted
into octamers as described (Luger et al. 1999), except the size-
exclusion chromatography step was eliminated from the his-
tone purification.

Nucleosome assembly

The 167-bp EcoRI-Scal fragment from pIC5x207(EX) (Meersse-
man et al. 1991) was subcloned into pBSCR.KS (Stratagene),
forming p872.5S, which was used as a template to PCR-amplify
(for primer sequences, refer to Supplementary Material at
http://www.genesdev.org) the Xenopus 55 RNA gene, with one
primer radiolabeled with [y-3>P]ATP. For nicked nucleosomes,
nicks were placed at defined positions by hybridization of three
oligonucleotides (70 bases, 56 bases, and 41 bases) to an intact
complementary radiolabeled 167-base single strand of DNA (de-
rived by single-stranded rescue and cleavage of BSCR). The
nicks were positioned 23 and 33 bases upstream and down-
stream of the center of the Dral site. Histidine-tagged yeast
Napl (yNAP1) was overexpressed from pET28 in BL21-Codon-
plus RIL cells (Stratagene) as described for the histones,
and purified chromatographically using Ni?>*-NTA agarose
(QIAGEN) and Q-Sepharose (Pharmacia). Nucleosomes were re-
constituted by mixing equimolar amounts (determined by A, g,
A0, and gel analysis) of yNAPI, histone octamer, and DNA in
10 mM HEPES (pH 7.6), 50 mM KCl, 5 mM MgCl,, 10% (w/v)
glycerol, and 0.5 mg/mL BSA with rotation at 30°C for 4 h.
Supernatants were loaded onto a 12-mL sucrose gradient (10%—
30%) and centrifuged in a SW41 rotor at 41,000 rpm for 24 h.
Fractions were analyzed on a 4% native gel (15:1 acryl:bis) con-
taining 2 mM MgCl,, 5% (w/v) glycerol in 0.5x TBE; nucleo-
some-containing fractions were pooled and concentrated using
a Centricon-10 (Amicon).

Remodeling assays

Remodeling reactions containing 30 ng of nucleosomal DNA in
a buffer of 20 mM Tris-acetate (pH 7.9), 50 mM KOAc, 10 mM
MgOAc, 1 mM DTT, and 0.1 mg/mL BSA, with or without 1
mM ATP and 20 U of Dral, were allowed to proceed at 30°C for
1 h. The reactions were then quenched with 10 mM EDTA,
followed by DNA extraction and electrophoresis on an 8% poly-
acrylamide gel. Dral cutting was quantified using Phospho-
Imager analysis.

Yeast strains

The strain for RSC isolation was BCY211: ade2-1 can1-100
his3-11,15 leu2-3,112 trp1-1 ura3-1 pep4A:: HIS3 prb1A:: LEU2
RSC2-TAP::TRP1 prcA::HISG cir®. The strain for Sthl isola-
tion was BCY243: ade2-1 can1-100 his3-11,15 leu2-3,112 lys2A
trpl-1 ura3-1 cir* pep4A::HIS3 prblA::LEU2 barlA::HISG
lys2::Gal1/10-GAL4 with plasmid [p904.STH1]. The strains for
determining the oligomeric state of Sthl were BCY242: ade2-
1/ade2-1 can1-100/can1-100 his3-11,15/his3-11,15 leu2-3,112/
leu2-3,112  trp1-1/trp1-1 ura3-1/ura3-1  pep4A::HIS3/
pep4A::HIS3 prbl1A::LEU2/prb1A::LEU2 STHI1-TAP::TRP1/
STH1 prclA::HISG/PRC lys2::GALI1-10-GAL4/LYS2 with
plasmid [p1170.STHL1]; BCY240: ade2-1 can1-100 his3-11,15
leu2-3,112  trp1-1  ura3-1 pep4A::HIS3  prblA::LEU2
Iys2::GAL1/10-GAL4 containing plasmid [pl1170.STH1]; and
BCY241: ade2-1/ade2-1 canl-100/can1-100 his3-11,15/his3-
11,15 leu2-3,112/leu2-3,112  trp1-1/trp1-1  ura3-1/ura3-1
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pep4A:: HIS3/pepd4A::HIS3 prbl1A::LEU2/prblA::LEU2 STHI-
TAP::TRP1/STH1 prc1A::HISG/PRC1 lIys2::GAL1-10-GAL4/
LYS2.
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