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The Cockayne syndrome B protein (CSB) is required for coupling DNA excision repair to transcription in
a process known as transcription-coupled repair (TCR). Cockayne syndrome patients show UV sensitivity and
severe neurodevelopmental abnormalities. CSB is a DNA-dependent ATPase of the SWI2/SNF2 family. SWI2/
SNF2-like proteins are implicated in chromatin remodeling during transcription. Since chromatin structure
also affects DNA repair efficiency, chromatin remodeling activities within repair are expected. Here we used
purified recombinant CSB protein to investigate whether it can remodel chromatin in vitro. We show that
binding of CSB to DNA results in an alteration of the DNA double-helix conformation. In addition, we find that
CSB is able to remodel chromatin structure at the expense of ATP hydrolysis. Specifically, CSB can alter
DNase I accessibility to reconstituted mononucleosome cores and disarrange an array of nucleosomes regularly
spaced on plasmid DNA. In addition, we show that CSB interacts not only with double-stranded DNA but also
directly with core histones. Finally, intact histone tails play an important role in CSB remodeling. CSB is the
first repair protein found to play a direct role in modulating nucleosome structure. The relevance of this

finding to the interplay between transcription and repair is discussed.

Nucleotide excison repair (NER) is a versatile DNA repair
pathway that removes a wide range of DNA lesions, including
the main UV light-induced lesions, i.e., cyclobutane pyrimidine
dimers and 6-4 photoproducts. Approximately 30 proteins are
involved in mammalian NER, which proceeds via a well-char-
acterized, multistep reaction (for a recent review, see reference
13). One of the immediate consequences of DNA damage is
blockage of transcription. To allow a rapid resumption of this
vital process, a specialized repair mode that preferentially rec-
ognizes and repairs transcription-blocking lesions has evolved
(3, 37). This process is known as transcription-coupled repair
(TCR). Some aspects of TCR are highly conserved among
Escherichia coli, yeasts, and mammals (57). Oxidative damage,
mainly processed by the base excision repair pathway, is also
removed in a transcription-coupled manner (9, 30). Thus, the
importance of TCR is not limited to NER.

Inherited defects in TCR constitute the molecular basis of
Cockayne syndrome (CS). CS patients are UV light sensitive
and show severe developmental and neurological dysfunctions
(4, 39). Two human genes are specifically required for TCR,
CSA and CSB. These genes are defective in CS complemen-
tation groups A and B (21, 54). Several recent observations
suggest that the CS proteins may have a subtle, additional role
in transcription (1, 8, 44, 53, 56).

CSA specifies a five-WD-40-repeat-containing protein (21).
The CSB gene encodes a nuclear protein of 168 kDa, and its
central part is highly homologous to the helicase domain pres-
ent in the SWI2/SNF2 family of proteins (15, 54). The recom-
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binant CSB protein is a double-stranded DNA-dependent
ATPase (activated by both naked and nucleosomal DNA) but,
like other members of the SWI2/SNF2 family, is not a classical
helicase (7, 11, 40, 45). Changing the invariant lysine to an ar-
ginine residue within the Walker A motif, responsible for NTP-
binding and hydrolysis, abolished CSB ATPase activity but
only partially affected its biological function in living cells (7).
Both in vivo and in vitro it was found that CSB interacts with
RNA polymerase II (RNAP II) (45, 53, 56). However, the role
of CSB both in TCR and in RNAP II transcription is unknown.

Several SWI2/SNF2-related proteins are part of large mul-
tiprotein complexes involved in transcription regulation (64).
In vitro studies have well documented the ability of these re-
modeling machines to alter chromatin structure in an ATP-
dependent manner (27). Recently, three ATPases, the human
Brgl and hBrm together with the Drosophila ISWI, have been
reported to exhibit chromatin remodeling activities on their
own (10, 41). Brgl and hBrm are the ATPase components
of two distinct human SWI/SNF complexes (28, 61), while
ISWI is part of three Drosophila remodeling complexes, ACF,
CHRAC, and NUREF (6). These experiments have led to the
view that the ATPase subunits are the catalytic core of the
remodeling machines, while the other associated proteins may
have regulatory or auxiliary functions. Interestingly, the SWI12/
SNF2 family also includes proteins involved in various DNA
repair pathways, such as RAD 16 (global genome NER), RAD
5 (postreplication repair), RAD 54 (recombination repair),
and CSB (TCR) (15). The fact that chromatin structure hin-
ders the repair process (47) suggests that these SWI2/SNF2-
related DNA repair proteins may possess a similar remodeling
activity in order to provide access to damaged DNA. However,
very little is known about the proteins and the molecular mech-
anism involved in chromatin transitions in DNA repair. In this
study, we examined the involvement of CSB, as an isolated
recombinant protein, in chromatin remodeling by in vitro ac-
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cessibility assays on nucleosomal DNA fragments. Our results
show that CSB can alter DNA conformation and is able to
induce changes in chromatin structure in an ATP-dependent
fashion. In addition, we demonstrate that CSB directly inter-
acts with the core histones. We provide evidence that CSB ex-
hibits chromatin remodeling activity, thus linking repair to chro-
matin remodeling.

MATERIALS AND METHODS

Proteins. Recombinant, epitope-tagged (N-terminal hemagglutinin antigen
epitope [HA] and C-terminal histidine stretch [Hiss]) CSB and CSB¥*3*R mutant
proteins were overexpressed using the baculovirus system and purified as de-
scribed previously (7), except that a Mono Q column was substituted for the final
purification step. The eluate from the Ni>*-nitrilotriacetic acid-agarose column
was loaded on a Mono Q column equilibrated with buffer A (25 mM HEPES-
KOH [pH 7.9], 0.05% Nonidet P-40, 10% glycerol, 1 mM EDTA, 1 mM dithio-
threitol [DTT], 0.1 mM phenylmethylsulfonyl fluoride) in 0.1 M KCI, and the
adsorbed proteins were eluted by a 0.1 to 1 M KCl gradient. The elution profile
and purity of the CSB fractions were monitored by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) followed by silver staining.
Protein concentration was ~20 ng/pl.

The hSWI/SNF complex was purified from HeLa cells by affinity chroma-
tography using a FLAG epitope tag on the Inil subunit, and its functional
characterization was performed as described previously (43). HeLa core histone
octamers were purified as described previously (66). Hl-depleted HeLa polynu-
cleosomes were isolated and quantified as described previously (43).

ATPase assay. Standard reactions (10-pl volumes) were performed as de-
scribed previously (7). Plasmid DNA (300 ng), HeLa polynucleosomes (300 ng)
(untreated or trypsinized) and HeLa core histones (40 ng to 400 ng) were tested
as cofactors. No ATPase activity intrinsic to HeLa polynucleosomes or core
histones was detected. Incubation was for 30 min at 30°C, and it was followed
with separation by thin-layer chromatography. ATP hydrolysis was determined
by image analysis on a PhosphorImager (Molecular Dynamics).

Topological assay on plasmid DNA. pBlueScript II KS was singly nicked by
treatment with bovine pancreatic DNase I (Boehringer Mannheim) (12) and
purified by phenol-chloroform extraction and ethanol precipitation. Reactions
(60-pI volumes) contained 100 ng of nicked plasmid and the indicated amounts
of CSB or CSBX*3*R and were performed as described previously (52) except
that the KCI concentration was adjusted to 60 mM. After 10 min, 1 U of E. coli
DNA ligase was added and the incubation was continued for 50 min. Where not
specified, reaction mixtures contained not ATP but NAD as the cofactor of the
E. coli DNA ligase. Topoisomers were resolved by electrophoresis on 1% aga-
rose gels containing 0.5 g of chloroquine per ml. Gels were run in 1X Tris-
borate-EDTA for 20 h at 70 V, followed by Southern blotting, hybridization with
a pBluescript probe, and autoradiography. Two-dimensional gel electrophoresis
was performed as described previously (49, 52). In a control experiment, purified
CSB was incubated with closed, supercoiled plasmid DNA under the above-
described experimental conditions. Reactions were analyzed on a 0.8% agarose
gel. No formation of relaxed DNA was observed.

M 1 bly and DNase I accessibility assay. Mononucleo-
some cores were assembled by stepwise salt dilution (23) on Mlul-EcoRI DNA
fragments obtained by digestion of the TPT plasmid (43). The DNA sequence
includes two GT-phasing sequences (46) and was 155 bp after labeling with the
Klenow fragment and [*°P]dCTP. After assembly, mononucleosomes were pu-
rified on a 5 to 30% glycerol gradient as described previously (23). Ten nano-
grams of these tailed mononucleosomes was diluted in 100 pl of buffer V (25 mM
NaCl, 10 mM Tris-HCI [pH 8.0], 1 mM EDTA) and trypsinized for 10 min at
room temperature with trypsin (5 ng/pl) as described by Guyon et al. (19).
Reactions were stopped with a 15-fold (wt/wt) excess of soybean trypsin inhibi-
tor. Trypsinization was monitored by electrophoresis on a 5% nondenaturing
acrylamide gel.

DNase I footprinting reactions (with 25-pl volumes) were performed as de-
scribed previously (23, 43), except that 0.5 mg of bovine serum albumin (BSA)
per ml was added. Where indicated, the reaction mixtures contained the non-
hydrolyzable ATP analog ATPyS (Sigma) or 1 U of apyrase (Sigma) (dissolved
in 20 mM HEPES [pH 7.9], 1 mM MgCl,, 1 mM DTT, 1 mM EDTA, 1 mg of
BSA per ml. The KCI concentration was adjusted to 60 mM in all reaction
mixtures. After incubation at 30°C for 45 min, followed by incubation for 5 min
at room temperature, the reaction mixtures were subjected to digestion with
DNase 1. Tailed mononucleosomes were digested with 0.1 U of DNase I; tailless
monunucleosomes were digested with 0.025 U of DNase I. Processing and
denaturing PAGE were performed as described previously (23).

Gel-shift and histone octamer transfer reactions. For gel-shift analysis, re-
modeling reaction mixtures (containing 0.3 ng of either labeled nucleosome
particles or labeled naked DNA and the indicated amount of CSB) were directly
loaded onto 4% polyacrylamide gels (80:1 acrylamide-to-bisacrylamide ratio)
containing 12.5 mM Tris, 100 mM glycine, and 0.5 mM EDTA. Gels were run at
~150 V for ~2.5 h at 4°C. Where indicated, reactions were stopped by the
addition of KCI (final concentration, 160 mM) and competitor DNA (2 pg of
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plasmid DNA, 0.5 pg of polynucleosomes) prior to loading on the gel. Octamer
transfer reaction mixtures contained unlabeled HeLa polynucleosomes in excess
(10 ng), the naked labeled TPT Mlul-EcoRI fragment (1 ng) as a possible
acceptor of core particles, and CSB (40 ng) or hNSWI/SNF (200 ng) and were
performed under the same conditions as for the DNase I footprinting. After 60
min at 30°C, KCl and 2 pg of plasmid DNA (as described above) were added to
stop the reactions. Samples were further incubated at 30°C for 10 min and
analyzed by electrophoretic mobility shift assay using 5% polyacrylamide gels
(22). Product analysis was performed using a PhosphorImager. In the presence
or absence of ATP, no de novo formation of core particles on the naked DNA
could be detected in the CSB reactions, whereas octamer transfer was catalyzed
by hSWI/SNF in an ATP-dependent manner (data not shown).

Plasmid chromatin remodeling assays. Chromatin was assembled on the
3.35-kb pGsHC,AT plasmid (65) in Drosophila embryo extracts and subse-
quently treated with Sarkosyl to disrupt endogenous remodeling activities ac-
cording to published protocols (58, 59). Sarkosyl and ATP were removed by gel
filtration on Micro Bio-spin columns (Bio-Gel polyacrylamide P-6; Bio-Rad).
Sarkosyl-treated chromatin (~40 ng of DNA) was incubated with CSB or
CSBX38R (estimated amount, 160 ng) or with hRSWI/SNF complex (300 ng) for
90 min at 30°C in 70 pl of EX buffer (58) containing 60 mM KCI. Micrococcal
nuclease (MNase) digestion and agarose gel electrophoresis were performed as
described previously (58). Southern blotting, hybridization with 3*P-labeled total
plasmid DNA, and autoradiography were used to visualize the DNA fragments.

The supercoiling assay on reconstituted plasmid chromatin was performed as
described previously (23). The pGsHC,AT plasmid was internally labeled and
assembled into nucleosomes using purified HeLa core histones and a heat-
treated Xenopus egg extract (23). A glycerol gradient-purified template (1 ng of
DNA) was incubated with the indicated amounts of CSB and hSWI/SNF, and
remodeling reactions were carried out in 12.5- or 25-ul volumes for 90 min at
30°C, as described previously (23). Reaction mixtures contained 60 mM KCI.
Similar results were obtained when the pGsHC,AT plasmid was assembled with
Drosophila embryo extracts (58) and treated with Sarkosyl and the reactions were
carried out under experimental conditions that were the same as those described
above for the MNase analysis.

Antibodies and IPs. Purified CSB (500 ng) and HeLa core histones (2 pg)
were incubated in vitro in buffer A containing 0.01% Nonidet P-40 and 0.1 M
KCI for 2 h at 4°C with rotation. Immunoprecipitation (IP) was performed
overnight at 4°C either with rabbit polyclonal antibodies raised against CSB (3 .l
of crude serum) (56) or with 2 pg of mouse monoclonal antibodies that recognize
an epitope present on all four histones (anti-histone, pan H11-4; Boehringer
Mannheim). Mock IPs were carried out either in the absence of CSB or in the
absence of histones. Binding of the antibody-protein complexes to protein A-
Sepharose beads, equilibrated in buffer A, was for 2 h at 4°C. The beads were
washed three times with 20 volumes of buffer A containing 0.1% Nonidet P-40
and 0.35 mM KCl and three times with buffer A containing 0.01% Nonidet P-40
and 0.1 M KCI. After boiling of the beads, the bound proteins were analyzed by
SDS-PAGE using either 8% acrylamide gels (to visualize CSB) or 16.5% acryl-
amide gels (to visualize the histones), followed by silver staining.

Far-Western analysis. Samples (3.6 ng) of Hl-depleted HeLa polynucleo-
somes (untreated or trypsinized) and samples of two control proteins, cyto-
chrome ¢ (0.9 pg; Sigma) and bovine serum albumin (DNase free, 0.9 pg;
Pharmacia Biotech), were used. HeLa polynucleosomes were trypsinized by
following a previously described protocol (19). The trypsinization reaction was
for 30 min at room temperature, and it was stopped by the addition of a 20-fold
excess (wt/wt) of soybean trypsin inhibitor (Sigma) and monitored by SDS-
PAGE and Coomassie blue staining. All protein samples were separated on
SDS-16.5% polyacrylamide gels and stained with Coomassie blue or transferred
to a nitrocellulose membrane for far-Western analysis. The membrane was
blocked with skimmed milk containing 0.05% Tween 50 and incubated with
purified CSB (100 ng/ml) overnight at 4°C. Bound protein complexes were
visualized by incubation with affinity-purified anti-CSB antibodies (56) and goat
anti-rabbit secondary antibodies (BIOSOURCE) and by the alkaline phospha-
tase detection method.

RESULTS

In this study, we utilized highly purified, recombinant CSB
protein. Wild-type and ATPase-deficient (CSB*>**®) mutant
CSB proteins, both epitope tagged (HA-CSB-his,), were iso-
lated from baculovirus-infected Sf21 insect cells as described
previously. The tags do not interfere with the biological func-
tion of CSB in vivo (7). Both proteins were purified to near
homogeneity, as determined by silver staining (Fig. 1A). As
previously described, CSB ATPase activity was stimulated by
double-stranded but not by single-stranded DNA. Both naked
and nucleosomal DNAs, with or without histone tails, exhib-
ited similar levels of stimulation (reference 7 and data not
shown). When HeLa core histones were tested as cofactors, no
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FIG. 1. CSB introduces negative supercoils in plasmid DNA upon binding. (A) Purified recombinant CSB and CSB¥*3*R proteins. Aliquots of the Mono Q fractions
of both proteins were separated by SDS-PAGE (8% acrylamide) and visualized by silver staining. In addition to the major CSB band, two degradation products (as
determined by Western blotting) were visible. *, keratins which were also present in empty lanes. Molecular size markers are indicated. (B) Shift in the topoisomers
distribution upon CSB binding. L, linear DNA (lane 1). Singly nicked (N) plasmid DNA (100 ng) (lane 2) was incubated in the presence of ATP alone (lanes 3 and
7) or with increasing amounts (20, 40, and 80 ng) of CSB (lanes 4, 5, and 6, respectively) or CSB¥>**R (lanes 8, 9, and 10, respectively). The DNA molecules were closed
by the addition of E. coli DNA ligase, and the topoisomers were resolved by electrophoresis on a 1% agarose gel containing 0.5 pg of chloroquine per ml.

increase of ATP hydrolysis by CSB was detected (data not
shown; see Materials and Methods). This emphasizes that CSB
ATPase activity is strictly dependent on double-stranded
DNA. The hSWI/SNF complex was isolated from HeLa cells
and functionally characterized as described previously (43).

CSB influences DNA topology by inducing negative super-
coiling. CSB contains seven conserved motifs characteristic of
the SNF2/SWI2 family of putative helicases (15, 54). Never-
theless, CSB, as well as most of the SWI2/SNF2-related pro-
teins tested to date, fails to show classical helicase activity as
assayed by oligonucleotide strand displacement (7, 11, 45, 51).
However, the lack of overt helicase activity does not exclude
the possibility that these proteins may work by altering the
DNA conformation, thereby inducing a local separation of
the DNA strands. To address this possibility, we tested CSB
activity in a topological assay (52). Singly nicked DNA plas-
mid was incubated with increasing amounts of purified CSB
or CSB****R (Fig. 1B). Subsequently, E. coli DNA ligase was
added to covalently close the nick in order to preserve any
protein-induced change in linking number (ALK) in the duplex
DNA. To determine the extent and the direction of induced
ALK, the topoisomer population was analyzed by agarose gel
electrophoresis in the absence or presence of the intercalating
agent chloroquine (Fig. 1B and data not shown). As shown in
Fig. 1B, lane 5, addition of 40 ng of CSB shifted the topoiso-
mers’ distribution. The number of slowly migrating DNA to-
poisomers in the gel increased with increased CSB concentra-
tion (Fig. 1B, lane 6, and data not shown). We calculate that
the presence of CSB at an approximate molar ratio of 10:1 per
2.96 kb of plasmid DNA molecule was sufficient to induce the
topological effect apparent in Fig. 1B, lane 6.

To examine whether ATP hydrolysis was required for this
reaction, two experiments were performed. The ATPase-defi-
cient CSB****® mutant was used, and since the E. coli ligase
requires only NAD, we could perform the reaction in the
absence of ATP. In both cases near wild-type ALk values were
obtained (Fig. 1B, lanes 8 to 10, and results not shown). Fur-
thermore, in control experiments we did not detect any signif-
icant contaminating topoisomerase activity in the CSB prepa-

rations (data not shown; see Materials and Methods). The
chloroquine included in the gels shown in Fig. 1B intercalates
in the DNA double helix and introduces positive supercoiling
in the covalently closed relaxed plasmid. CSB counteracted
chloroquine action, causing an electrophoretic retardation of
the DNA topoisomers (Fig. 1B, lanes 4 to 6). We conclude that
binding of CSB causes a change in DNA conformation de-
tected as negative supercoiling in our topological assay. The
direction of CSB-induced ALk was confirmed by analysis of the
topoisomers on two-dimensional gels (data not shown) (52).
CSB remodels a nucleosome core in an ATP-dependent
manner. The high homology shared with the SWI2/SNF2-re-
lated proteins suggested that CSB might play a role in chro-
matin remodeling. However, such a property has not been
established for any of the DNA repair members of this family.
We first investigated this possibility at the basic level of chro-
matin organization, the nucleosome. For this purpose, we re-
constituted rotationally phased mononucleosomes with puri-
fied histones on a radioactively labeled 155-bp DNA fragment
using a salt dilution procedure. Alterations of the nucleosomal
structure were assessed by DNase I footprinting (23) (see Ma-
terials and Methods). In the absence of remodeling activities,
DNase I digestion of nucleosomes gave rise to the character-
istic pattern of DNA fragments with a periodicity of 10 bp,
which is clearly distinct from the pattern generated on naked
DNA (Fig. 2A, compare lanes 1 and 11). Mononucleosomes
were incubated with increasing amounts of purified CSB pro-
tein. In the presence of ATP, CSB visibly altered the DNase I
accessibility to nucleosomal DNA. Remodeling is particularly
evident from the change in intensity of some specific DNA
bands (Fig. 2A, lanes 2 to 4, note bands marked by arrows).
The changes in the digestion pattern were proportional to the
amount of CSB added. When the naked 155-bp DNA fragment
was incubated with CSB, no specific DNA footprint by CSB
was observed, as expected for a non-sequence-specific DNA
binding protein (data not shown). We estimate that a ratio of
approximately 4:1 for CSB versus core particles promoted al-
terations of the nucleosomal structure (Fig. 2A, lane 2). No
alterations were observed in the absence of ATP (Fig. 2A,
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FIG. 2. Mononucleosome remodeling by CSB. (A) Mononucleosome remodeling by CSB is ATP dependent. End-labeled nucleosome particles (approximately 3
ng of total nucleosomes) were incubated in the presence of ATP alone (lane 1) or with increasing amounts (10, 20, and 40 ng) of CSB in the presence (lanes 2, 3, and
4, respectively) or absence (lanes 5, 6, and 7, respectively) of ATP. Similar reactions were performed with CSBX>3*R in the presence of ATP (lanes § to 10). Remodeling
was assessed by DNase I digestion. Filled arrows, sites of enhanced cutting due to the presence of CSB; open arrows, sites of reduced cleavage. N, naked control DNA
(lane 11). (B) Nucleosome remodeling by CSB is stable upon removal of ATP by apyrase. Reactions were performed as described for panel A, and reaction mixtures
contained 40 ng of CSB alone (lane 1) or with ATP (lane 2); where indicated, [y-SJATP (ATPvS) (2 mM) or apyrase (1 U) was added. [y-S]JATP did not support
remodeling (lane 3). Similarly, addition of apyrase (1 U) prior to CSB inhibited nucleosome remodeling (lane 4). However, addition of apyrase (1 U) after CSB had
been present for 45 min did not inhibit or reverse nucleosome disruption, as shown by DNase I digestion after 2 min (lane 5), 15 min (lane 6), and 40 min (lane 7).
As a control, nucleosomes were incubated in the presence of ATP alone (lane 8). N, naked DNA (lane 9). Arrows and filled arrows are as defined for panel A. (C)
CSB nucleosome remodeling pattern is very similar but not identical to the one generated by the hNSWI/SNF complex. Reactions were performed as described for panel
A and reaction mixtures contained ATP alone (lane 1), 60 ng of CSB alone (lane 2) or with ATP (lane 3), or 300 ng of the isolated hRSWI/SNF complex with ATP (lane
4) or alone (lane 5). Sites of enhanced (filled arrows) and of decreased (open arrows) DNase I digestion are indicated. Double-headed arrows between lanes 3 and
4 represent cleavage sites that distinguish the two nucleosome disruption activities. Bar, approximate position of the nucleosomal dyad axis. N, naked control DNA.

lanes 5 to 7) or with the addition of the nonhydrolyzable ATP past the addition of apyrase (Fig. 2B, lanes 5 to 7). These data
analogue [y-S]JATP (Fig. 2B, lane 3), nor was the ATPase- suggest that the CSB-induced structural changes in the nucleo-

deficient CSB*°**R able to promote significant remodeling  some are stable and that maintenance of the remodeled state
(Fig. 2A, lanes 8 to 10). However, gel-shift experiments have does not require continuous ATP hydrolysis.

shown that binding of CSB to DNA and to nucleosomes is In order to qualitatively compare CSB activity with those of
independent from the presence of ATP and is displayed with other chromatin-remodeling factors, we assayed CSB and the

wild-type efficiency by the CSB¥***R mutant (data not shown).  purified h\SWI/SNF multiprotein complex (43) in identical dis-
This indicates that sole binding of CSB to DNA does not ruption reactions. The remodeling activities of the entire
support changes in DNase I accessibility. In addition, the fact hSWI/SNF complex and of its two separate ATPase-subunits
that CSB was not able to remodel mononucleosomes in the were recently shown to be qualitatively, although not quanti-
presence of the nonhydrolyzable ATP analogue [y-S]ATP (Fig. tatively, similar (41). The results presented in Fig. 2C reveal
2B, lane 3) indicates that ATP hydrolysis, rather than ATP that the DNase I digestion patterns mediated by CSB and by

binding, is required for remodeling by CSB. hSWI/SNF are very similar. However, subtle differences in
Consistent with these findings, when apyrase, which hydro- DNase accessibility were visible in the central portion of the
lyzes ATP, was added to a reaction mixture containing nucleo- DNA fragment (Fig. 2C, compare lanes 3 and 4), as was con-

somes before addition of CSB, ATP-dependent nucleosome sistently observed in independent experiments (data not
remodeling was inhibited (Fig. 2B, compare lanes 2 and 4). To shown).

analyze the stability of the altered nucleosome, we first incu- Plasmid chromatin remodeling by CSB. To examine wheth-
bated identical samples containing ATP, nucleosomes, and er CSB could reorganize an array of nucleosomes, a situation
CSB for 45 min, after which we exposed them to apyrase and which more closely resembles that observed in vivo, we used
subsequently subjected them to digestion with DNase I at time Drosophila embryo extracts to reconstitute chromatin on a
points ranging from 2 min to 40 min (Fig. 2B, lanes 5 to 7). The DNA plasmid in vitro (58). The chromatin assembly and spac-
specific DNase I digestion pattern was conserved until 40 min ing complexes (24, 59) active in these extracts catalyze the
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deposition of nucleosomes with uniform spacing, as visualized
by MNase digestion (see Fig. 3A and Materials and Methods).
Before the chromatin templates were incubated with CSB, the
endogenous Drosophila remodeling activities were disrupted
by Sarkosyl treatment (59). Sarkosyl and ATP were subse-
quently removed by gel filtration (Fig. 3A) (see Materials and
Methods). The regularity of the nucleosomal array, which was
maintained after the Sarkosyl treatment, was significantly per-
turbed by the addition of CSB in the presence of ATP (Fig. 3A,
compare lanes 3 and 5). The loss of periodic spacing between
the nucleosomes was visible when CSB was present in an ~20-
fold molar excess compared to the level of the 3.35-kb plasmid.
Since this plasmid contains an average of 16 nucleosomes, we
estimate that CSB is active at an approximate equimolar ratio
with nucleosome particles. A similar irregular MNase pattern
was induced by the hNSWI/SNF complex in an ATP-dependent
reaction (Fig. 3A, compare lanes 9 and 5, and data not shown).
In contrast, in the presence of the CSB¥***R ATPase-deficient
mutant, the nucleosomes were found in the original regular
array (Fig. 3A, compare lanes 7 and 3). Similar results were
obtained in control reactions from which ATP was omitted
(not shown). These data indicate that CSB uses the energy
from ATP-hydrolysis to remodel nucleosomes on large DNA
molecules. This change could result from repositioning of nu-
cleosome octamers and/or generation of an altered nucleo-
some that is more accessible to nucleases.

One hallmark of the SWI2/SNF?2 type complexes is the abil-
ity to change the topology of nucleosomal plasmid DNA in an
ATP-dependent manner (23, 28, 63). This particular property
(to date reported only for SWI2/SNF2-related complexes) is
also displayed by the isolated human SNF2 homologs Brgl and
hBrm (41). To assay CSB for this activity, closed circular plas-
mid chromatin was reconstituted with Xenopus oocyte heat-
treated extracts (23) (see Materials and Methods). Nucleo-
somes introduce negative supercoils in plasmid DNA, which
can be visualized after deproteinization as a rapid migration
(relative to that of relaxed DNA) in agarose gel electrophore-
sis (Fig. 3B, lane 1). As previously characterized, addition of
hSWI/SNF, in the presence of ATP and topoisomerase I, re-
duces the supercoiling of the reconstituted plasmid. This is
detected as the appearance of topoisomers that have a reduced
mobility (Fig. 3B, lanes 3 to 5) (23). In contrast, CSB failed to
show detectable activity in this assay (Fig. 3B, lanes 7 to 11)
even when present in an ~20-fold molar excess compared to
amounts of the h\SWI/SNF ATPase subunits, as determined by
silver staining (Fig. 3B, compare lane 11 with lane 5; data not
shown). Similar results were obtained on chromatin templates
assembled with Drosophila embryo extracts (58) (data not
shown; see Materials and Methods). These data indicate mech-
anistic differences in chromatin remodeling by CSB and hSWI/
SNF.

Nucleosome remodeling by CSB does not result in complete
disruption of DNA-histone contacts or in octamer transfer to
free DNA in trans. The results described above establish the
ability of CSB to influence chromatin structure. To gain insight
into the mechanism of remodeling by CSB, we used gel mo-
bility shift experiments to determine whether CSB dissociates
histones from DNA. As with other remodeling complexes,
mixing CSB with labeled nucleosomes (or naked DNA) creates
a mixture that does not enter the gel (Fig. 4, lanes 2 to 6 and
12 to 16) (see Materials and Methods). To determine whether
histones have dissociated from DNA, we performed the re-
modeling reactions and then we added an excess of unlabeled
competitor DNA and analyzed the reaction products on native
gels. Importantly, addition of naked DNA (see Materials and
Methods) to the samples after remodeling but prior to elec-
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trophoresis reverted the nucleosome-CSB complexes and re-
generated the two DNA species in the original ratio (Fig. 4,
lanes 7 to 10). A comparison of Fig. 4, lanes 7 and 8, with Fig.
4, lane 1, indicates that the remodeling reaction did not release
appreciable amounts of labeled nonnucleosomal DNA. Thus,
under the conditions used, nucleosome remodeling by CSB
does not involve a complete dissociation of the core histones
from the DNA.

Yeast SWI/SNF, yeast RSC, and human SWI/SNF (33, 40a,
62) can transfer histone octamers from excess donor nucleo-
somes to labeled free DNA to form nucleosomes. In contrast,
the ISWI ATPase and the ISWI-based complexes CHRAC and
NUREF cannot perform this activity (20, 29). We failed to
detect octamer transfer activity by CSB under experimental
conditions in which transfer was readily detected by SWI/
SNF (data not shown; see Materials and Methods).

CSB interacts with histone proteins. The findings described
above indicate that CSB binds to nucleosomes and alters their
structure upon ATP hydrolysis. To test how CSB is targeted
to the core particles, we investigated whether CSB binds the
histones by IP analysis. Isolated HeLa core histones [present as
H2A-H2B dimers and a heterogeneous population of H3-H4
dimers and (H3-H4), tetramers] (2, 14, 26) were incubated
with purified CSB, and IP was carried out either with an anti-
CSB antibody (56) or with an antibody that recognizes an
epitope present on all histones (H11-4) (see Materials and
Methods). After extensive washing of the protein A beads, the
bound fraction was analyzed by SDS-PAGE followed by silver
staining. The results presented in Fig. SA show that the anti-
CSB antibody was able to immunoprecipitate all four histones
only when CSB was present (compare Fig. 5, lanes 3 and 4,
noting that the weak bands visible in lane 4 do not correspond
with histones and are derived from the serum used). Con-
versely, using anti-histone antibodies, specific co-IP of CSB
with histones was consistently observed (Fig. 5B, compare
lanes 3 and 4). These data point to a specific direct interaction
between CSB and the core histones.

The interaction of purified CSB with histones was further
examined by far-Western analysis. Human H1-depleted poly-
nucleosomes and several control proteins (see Materials and
Methods) were separated by SDS-PAGE. The purity of the
protein samples used is shown on the Coomassie blue-stained
gel (Fig. 6A). All four core histones were recognized by CSB,
as shown by far-Western analysis (Fig. 6B, lane 3). In addition,
CSB was able to bind to each of the separate core histones
(data not shown). Under identical conditions, no association
with BSA or with the highly basic cytochrome ¢ protein was
detected (Fig. 6B, lanes 1 and 2), suggesting that the net pos-
itive charge of the histones does not (solely) account for the
binding. In the absence of the CSB protein, no background
staining due to a specific antibody binding was detected (Fig.
60C).

When DNA is wrapped around a histone octamer to form a
nucleosome, only the 15 to 30 residues at the amino termini of
the histones, commonly named tails, are protruding from the
core structure (34). Histone tails have been demonstrated to
play a crucial role in the regulation of chromatin accessibility
(35). To analyze whether histone amino termini are important
for CSB targeting, we followed an established procedure to
remove them from all four core histones (19) (see Materials
and Methods). HeLa polynucleosomes were digested with
trypsin and analyzed by SDS-PAGE. After trypsin cleavage the
histones ran with the characteristic size of tailless histones (Fig.
6A, lane 4). In the far-Western analysis, as shown in Fig. 6B,
lane 4, we could not detect binding of CSB to the tailless
histones. This further confirms the specificity of the interaction
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20:1, as determined by silver staining (not shown). Sc, supercoiled; R, relaxed or partially supercoiled.
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Multiple DNA-protein complexes are visible (verticle bar).

and provides evidence that CSB associates with the exposed
histone tails.

CSB remodeling activity on trypsinized mononucleosomes.
To investigate the functional significance of the presence of
histone tails on CSB remodeling activity, we used the DNase I
accessibility assay to determine whether CSB was able to re-
model a tailless mononucleosome substrate. Tailless mononu-
cleosomes were prepared by digesting glycerol gradient-puri-
fied tailed mononucleosomes with trypsin (19) (see Materials
and Methods). The removal of the tails was confirmed by the
electrophoretic mobility of tailless nucleosomes, which was
faster than that of their tailed counterparts (Fig. 7A). As ex-
pected, the tailless nucleosomes have a sensitivity to DNAse 1
digestion that is slightly altered compared to that of intact
nucleosomes (Fig. 7B, lanes 2 and 7). We then incubated CSB
with either tailed or tailless nucleosomes and compared the
remodeling activities. CSB induced ATP-dependent changes in
the DNase I cleavage pattern on tailed nucleosomes (Fig. 7,
lanes 3 to 5) in a fashion similar to that shown in Fig. 2. In
contrast, at equivalent protein concentrations, CSB remodel-
ing activity on the tailless substrates was strongly reduced (Fig.
7B, compare lanes 8 to 10 and 3 to 5). These results further
support the significance of the histone tails for proper CSB
functioning.

DISCUSSION

In this study, we further characterize the biochemical activ-
ities of CSB by analyzing its interaction with DNA and chro-
matin.

CSB alters DNA double helix conformation upon binding.
Our results show that CSB binds to double-stranded DNA and
that this binding causes a significant change in linking number
as evidenced by the appearance of negatively supercoiled DNA
in a topological assay (Fig. 1B). This activity is reminiscent
of that of the hRad54 recombination-repair protein, another
member of the SWI2/SNF2 family (52). It also resembles the
effect of binding of HMG-box-containing polypeptides, such as
HMG-1, mtTF1, and LEF-1, to DNA (16, 18, 50). In contrast,
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FIG. 5. CSB directly interacts with purified HeLa core histones. IP analysis
was performed on reaction mixtures containing purified CSB and core histones
(lanes 1 and 2, respectively, in panels A and B) (see Materials and Methods).
After extensive washing, the antibody-bound protein complexes were separated
on SDS-16.5% and —-8% polyacrylamide gels to visualize the histones and CSB,
respectively. Gels were stained with silver. (A) IP was carried out with anti-CSB
antibodies. Analysis of the beads by SDS-PAGE showed that all four core
histones specifically coimmunoprecipitate with CSB (lane 3) and not in a mock
IP (lane 4). (B) IP with anti-histone, pan antibodies is shown. CSB is present in
the bound fraction together with the histones (lane 3). No nonspecific binding is
detected in the mock IP (lane 4).
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DNA binding of the yeast SWI/SNF complex induces positive
supercoils. However, CSB and ySWI/SNF share the property
that ATP hydrolysis is not required to alter DNA topology
(42). Relevant to this point is our observation that ATPase-
deficient CSB (CSB¥°*¥R) still retains partial activity when
microinjected into living CS-B cells (7). In theory, CSB binding
can induce negative supercoiling in two ways. One possibility is
that CSB wraps the DNA around its surface in a left-handed
manner, which will cause a change in writhe. Alternatively,
CSB DNA binding could induce a change in twist, which may
result in local unwinding of the DNA double helix. At present,
we cannot discriminate between these two possibilities.

CSB shares chromatin remodeling properties with both
SWI2/SNF2 and ISWI-containing complexes. Purified, recom-
binant CSB has intrinsic chromatin remodeling activities in
vitro. It catalyzes the remodeling of both reconstituted mono-
nucleosomes and nucleosomes uniformly spaced on plasmid
DNA. Both activities require the energy of ATP hydrolysis. As
demonstrated for hBrm and Brgl, additional proteins may be
needed to increase the rate of remodeling by CSB (41). Our
findings are consistent with the present view that SWI2/SNF2-
related ATPases form the functional core of chromatin remod-
eling machines (10, 41).

Although ATP-dependent chromatin remodeling complexes
perform similar activities, mechanistic differences distinguish
the SWI2/SNF2 family from the ISWI-based complexes (27).
Additionally, the three ISWI family remodeling complexes dis-
play different activities in vitro (6). An interesting question is
whether the CSB remodeling activity resembles more that of
the SWI2/SNF2-type proteins or that of ISWI.

CSB activity on mononucleosomes is similar to that of the
SWI2/SNF2-containing complexes (11, 28). In fact, CSB in-
duces significant changes in the DNase I cleavage pattern

on reconstituted mononucleosomes (Fig. 2). In contrast, the
ISWI-based CHRAC complex does not support nucleosome
remodeling in similar experiments (29). The DNase I digestion
patterns induced by CSB and by the hSWI/SNF complex are
very similar (Fig. 2C). Only subtle differences are observed
near the nucleosomal dyad axis, the suggested location of SWI/
SNF binding (42, 43), possibly because CSB and hSWI/SNF
bind slightly different sites on the nucleosome. During the
mononucleosome remodeling reaction, both CSB and hSWI/
SNF generate an altered nucleosome structure that is stable
after removal of ATP (Fig. 2B) (23). This activity has not been
tested for ISWI-based complexes. CSB activity on reconsti-
tuted plasmid chromatin presents two aspects. On one hand,
CSB shows the same behavior of h\SWI/SNF and the Drosoph-
ila NURF, as they all disorganize the regular repeat of nucleo-
some arrays (Fig. 3) (55; G. Schnitzler, unpublished observa-
tions). This activity distinguishes CSB from ISWI (10) and
from the ISWI-based remodeling complexes CHRAC and
ACF (24, 59). On the other hand, CSB does not induce de-
tectable loss of superhelical density of nucleosomal plasmid, a
characteristic activity displayed by SWI2/SNF2 complexes (Fig.
3B) (23). This might reflect differences in the details of the
remodeling reactions. Generally, it is argued that chromatin-
remodeling complexes work without removal of histone octam-
ers from the DNA. CSB results are consistent with this idea
(Fig. 4). However, SWI2/SNF2-containing complexes (RSC,
hSWI/SNF, and yeast SWI/SNF) can transfer histone octamers
to an acceptor DNA molecule in trans (33, 40a, 62). We were
not able to detect this type of activity for CSB (data not
shown). In this respect, CSB is more like the ISWI-based
complexes NURF and CHRAC (20, 29). In conclusion, the
data presented here indicate that CSB remodeling activity has
some properties in common with both the SWI2/SNF2-based
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respectively) or with 60 ng of CSB in the absence of ATP (lanes 6 and 11). Remodeling was assessed by DNase I digestion and denaturing gel electrophoresis. Filled
arrows, sites of enhanced cutting due to the presence of CSB; open arrows, sites of reduced cleavage. N, naked control DNA (lane 1).

and the ISWI-based family. This may be due to the fact that
CSB was tested as isolated polypeptide and not as a complex as
in the case of the others. An additional interesting possibility is
that CSB may be distinct in its capabilities from both classes of
remodeling complexes.

Intact histone tails are important for efficient nucleosome
remodeling by CSB. To get insight into the mechanism of how
CSB destabilizes the nucleosomal structure, it is important to
identify its target sites. Does CSB recognize the DNA surface
or can CSB also contact the histone proteins directly, or can it
do both? Our in vitro data indicate that CSB can do both.
Figure 1B reveals its interaction with double-stranded DNA.
The results presented in Fig. 5 and 6 show that CSB interacts
with the core histones, suggesting multiple contacts between
CSB and the histone proteins. Interestingly, trypsinized core
histones completely failed to be recognized by CSB (Fig. 6B).
Histone tails have been shown to differentially influence the
activity of ATP-driven chromatin remodeling complexes. They
are essential for the Drosophila NURF action (17), while
hSWI/SNF and yeast SWI/SNF complexes can remodel tailless
nucleosomes (19, 32). Here, we present evidence that CSB

remodeling activity is severely reduced on tailless mononucleo-
somes (Fig. 7B), providing a first indication that interaction
with the histone tails is important for CSB function.

Implications for transcription-coupled repair. A dual func-
tionality has been proposed for CSB. First, CSB is specifically
required for the transcription-repair coupling reaction. Sec-
ond, several observations support an additional, nonessen-
tial role of CSB in transcription itself (1, 57). Very recently,
specific fragile sites in metaphase chromosomes have been
detected at abundantly transcribed chromosomal loci in CSB-
deficient cells, suggesting an involvement of CSB in transcrip-
tion elongation of highly transcribed (structured) genes (67).
The capacity of CSB to remodel nucleosome structure may be
relevant for both the repair and the transcription function, as
discussed below.

In relation to the role of CSB in repair, CSB may be involved
in chromatin rearrangements at repair sites. These rearrange-
ments may include both opening of chromatin, to facilitate
displacement of the stalled polymerase complex and/or favor
accessibility of NER enzymes to the damage, and the rapid
refolding of nucleosomes following repair synthesis (36, 38). In
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addition, the capability of CSB to modulate DNA double helix
conformation may directly facilitate TCR. In a mechanism
similar to nucleosome disruption, CSB could use ATP hydro-
lysis to weaken the RNAP II-DNA contacts at the site of a
DNA lesion, thereby accomplishing displacement or removal
of the blocked polymerase, which is an obligatory step for
repair (30). The observed interaction of CSB with RNAP II,
both in vivo and in vitro (44, 53, 56), might specifically target
CSB to sites of blocked transcription.

With respect to the role of CSB in transcription, it is well
documented that nucleosomes constitute a strong barrier to
transcription elongation (5, 25). A mild stimulation of tran-
scription elongation by CSB on naked DNA templates in vitro
has recently been reported (44; our unpublished observations).
The data presented here open the possibility that CSB may
play a role in facilitating transcription by RNAP II through
pause sites on natural chromatin templates in vivo.

The experiments presented here extend CSB function to
chromatin remodeling and place the protein at the crossroad
between DNA repair, transcription, and chromatin structure.
It is possible that defective chromatin rearrangements during
DNA repair or transcription may contribute to the severe
clinical symptoms of CS patients, which cannot be explained
solely by a DNA repair defect. Other examples of severe bio-
logical consequences of alterations of chromatin-modifying ac-
tivities have been recently reported, e.g., the hSNF5 compo-
nent of the hSWI/SNF complex (60) and proteins that regulate
histone acetylation (31, 48). Finally, CSB is the first of the class
of repair proteins of the SWI/SNF family for which a chroma-
tin-remodeling activity is documented. This suggests that also
the other repair members of this family mediate the cross talk
between repair and chromatin structure.
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