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that Rb, p16Ink4a and cyclin D1/Cdk4 can form a quaternary
complex in vitro (data not shown). These results suggest that
p16Ink4a binds to a site on Cdk4/6 that is different from that for
ATP, the substrate Rb and cyclin D1. Similarly, p19Ink4d binds to the
cyclin D/Cdk4 complex without disrupting the interaction between
the cyclin and Cdk44. In addition, an R24C mutant of Cdk4, which
inhibits binding of p16Ink4a and is targeted by cytolytic T lympho-
cytes in a human melanoma, has been identified4. This mutation
affects the interaction of p16Ink4a, but not that of p21 or p27,
suggesting that the two classes of CDKI bind to different sites.
Another mutation that affects p16Ink4a binding is found at Lys 22,
and replacement of residues 95–97 in human Cdk4 with those from
Cdk2 also abolishes binding to p16Ink4a (M. Serrano and D. Beach,
unpublished results). If it is assumed that Cdk4 and Cdk6 have
structures similar to Cdk2 (Cdk4 and Cdk6 share 39 and 43%
identity with Cdk2, respectively), then all these mutations are likely
to cluster together near the junction between the N- and C-terminal
lobes of the CDK, next to the active site. The results suggest that the
Ink4 class of CDK inhibitors bind in this cleft (Fig. 3b).

The structure of p19Ink4d allows us to interpret and analyse the
large amount of data now available on mutants of p16Ink4a. In
particular, it indicates which of these mutants might have altered
function, as opposed to altered structure, and which would thus
qualify for further investigation. Our analysis of p16Ink4a and Cdk4
mutants and of p16Ink4a peptides provides a model for the interac-
tion of the Ink4 class CDKIs with Cdk4 and Cdk6 which can now be
tested using site-directed mutagenesis and biochemical analysis. M
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Methods

Protein purification. Mouse p19Ink4d as a fusion to the glutathione-S-
transferase (GST) protein4 was coexpressed with GroEL and GroES11 and
uniformly 13C/15N- and 15N-labelled proteins were prepared for the NMR
experiments by growing E. coli BL21 (DE3) (Novagen), harbouring the
expression plasmids, in a minimal medium containing (15NH4)2SO4 either
with or without 13C6-glucose. Deuterated proteins were prepared as
described23. The protein was affinity-purified on glutathione-Sepharose
beads (Pharmacia). p19Ink4d was then cleaved from the fusion protein while it
was still attached to the resin, using thrombin (Boehringer-Mannheim), which
was subsequently removed from the supernatant with an anti-thrombin resin
(Sigma). The protein was exchanged into phosphate buffer (20 mM, pH 7.5)
containing 100 mM NaCl, 1 mM EDTA and 5 mM DTT.
NMR spectroscopy. All NMR spectra were acquired at 30 8C on Bruker
AMX600 NMR spectrometers. The 1H, 13C and 15N resonances of the backbone
of the protein were assigned using a combination of 3-D CBCA(CO)NNH and
CBCANNH experiments. The side-chain signals were assigned using 4D
HCC(CO)NNH and 13C/15N-separated NOESY experiments, 3D HCCH-
COSYand HCCH-TOCSYexperiments, and 2D 1H-15N HMBC, 1H-13C HSQC,
CbHd and CbHe experiments24.
Structure calculations. The structures were calculated using the program X-
PLOR25. Initial structures were based on 1,967 completely unambiguous
1H–1H distance restraints obtained from 4D 13C/15N- or 15N/15N- and 3D
15N- or 13C-separated NOESY spectra26 of either uniformly 15N-, 13C/15N- and
2H/13C/15N-labelled or selectively protonated proteins23. In addition, 82 f

dihedral angle restraints were obtained from a 3D HNHA experiment27. A
total of 2,212 ambiguous NOE restraints were then included in the
structure calculations. The initial structures were iteratively refined using
ARIA methodology28, in which the previous set of structures is used to identify
restraint violations and to reduce the level of ambiguity in the ambiguous
restraint tables by discarding restraints that contribute little to the intensity.
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25. Brünger, A. T. X-PLOR, Version 3.1: A System for X-ray Crystallography and NMR (Yale Univ. Press,

New Haven and London, 1992).
26. Clore, G. M. & Gronenborn, A. M. Structures of larger proteins in solution—3-dimensional and 4-

dimensional heteronuclear NMR spectroscopy. Science 252, 1390–1399 (1991).
27. Vuister, G. W. & Bax, A. Quantitative J correlation: A new approach for measuring homonuclear three-

bond J(HNHa) coupling constants in 15N-enriched proteins. J. Am. Chem. Soc. 115, 7772–7777 (1993).
28. Nilges, M., Marcias, M. J., O’Donoghue, S. I. & Oschkinat, H. Automated NOESY interpretation with

ambiguous distance restraints: the refined NMR solution structure of the pleckstrin homology
domain from b-spectrin. J. Mol. Biol. 269, 408–422 (1997).

29. Kraulis, P. J. MOLSCRIPT: A program to produce both detailed and schematic plots of protein
structures. J. Appl. Crystallogr. 24, 946–950 (1991).

30. Gilson, M. K., Sharp, K. A. & Honig, B. Calculation of the total electrostatic energy of a
macromolecular system—solvation energies, binding energies and conformational analysis. J.
Comput. Chem. 9, 327–335 (1988).

Acknowledgements. We thank C. J. Sherr for the plasmid expressing GST-p19Ink4d; S. Ishii for plasmids
expressing GroEL and GroES; W. Boucher for computer programming; M. Nilges for protocols for the
structure calculations; J. Krywko for the model of Cdk4; M. Serrano and D. Beach for assaying p19Ink4d

and for communicating unpublished results; N. Pavletich for the coordinates of 53BP2; and A. Murzin for
helpful discussion. This work was supported by a grant from the BBSRC. The Cambridge Centre for
Molecular Recognition is supported by the BBSRC and the Wellcome Trust.

Correspondence should be addressed to E.D.L. (e-mail: e.d.laue@bioc.cam.ac.uk). The co-ordinates have
been deposited in the Brookhaven PDB (accession number lap7).

erratum

Chromatin-remodelling factor
CHRACcontains theATPases
ISWIand topoisomerase II
Patrick D. Varga-Weisz, Matthias Wilm, Edgar Bonte, Katia
Dumas, Matthias Mann & Peter B. Becker

Nature 388, 598–602 (1997)
..................................................................................................................................
The meaning of the sentence that describes Fig. 5 of this Letter was
distorted by erroneous duplication of text and should read: ‘‘Com-
parison of the ATPase activities of CHRAC with that of purified
Drosophila topoisomerase II (Fig. 5) showed that topoisomerase II
was only stimulated by free DNA, whereas CHRAC was stimulated
by free DNA as well as by nucleosomes.’’ M
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resulted in the protein family shown in Fig. 1c. The highest-scoring non-related
sequences after those shown consisted of trithorax family members that reached
error probabilities of P . 0:5 in all of the profile iterations.
Immunocytochemistry. Antibodies were raised in rabbits against the purified
GST fusion proteins encoded by pGEX-RIM-52 and pGEX-Rim-PDZ. Double
and single immunofluorescence labelling of cryostat sections from rat spinal
cord and bovine retinae was performed27 with two independent polyclonal Rim
antibodies and multiple monoclonal antibodies to synaptic vesicle proteins.
Staining was visualized by Cy2- and Cy3-conjugated secondary antibodies and
viewed in a BioRad MRC1024 confocal microscope. Immuno-electron micro-
scopy was performed by a pre-embedding protocol with silver enhancement27.
Controls for all immunocytochemistry experiments included the use of two
independent antibodies, control stains with other antibodies, and experiments
in which the first antibody was omitted.
PC12 cell transfections. PC12 cells (ATCC) were plated in collagen-coated 6-
well dishes with 106 cells per well. Cells were transfected on day 1 with 0.2 mg of
Qiagen-purified pCMV5-hGH encoding human growth hormone and 1 mg of
the indicated expression plasmids using Lipofectamine (Life Technologies).
Expression plasmids encoded the light chains of wild-type and mutant tetanus
toxin in pCMV5 (ref. 28), LDL receptor and Rab3A in pCMV5, and residues
1–399 of Rim in pME18sf(−). On day 3, cells were collected, washed, and split
into two portions, one of which was incubated for 20 min at 37 8C in control
buffer (in mM) (145 NaCl, 5.6 KCl, 2.2 CaCl2, 0.5 MgCl2, 5.6 glucose, 0.5
ascorbate, 20 HEPES-NaOH, pH 7.4) and the other was incubated in the same
buffer containing 56 KCl and 95 NaCl. After incubation, growth hormone in
the medium and the cells was determined by radioimmunoassay (Nichols
Institute). Secretion was calculated as the percentage growth hormone released
as a function of stimulation. All experiments were done in triplicate at least
three times.
Rimaffinitychromatography. Glutathione–agarose columns without protein,
with GST–Rim fusion protein encoded by pGEX-Rim-52, or with various
control GST fusion proteins, were reacted with total rat brain homogenate
prepared in 0.5% Triton X-100, 1 mM EDTA, 0.1 M NaCl, 0.1 g l−1 PMSF, and
50 mM HEPES-NaOH, pH 7.4, with either 0.5 mM GDP-bS or GTP-gS at 4 8C
overnight. Samples were washed 5 times in the same buffer without nucleotides
before analysis by SDS–PAGE and immunoblotting.
Other procedures. RNA blotting experiments were done using multiple tissue
blots (Clontech). SDS–PAGE and immunoblotting were performed using
standard procedures and antibodies described previously1,12,28,29. Signals were
detected by ECL and quantified by 125I-labelled secondary antibodies. Protein
assays were performed with the BioRad kit. Subcellular fractionations were
performed as described29 and verified by immunoblotting against a series of
synaptic-vesicle, plasma-membrane and cytosolic antigens.
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Repressive chromatin structures need to be unravelled to allow
DNA-binding proteins access to their target sequences. This
de-repression constitutes an important point at which transcrip-
tion and presumably other nuclear processes can be regulated1,2.
Energy-consuming enzyme complexes that facilitate the inter-
action of transcription factors with chromatin by modifying
nucleosome structure are involved in this regulation3–5. One
such factor, nucleosome-remodelling factor (NURF), has been
isolated from Drosophila embryo extracts4,6,7. We have now iden-
tified a chromatin-accessibility complex (CHRAC) which uses
energy to increase the general accessibility of DNA in chromatin.
However, unlike other known chromatin remodelling factors,
CHRAC can also function during chromatin assembly: it uses
ATP to convert irregular chromatin into a regular array of
nucleosomes with even spacing. CHRAC combines enzymes that
modulate nucleosome structure and DNA topology. Using mass
spectrometry, we identified two of the five CHRAC subunits as the
ATPase ISWI, which is also part of NURF6,8, and topoisomerase II.
The presence of ISWI in different contexts suggests that chromatin
remodelling machines have a modular nature and that ISWI has a
central role in different chromatin remodelling reactions.

Chromatin reconstituted in the cell-free assembly system from
Drosophila embryos9,10 is maintained in a dynamic state character-
ized by increased nucleosome mobility and overall DNA acces-
sibility in the presence of ATP11. Using ATP-dependent
endonuclease cleavage of chromatin to assay for DNA accessibility11,
we purified and characterized a new type of chromatin remodelling
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machine, CHRAC. CHRAC activity is sensitive to the detergent
Sarkosyl (Fig. 1a). Addition of ATP to Sarkosyl-washed chromatin
does not increase the accessibility of DNA (Fig. 1b, lanes 3–6);
however, when CHRAC-containing fractions are added, DNA in
chromatin becomes accessible to restriction enzymes (Fig. 1b, lane
7). Using this assay, we purified CHRAC from nuclear embryo
extracts to apparent homogeneity (Fig. 2). On a gel filtration
column, the purified activity ran as a complex with an apparent
relative molecular mass of 670,000 (Mr 670K) (Fig. 2a). Consis-
tently, proteins of 175K, 160K (which stains more strongly) and
130K, and two small proteins of Mr ,18K and 20K copurified with
CHRAC activity with roughly equal stoichiometry (Fig. 2b).

CHRAC increased the accessibility of DNA in chromatin, but not
of free DNA, in an energy-dependent manner. DNA in chromatin
may be rendered accessible by, for example, alteration of the
nucleosome core structure, loss of linker-DNA-binding proteins
or of other chromatin-associated proteins, or by unfolding of the
nucleosomal fibre. To test whether CHRAC activity required any
factors other than nucleosomes, we reconstituted nucleosomes
from pure histones on long linear DNA by salt-gradient dialysis.
Addition of CHRAC and hydrolysable ATP was necessary and
sufficient to increase the accessibility of the nucleosomal DNA to
the restriction endonuclease DraI (Fig. 3). As in the crude assembly
system11, only ATP and dATP supported CHRAC activity, whereas
other nucleotides were inactive. This result identifies the nucleo-
some core particle as a target for CHRAC action.

The band corresponding to the 130K subunit was cut from a
silver-stained SDS–polyacrylamide gel, cleaved in the gel by trypsin,
and analysed by nano-electrospray mass spectrometry12. Tandem

mass spectrometry of the tryptic cleavage products and computer-
assisted sequence interpretation through database searches with
peptide sequence tags13 led to the unambiguous identification of the
130K subunit as the known ATPase, ISWI6,8 (see Methods).

The 160K subunit was also analysed by mass spectrometry. Nine
tryptic peptides were sequenced and the enzyme topoisomerase II
(topo II; see Methods) was unambiguously identified. Both ISWI
and topo II cofractionated precisely with CHRAC, as shown by
western blotting, and topo II was active, as revealed by its ATP-
dependent relaxation of negative supercoils (data not shown). By
co-immunoprecipitation from crude CHRAC-containing fractions,
we confirmed that topo II and ISWI were located in the same
complex (Fig. 4). Topoisomerase II functions as a dimer14, which is
consistent with the staining of the 160K topo II band in CHRAC
being stronger than the other subunits (Fig. 2). Assuming that two
molecules of topo II are present, the relative molecular masses of the
individual subunits add up to the observed Mr of 670K.

ISWI is also a subunit of NURF, another nucleosome-remodel-
ling complex that facilitates the binding of transcription factors to
chromatin. No other subunit is shared by the complexes4,6. Two
hSNF2L(the human ISWI homologue)-containing complexes of
,700K and 450K have been identified15, corresponding to the Mr

determined here for CHRAC and with that of NURF4, suggesting
the existence of human counterparts for both ISWI-containing
complexes.

The ATPase activity of NURF is stimulated by nucleosomal but
not free DNA6. By contrast, the ATPase activity of topo II is
stimulated by free DNA16. Comparison of the ATPase activities of
CHRAC with that of purified Drosophila topoisomerase II (Fig. 5)

Restriction enzyme digestion
of chromatin in presence

and absence of ATP

Addition of CHRAC

Chromatin assembly

Sarkosyl wash to remove
endogenous CHRAC

Spin column purification
to remove Sarkosyl and ATP

a b Figure 1 CHRAC assay. a, Scheme of the assay. b, Lanes: 1, 2, endogenous

CHRAC activity revealed byenhanced DraI cleavageof reconstituted chromatin in

the presenceof ATP; 3–6, Sarkosyl-strippedchromatin becomesmoreaccessible

in general, but lacks the ATP-dependent opening; 7, addition of 1 ml CHRAC-

containing extract to stripped chromatin reconstitutes ATP-dependent endo-

nuclease accessibility. Chromatin in lanes 3, 4 was washed with 0.075% Sarkosyl,

chromatin in lanes 5–7 with 0.15% Sarkosyl. A negative image of the ethidium

bromide-stained agarose gel is shown.

Figure 2 Purification of CHRAC. a, 8% SDS–PAGE of fractions from the Superose-

6 gel filtration column, calibrated with thyroglobulin (Mr 670K) and ferritin (440K)

size standards (Pharmacia). CHRAC activity (‘‘CHRAC’’) peaks in fractions 25 and

26. b, Purified CHRAC (CHR) was resolved by 8% and 15% SDS–PAGE and

stained with silver. M: size markers (BioRad) with indicated relative molecular

masses in thousands. Asterisks: small proteins that co-fractionate with CHRAC

activity. These proteins run with histone markers on other gels.

b
Mr (K)

a

b

670K 440K

M r (K)
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showed that topoisomerase II was only stimulated by free DNA as
well as by nucleosomes, whereas CHRAC was stimulated by free
DNA as well as by nucleosomes. We assume that the nucleosome-
stimulated ATPase activity in CHRAC is due to ISWI, which is
common to both CHRAC and NURF.

CHRAC and NURF increase the accessibility of chromatin by
different mechanisms. CHRAC and NURF preparations, standar-
dized by their content of immunoreactive ISWI, had different
activities when compared in accessibility assays: CHRAC was less
effective in the GAGA-factor-dependent nucleosome remodelling
assay than NURF; conversely, NURF did not stimulate the sen-
sitivity to restriction endonucleases (data not shown). NURF
perturbs histone–DNA interactions in mononucleosomes when
added at a stoichiometry of one NURF per 20 nucleosome core
particles4. The SWI/SNF and RSC complexes also perturb histone–
DNA interactions, but require higher stoichiometries1,5. So far, we
have not observed a similar effect when incubating equimolar
amounts of CHRAC and mononucleosomes under comparable
experimental conditions (unpublished observations).

The most striking difference between CHRAC and NURF, how-
ever, was in their effect on nucleosomal arrays. The assembly of
nucleosomes is rapid in the Drosophila and related Xenopus systems
in the absence of ATP, but correct nucleosome spacing requires time
and energy9,17. The ATP-dependent spacing principle has so far
remained elusive. Addition of CHRAC to chromatin assembled in
the absence of ATP, and therefore lacking regular nucleosome
spacing, resulted in an ATP-dependent alignment of nucleosomes
which became evident from the new regularity of the micrococcal
nuclease cleavage pattern (Fig. 6a). This result identifies CHRAC as
an ATP-dependent nucleosome-spacing factor. NURF has the
opposite effect: addition of large amounts of NURF to a nucleoso-

mal array perturbs the regular repeat pattern4. The side-by-side
comparison of NURF and CHRAC (standardized by their ISWI
content) in our nucleosome-spacing assay demonstrated the differ-
ence between the two activities (Fig. 6b). Irregular chromatin
obtained by only brief chromatin assembly was converted into a
regular nucleosomal array in an ATP-dependent reaction by
CHRAC, but not by NURF.

We propose two non-exclusive mechanisms by which CHRAC
may mediate these two apparently opposing effects of increasing the
accessibility of nucleosomal DNA and of imposing regularity on
nucleosomal arrays. CHRAC might increase the mobility of nucleo-
somes with the expenditure of energy, a reaction that occurs in a
cell-free system11. Enhanced nucleosome mobility may increase the
chance of transient exposure of a particular sequence in accessible
linker regions and at the same time facilitate the alignment of
nucleosomes into a regular repeat structure. Alternatively, CHRAC
may participate in nucleosome assembly and disassembly, like the
histone chaperones which, depending on the circumstance, may
function either as histone donors in nucleosome assembly or as
histone acceptors during disassembly of nucleosome cores18. The
identification of the ATPase ISWI in two structurally and function-
ally distinct chromatin remodelling complexes highlights the
modular nature of these complexes and suggests that ISWI may
drive diverse nucleosome remodelling reactions specified by dif-
ferent interaction partners. ISWI, being found in both NURF and
CHRAC, may be directly involved in targeting and rearranging
nucleosome structure.

The association of ISWI and topo II in one complex is interesting.
The topoisomerase activity (DNA-strand breakage and religation)
does not seem to be involved in CHRAC function: VP16, a specific
inhibitor of topo II (ref. 19), did not prevent CHRAC from

Figure 3 CHRAC targets nucleosomes. Nucleosomes were reconstituted on

linear DNA from Drosophila histones by salt-gradient dialysis. 28ng of fraction 25

(Fig. 2) or buffer (no CHRAC) were added to ,80ng DNA reconstituted into

chromatin in EX120 in the presence of 200 mgml−1 BSA and the indicated

nucleotides at 1mM. After DraI digestion, the purified DNA was separated on an

agarose gel. A negative image of the ethidium bromide-stained gel is shown.
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increasing chromatin accessibility to restriction enzymes, and only
slightly altered its effect on nucleosome spacing (data not shown).
Purified topo II could not substitute for CHRAC in either of these
reactions. The physiological importance of the association of ISWI
and topoisomerase II in one complex will only become apparent
once further CHRAC subunits have been identified. Nucleosome
remodelling by ISWI may help the interaction of topo II with
chromatin and thus enhance its function. Conversely, the associa-
tion of topo II with chromosomes may localize CHRAC activity to
specific chromosomal sites. Topoisomerase II is involved in many
cellular processes such as the removal of catenates after replication,
chromosome condensation and decondensation, kinetochore
assembly and sister chromatid separation at mitosis (for reviews,
see refs 16, 20–22); it is a major structure component of the mitotic
chromosome axis23,24 and is distributed widely over interphase
chromosomes, but is also concentrated at specific heterochromatic
sites25. Distinct populations of topo II with dynamic nuclear
localization patterns during the cell cycle have been visualized25.
The existence of topo II isoforms, cell-cycle-regulated post-transla-
tional modifications, and various associated proteins contribute to
the structural and functional diversity of topo II16. The CHRAC-
associated topo II represents only a fraction of the total topo II in a
nucleus and may therefore correspond to a subpopulation dedi-
cated to a specific function. We recently observed a stimulatory
effect by CHRAC in a cell-free replication system: CHRAC, but not
purified topo II, enhanced the initiation of replication from a
nucleosomal SV40 origin (V. Alexiadis, P.D.V., P.B.B. and C.
Gruss, manuscript in preparation). M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Nucleosome reconstitution and CHRAC assay. Chromatin was assembled
in Drosophila embryo extracts as described9–11. After the assembly, 0.075%
Sarkosyl (sodium lauroylsarcosine) was added to disrupt endogenous CHRAC
activity. Sarkosyl and ATP were removed by gel filtration11. CHRAC assay: 10 ml
Sarkosyl-washed chromatin (equivalent to ,40 ng DNA), 0.5–5 ml CHRAC-
containing fractions, 10–50 units of DraI or HincII and 1–2 mM ATP in 40 ml
EX-120 buffer11 were incubated for 30–60 min at 26 8C.
Nucleosome reconstitution by salt-gradient dialysis. 4 mg l DNA, 2 mg
Drosophila histones and 50 mg BSA (Fermentas) were mixed in 100 ml HSB

(10 mM HEPES-KOH, pH 7.6, 1 mM EDTA, 1 mM 2-mercaptoethanol, 2 M
NaCl) buffer. This mixture was dialysed in a microcollodion bag (Sartorius)
against 600 ml HSB. During dialysis over 2 d at 4 8C, the salt was gradually
removed by exchange of dialysis buffer with buffer lacking NaCl but containing
0.05% NP-40.
CHRAC purification. A comprehensive protocol is available upon request.
CHRAC was purified from nuclear extracts of 12–16-h-old Drosophila
embryos. Nuclei were extracted with ammonium sulphate26 and extracts
were dialysed into CB-150 buffer (CB: 10 mM HEPES-KOH, pH 7.6, 1 mM
MgCl2, 0.5 mM EGTA, 0.1 mM EDTA, 0.5 mM sodium metabisulphite, 0.2 mM
PMSF, 1 mM DTT; CB-150 contains 150 mM KCl) before precipitation with
20% methanol. All columns were equilibrated in CB-150 and loaded with
fractions diluted to a conductivity equal to CB-150. Proteins were chromato-
graphed on a CM–Sepharose FF column (all columns and resins from
Pharmacia) and CHRAC activity was eluted with CB-400. Active fractions
were rechromatographed on a smaller CM–Sepharose FF column from which
the activity was eluted with CB-200. From the following Mono-Q HR 10/10
column, CHRAC eluted at a conductivity equal to CB-350. Successive con-
centrations involved a 1-ml CM–Sepharose FF column and a Filtron Microsep
concentrator (Mr cutoff, 30K). The material was separated on a Superose-6 10/
30 column in 20 mM HEPES-KOH, pH 7.6, 400 mM KCl, 1 mM MgCl2,
0.5 mM EGTA, 1 mM DTT, 20% glycerol. If necessary, a final fractionation
on a Mono-Q 1/1 column was added from which CHRAC was eluted by a salt
gradient.

Estimations of purification factor and yield are complicated by the presence
of CHRAC inhibitors in crude nuclear extracts. As the purification after the
CM-Sepharose step leads to a 200–400 fold enrichment of CHRAC activity, we
estimate the overall degree of purification to be at least 1,000-fold. Unless stated
otherwise, the CHRAC concentration in the experiments was 250 mg ml−1, as
determined by a modified Bradford assay (Biorad) with BSA as standard.
Mass spectrometry. Details of the analysis are available upon request.
Proteins were proteolytically trypsinized in the gel12,27. Extracted peptides were
purified on a 100 nl R2 Poros microcolumn and step-eluted in 1 ml 60%
methanol/5% formic acid into a nanoelectrospray capillary. Mass spectrometry
was done on an API III triple quadrupole instrument (PE-Sciex, Ontario)
equipped with an upgraded collision cell and the nanoelectrospray ion source28.
For the 130K subunit, the sequence tag (776.6)(I/L)EQ(1146.4) from the
fragment spectrum of a peptide (Mr 1,877) identified uniquely the tryptic
peptide comprising amino acids 736–748 of the ISWI protein in a non-
redundant database (data not shown). Four other ISWI peptides were
sequenced from the same digest corresponding to amino acids 160–171,
394–402, 450–458 and 638–648. From the tryptic peptide mixture of the
160K protein, 9 peptides (T1–T9) were sequenced which identified unam-
biguously Drosophila topoisomerase II (SwissProt P15348; T1: ITFSPDLAK, T2:
DLYGVFPLR, T3: SLAVSGLGVIGR, T4: SGIVESVLAWAK, T5: YIFTIMSPLTR,
T6: IFDEILVNAADNK, T7: ELMWVYDNSQNR, T8: SQLEHILLRPDSYIGSV
EFTK, T9: GFQQVSFVNSIATYK; data not shown).
ATPase assay. Nucleosomes were reconstituted on a 146-bp DNA fragment
by salt-gradient dialysis at high histone input to ensure that no free DNA
contaminated the preparation. The reaction (9 ml) contained: 60 ng DNA or the
equivalent amount of mononucleosomes, 6.6 mM HEPES, pH 7.6, 0.66 mM
EDTA, 0.66 mM 2-mercaptoethanol, 0.033% N-P40, 1.1 mM MgCl2, 33 mM
ATP, 5 mCi [g-32P]ATP (3,000 Ci mmol−1, Amersham) and 14 ng CHRAC or
11.5 units topo II (USB) or CHRAC400 buffer. Unreacted ATP and free
phosphate were separated by thin-layer chromatography and quantified by
using PhosphoImager and Imagequant software.
Co-immunoprecipitation. Equal amounts of protein A–Sepharose-purified
rabbit polyclonal antibody against topoisomerase II (W4-250-1, provided by D.
Arndt-Jovin) or a control protein A–purified rabbit IgG were added to 10 ml of
the first CM–Sepharose eluate. 5 ml IP-150 (20 mM HEPES, pH 7.6, 0.5 mM
EGTA, 10% glycerol, protease inhibitor, 150 mM KCl, 5 mM MgCl2), 1 ml
(20 mg) chicken ovalbumin and 2 ml of 3 M KCl were added. This mixture was
kept for 1 h on ice, added to protein A–Sepharose beads (10 ml settled volume)
in 50 ml IP-400 (as IP-150, but containing 400 mM KCl, 1 mM MgCl2, 50 mg
ovalbumin and 0.1% N-P40) and incubated further for 2 h at 4 8C. Beads
were washed twice with 50 ml IP-400, once with IP-150, and resuspended in
25 ml IP-150. 5 ml 6 3 SDS loading buffer were added and the sample was

a b

Figure 6 a, CHRAC is an ATP-dependent spacing factor. Chromatin was

assembled without ATP, Sarkosyl-stripped to remove endogenous CHRAC, and

the effect of addition of ATP and/or CHRAC on the regularity of the nucleosomal

array was studied by micrococcal nuclease analysis as described in Methods. b,

CHRAC and NURF are functionally distinct. Equivalent amounts of CHRAC and

NURF (expressed as relative ISWI units, RIU) were compared for their ability to

create a regular nucleosomal array.
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analysed by SDS–PAGE and western blotting. Rabbit anti-ISWI antibody was
biotinylated using the Clontech Biotin-X-NHS ester labelling kit. Detection
was by streptavidin–peroxidase polymer (Sigma) with an ECL detection kit
(Amersham).
Nucleosome spacing. Drosophila embryo assembly extract was dialysed
against EX120, 0.2 mM PMSF, 0.5 mM sodium metabisulphite to remove ATP.
60 ml of extract, 66 ml EX50, 14 ml 30 mM MgCl2, 10 mM DTT, 600 mM NaCl
and 1 mg plasmid DNA were mixed and incubated for 3 h at 26 8C. Chromatin
was Sarkosyl-stripped and purified by gel filtration7,11. 20 ml of this chromatin
(,70 ng DNA) plus 30 ml EX120 were incubated for 90 min with either 1 ml
CHRAC or buffer in presence or absence of 2 mM ATP. The nucleosome repeat
was revealed with an oligonucleotide hybridizing to a GAGA element of the
hsp26 promoter as described7,29. 0.1 and 0.2 ml CHRAC and 1 ml NURF P11 (gift
from T. Tsukiyama and C. Wu) were assayed in the experiment shown in Fig.
6b. The CHRAC preparation contained 5× more ISWI protein than the NURF
preparation.
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In Figs 1 and 3b, the numbering was very faint; also, shading was lost
from Fig. 4. The corrected figures 1, 3b and 4 are shown here. M
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resulted in the protein family shown in Fig. 1c. The highest-scoring non-related
sequences after those shown consisted of trithorax family members that reached
error probabilities of P . 0:5 in all of the profile iterations.
Immunocytochemistry. Antibodies were raised in rabbits against the purified
GST fusion proteins encoded by pGEX-RIM-52 and pGEX-Rim-PDZ. Double
and single immunofluorescence labelling of cryostat sections from rat spinal
cord and bovine retinae was performed27 with two independent polyclonal Rim
antibodies and multiple monoclonal antibodies to synaptic vesicle proteins.
Staining was visualized by Cy2- and Cy3-conjugated secondary antibodies and
viewed in a BioRad MRC1024 confocal microscope. Immuno-electron micro-
scopy was performed by a pre-embedding protocol with silver enhancement27.
Controls for all immunocytochemistry experiments included the use of two
independent antibodies, control stains with other antibodies, and experiments
in which the first antibody was omitted.
PC12 cell transfections. PC12 cells (ATCC) were plated in collagen-coated 6-
well dishes with 106 cells per well. Cells were transfected on day 1 with 0.2 mg of
Qiagen-purified pCMV5-hGH encoding human growth hormone and 1 mg of
the indicated expression plasmids using Lipofectamine (Life Technologies).
Expression plasmids encoded the light chains of wild-type and mutant tetanus
toxin in pCMV5 (ref. 28), LDL receptor and Rab3A in pCMV5, and residues
1–399 of Rim in pME18sf(−). On day 3, cells were collected, washed, and split
into two portions, one of which was incubated for 20 min at 37 8C in control
buffer (in mM) (145 NaCl, 5.6 KCl, 2.2 CaCl2, 0.5 MgCl2, 5.6 glucose, 0.5
ascorbate, 20 HEPES-NaOH, pH 7.4) and the other was incubated in the same
buffer containing 56 KCl and 95 NaCl. After incubation, growth hormone in
the medium and the cells was determined by radioimmunoassay (Nichols
Institute). Secretion was calculated as the percentage growth hormone released
as a function of stimulation. All experiments were done in triplicate at least
three times.
Rimaffinitychromatography. Glutathione–agarose columns without protein,
with GST–Rim fusion protein encoded by pGEX-Rim-52, or with various
control GST fusion proteins, were reacted with total rat brain homogenate
prepared in 0.5% Triton X-100, 1 mM EDTA, 0.1 M NaCl, 0.1 g l−1 PMSF, and
50 mM HEPES-NaOH, pH 7.4, with either 0.5 mM GDP-bS or GTP-gS at 4 8C
overnight. Samples were washed 5 times in the same buffer without nucleotides
before analysis by SDS–PAGE and immunoblotting.
Other procedures. RNA blotting experiments were done using multiple tissue
blots (Clontech). SDS–PAGE and immunoblotting were performed using
standard procedures and antibodies described previously1,12,28,29. Signals were
detected by ECL and quantified by 125I-labelled secondary antibodies. Protein
assays were performed with the BioRad kit. Subcellular fractionations were
performed as described29 and verified by immunoblotting against a series of
synaptic-vesicle, plasma-membrane and cytosolic antigens.
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8. Südhof, T. C. Function of Rab3A GDP/GTP exchange. Neuron 18, 519–522 (1997).
9. Bourne, H. R., Sanders, D. A. & McCormick, F. The GTPase superfamily: a conserved switch for

diverse cel functions. Nature 348, 125–132 (1990).
10. Nuoffer, C. & Balch, W. E. GTPases: multifunctional molecular switches regulating vesicular traffic.

Annu. Rev. Biochem. 63, 949–990 (1994).
11. Shirataki, H. et al. Rabphilin-3A, a putative target protein for smg p25A/rab3A p25 small GTP-

binding protein related to synaptotagmin. Mol. Cell. Biol. 13, 2061–2068 (1993).
12. Li, C. et al. Synaptic targeting of rabphilin-3A, a synaptic vesicle Ca2+/phospholipid-binding protein,

depends on rab3A/3C. Neuron 13, 885–898 (1994).
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Repressive chromatin structures need to be unravelled to allow
DNA-binding proteins access to their target sequences. This
de-repression constitutes an important point at which transcrip-
tion and presumably other nuclear processes can be regulated1,2.
Energy-consuming enzyme complexes that facilitate the inter-
action of transcription factors with chromatin by modifying
nucleosome structure are involved in this regulation3–5. One
such factor, nucleosome-remodelling factor (NURF), has been
isolated from Drosophila embryo extracts4,6,7. We have now iden-
tified a chromatin-accessibility complex (CHRAC) which uses
energy to increase the general accessibility of DNA in chromatin.
However, unlike other known chromatin remodelling factors,
CHRAC can also function during chromatin assembly: it uses
ATP to convert irregular chromatin into a regular array of
nucleosomes with even spacing. CHRAC combines enzymes that
modulate nucleosome structure and DNA topology. Using mass
spectrometry, we identified two of the five CHRAC subunits as the
ATPase ISWI, which is also part of NURF6,8, and topoisomerase II.
The presence of ISWI in different contexts suggests that chromatin
remodelling machines have a modular nature and that ISWI has a
central role in different chromatin remodelling reactions.

Chromatin reconstituted in the cell-free assembly system from
Drosophila embryos9,10 is maintained in a dynamic state character-
ized by increased nucleosome mobility and overall DNA acces-
sibility in the presence of ATP11. Using ATP-dependent
endonuclease cleavage of chromatin to assay for DNA accessibility11,
we purified and characterized a new type of chromatin remodelling
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machine, CHRAC. CHRAC activity is sensitive to the detergent
Sarkosyl (Fig. 1a). Addition of ATP to Sarkosyl-washed chromatin
does not increase the accessibility of DNA (Fig. 1b, lanes 3–6);
however, when CHRAC-containing fractions are added, DNA in
chromatin becomes accessible to restriction enzymes (Fig. 1b, lane
7). Using this assay, we purified CHRAC from nuclear embryo
extracts to apparent homogeneity (Fig. 2). On a gel filtration
column, the purified activity ran as a complex with an apparent
relative molecular mass of 670,000 (Mr 670K) (Fig. 2a). Consis-
tently, proteins of 175K, 160K (which stains more strongly) and
130K, and two small proteins of Mr ,18K and 20K copurified with
CHRAC activity with roughly equal stoichiometry (Fig. 2b).

CHRAC increased the accessibility of DNA in chromatin, but not
of free DNA, in an energy-dependent manner. DNA in chromatin
may be rendered accessible by, for example, alteration of the
nucleosome core structure, loss of linker-DNA-binding proteins
or of other chromatin-associated proteins, or by unfolding of the
nucleosomal fibre. To test whether CHRAC activity required any
factors other than nucleosomes, we reconstituted nucleosomes
from pure histones on long linear DNA by salt-gradient dialysis.
Addition of CHRAC and hydrolysable ATP was necessary and
sufficient to increase the accessibility of the nucleosomal DNA to
the restriction endonuclease DraI (Fig. 3). As in the crude assembly
system11, only ATP and dATP supported CHRAC activity, whereas
other nucleotides were inactive. This result identifies the nucleo-
some core particle as a target for CHRAC action.

The band corresponding to the 130K subunit was cut from a
silver-stained SDS–polyacrylamide gel, cleaved in the gel by trypsin,
and analysed by nano-electrospray mass spectrometry12. Tandem

mass spectrometry of the tryptic cleavage products and computer-
assisted sequence interpretation through database searches with
peptide sequence tags13 led to the unambiguous identification of the
130K subunit as the known ATPase, ISWI6,8 (see Methods).

The 160K subunit was also analysed by mass spectrometry. Nine
tryptic peptides were sequenced and the enzyme topoisomerase II
(topo II; see Methods) was unambiguously identified. Both ISWI
and topo II cofractionated precisely with CHRAC, as shown by
western blotting, and topo II was active, as revealed by its ATP-
dependent relaxation of negative supercoils (data not shown). By
co-immunoprecipitation from crude CHRAC-containing fractions,
we confirmed that topo II and ISWI were located in the same
complex (Fig. 4). Topoisomerase II functions as a dimer14, which is
consistent with the staining of the 160K topo II band in CHRAC
being stronger than the other subunits (Fig. 2). Assuming that two
molecules of topo II are present, the relative molecular masses of the
individual subunits add up to the observed Mr of 670K.

ISWI is also a subunit of NURF, another nucleosome-remodel-
ling complex that facilitates the binding of transcription factors to
chromatin. No other subunit is shared by the complexes4,6. Two
hSNF2L(the human ISWI homologue)-containing complexes of
,700K and 450K have been identified15, corresponding to the Mr

determined here for CHRAC and with that of NURF4, suggesting
the existence of human counterparts for both ISWI-containing
complexes.

The ATPase activity of NURF is stimulated by nucleosomal but
not free DNA6. By contrast, the ATPase activity of topo II is
stimulated by free DNA16. Comparison of the ATPase activities of
CHRAC with that of purified Drosophila topoisomerase II (Fig. 5)

Restriction enzyme digestion
of chromatin in presence

and absence of ATP

Addition of CHRAC

Chromatin assembly

Sarkosyl wash to remove
endogenous CHRAC

Spin column purification
to remove Sarkosyl and ATP

a b Figure 1 CHRAC assay. a, Scheme of the assay. b, Lanes: 1, 2, endogenous

CHRAC activity revealed byenhanced DraI cleavageof reconstituted chromatin in

the presenceof ATP; 3–6, Sarkosyl-strippedchromatin becomesmoreaccessible

in general, but lacks the ATP-dependent opening; 7, addition of 1 ml CHRAC-

containing extract to stripped chromatin reconstitutes ATP-dependent endo-

nuclease accessibility. Chromatin in lanes 3, 4 was washed with 0.075% Sarkosyl,

chromatin in lanes 5–7 with 0.15% Sarkosyl. A negative image of the ethidium

bromide-stained agarose gel is shown.

Figure 2 Purification of CHRAC. a, 8% SDS–PAGE of fractions from the Superose-

6 gel filtration column, calibrated with thyroglobulin (Mr 670K) and ferritin (440K)

size standards (Pharmacia). CHRAC activity (‘‘CHRAC’’) peaks in fractions 25 and

26. b, Purified CHRAC (CHR) was resolved by 8% and 15% SDS–PAGE and

stained with silver. M: size markers (BioRad) with indicated relative molecular

masses in thousands. Asterisks: small proteins that co-fractionate with CHRAC

activity. These proteins run with histone markers on other gels.

b
Mr (K)

a

b

670K 440K

M r (K)
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showed that topoisomerase II was only stimulated by free DNA as
well as by nucleosomes, whereas CHRAC was stimulated by free
DNA as well as by nucleosomes. We assume that the nucleosome-
stimulated ATPase activity in CHRAC is due to ISWI, which is
common to both CHRAC and NURF.

CHRAC and NURF increase the accessibility of chromatin by
different mechanisms. CHRAC and NURF preparations, standar-
dized by their content of immunoreactive ISWI, had different
activities when compared in accessibility assays: CHRAC was less
effective in the GAGA-factor-dependent nucleosome remodelling
assay than NURF; conversely, NURF did not stimulate the sen-
sitivity to restriction endonucleases (data not shown). NURF
perturbs histone–DNA interactions in mononucleosomes when
added at a stoichiometry of one NURF per 20 nucleosome core
particles4. The SWI/SNF and RSC complexes also perturb histone–
DNA interactions, but require higher stoichiometries1,5. So far, we
have not observed a similar effect when incubating equimolar
amounts of CHRAC and mononucleosomes under comparable
experimental conditions (unpublished observations).

The most striking difference between CHRAC and NURF, how-
ever, was in their effect on nucleosomal arrays. The assembly of
nucleosomes is rapid in the Drosophila and related Xenopus systems
in the absence of ATP, but correct nucleosome spacing requires time
and energy9,17. The ATP-dependent spacing principle has so far
remained elusive. Addition of CHRAC to chromatin assembled in
the absence of ATP, and therefore lacking regular nucleosome
spacing, resulted in an ATP-dependent alignment of nucleosomes
which became evident from the new regularity of the micrococcal
nuclease cleavage pattern (Fig. 6a). This result identifies CHRAC as
an ATP-dependent nucleosome-spacing factor. NURF has the
opposite effect: addition of large amounts of NURF to a nucleoso-

mal array perturbs the regular repeat pattern4. The side-by-side
comparison of NURF and CHRAC (standardized by their ISWI
content) in our nucleosome-spacing assay demonstrated the differ-
ence between the two activities (Fig. 6b). Irregular chromatin
obtained by only brief chromatin assembly was converted into a
regular nucleosomal array in an ATP-dependent reaction by
CHRAC, but not by NURF.

We propose two non-exclusive mechanisms by which CHRAC
may mediate these two apparently opposing effects of increasing the
accessibility of nucleosomal DNA and of imposing regularity on
nucleosomal arrays. CHRAC might increase the mobility of nucleo-
somes with the expenditure of energy, a reaction that occurs in a
cell-free system11. Enhanced nucleosome mobility may increase the
chance of transient exposure of a particular sequence in accessible
linker regions and at the same time facilitate the alignment of
nucleosomes into a regular repeat structure. Alternatively, CHRAC
may participate in nucleosome assembly and disassembly, like the
histone chaperones which, depending on the circumstance, may
function either as histone donors in nucleosome assembly or as
histone acceptors during disassembly of nucleosome cores18. The
identification of the ATPase ISWI in two structurally and function-
ally distinct chromatin remodelling complexes highlights the
modular nature of these complexes and suggests that ISWI may
drive diverse nucleosome remodelling reactions specified by dif-
ferent interaction partners. ISWI, being found in both NURF and
CHRAC, may be directly involved in targeting and rearranging
nucleosome structure.

The association of ISWI and topo II in one complex is interesting.
The topoisomerase activity (DNA-strand breakage and religation)
does not seem to be involved in CHRAC function: VP16, a specific
inhibitor of topo II (ref. 19), did not prevent CHRAC from

Figure 3 CHRAC targets nucleosomes. Nucleosomes were reconstituted on

linear DNA from Drosophila histones by salt-gradient dialysis. 28ng of fraction 25

(Fig. 2) or buffer (no CHRAC) were added to ,80ng DNA reconstituted into

chromatin in EX120 in the presence of 200 mgml−1 BSA and the indicated

nucleotides at 1mM. After DraI digestion, the purified DNA was separated on an

agarose gel. A negative image of the ethidium bromide-stained gel is shown.
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increasing chromatin accessibility to restriction enzymes, and only
slightly altered its effect on nucleosome spacing (data not shown).
Purified topo II could not substitute for CHRAC in either of these
reactions. The physiological importance of the association of ISWI
and topoisomerase II in one complex will only become apparent
once further CHRAC subunits have been identified. Nucleosome
remodelling by ISWI may help the interaction of topo II with
chromatin and thus enhance its function. Conversely, the associa-
tion of topo II with chromosomes may localize CHRAC activity to
specific chromosomal sites. Topoisomerase II is involved in many
cellular processes such as the removal of catenates after replication,
chromosome condensation and decondensation, kinetochore
assembly and sister chromatid separation at mitosis (for reviews,
see refs 16, 20–22); it is a major structure component of the mitotic
chromosome axis23,24 and is distributed widely over interphase
chromosomes, but is also concentrated at specific heterochromatic
sites25. Distinct populations of topo II with dynamic nuclear
localization patterns during the cell cycle have been visualized25.
The existence of topo II isoforms, cell-cycle-regulated post-transla-
tional modifications, and various associated proteins contribute to
the structural and functional diversity of topo II16. The CHRAC-
associated topo II represents only a fraction of the total topo II in a
nucleus and may therefore correspond to a subpopulation dedi-
cated to a specific function. We recently observed a stimulatory
effect by CHRAC in a cell-free replication system: CHRAC, but not
purified topo II, enhanced the initiation of replication from a
nucleosomal SV40 origin (V. Alexiadis, P.D.V., P.B.B. and C.
Gruss, manuscript in preparation). M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Nucleosome reconstitution and CHRAC assay. Chromatin was assembled
in Drosophila embryo extracts as described9–11. After the assembly, 0.075%
Sarkosyl (sodium lauroylsarcosine) was added to disrupt endogenous CHRAC
activity. Sarkosyl and ATP were removed by gel filtration11. CHRAC assay: 10 ml
Sarkosyl-washed chromatin (equivalent to ,40 ng DNA), 0.5–5 ml CHRAC-
containing fractions, 10–50 units of DraI or HincII and 1–2 mM ATP in 40 ml
EX-120 buffer11 were incubated for 30–60 min at 26 8C.
Nucleosome reconstitution by salt-gradient dialysis. 4 mg l DNA, 2 mg
Drosophila histones and 50 mg BSA (Fermentas) were mixed in 100 ml HSB

(10 mM HEPES-KOH, pH 7.6, 1 mM EDTA, 1 mM 2-mercaptoethanol, 2 M
NaCl) buffer. This mixture was dialysed in a microcollodion bag (Sartorius)
against 600 ml HSB. During dialysis over 2 d at 4 8C, the salt was gradually
removed by exchange of dialysis buffer with buffer lacking NaCl but containing
0.05% NP-40.
CHRAC purification. A comprehensive protocol is available upon request.
CHRAC was purified from nuclear extracts of 12–16-h-old Drosophila
embryos. Nuclei were extracted with ammonium sulphate26 and extracts
were dialysed into CB-150 buffer (CB: 10 mM HEPES-KOH, pH 7.6, 1 mM
MgCl2, 0.5 mM EGTA, 0.1 mM EDTA, 0.5 mM sodium metabisulphite, 0.2 mM
PMSF, 1 mM DTT; CB-150 contains 150 mM KCl) before precipitation with
20% methanol. All columns were equilibrated in CB-150 and loaded with
fractions diluted to a conductivity equal to CB-150. Proteins were chromato-
graphed on a CM–Sepharose FF column (all columns and resins from
Pharmacia) and CHRAC activity was eluted with CB-400. Active fractions
were rechromatographed on a smaller CM–Sepharose FF column from which
the activity was eluted with CB-200. From the following Mono-Q HR 10/10
column, CHRAC eluted at a conductivity equal to CB-350. Successive con-
centrations involved a 1-ml CM–Sepharose FF column and a Filtron Microsep
concentrator (Mr cutoff, 30K). The material was separated on a Superose-6 10/
30 column in 20 mM HEPES-KOH, pH 7.6, 400 mM KCl, 1 mM MgCl2,
0.5 mM EGTA, 1 mM DTT, 20% glycerol. If necessary, a final fractionation
on a Mono-Q 1/1 column was added from which CHRAC was eluted by a salt
gradient.

Estimations of purification factor and yield are complicated by the presence
of CHRAC inhibitors in crude nuclear extracts. As the purification after the
CM-Sepharose step leads to a 200–400 fold enrichment of CHRAC activity, we
estimate the overall degree of purification to be at least 1,000-fold. Unless stated
otherwise, the CHRAC concentration in the experiments was 250 mg ml−1, as
determined by a modified Bradford assay (Biorad) with BSA as standard.
Mass spectrometry. Details of the analysis are available upon request.
Proteins were proteolytically trypsinized in the gel12,27. Extracted peptides were
purified on a 100 nl R2 Poros microcolumn and step-eluted in 1 ml 60%
methanol/5% formic acid into a nanoelectrospray capillary. Mass spectrometry
was done on an API III triple quadrupole instrument (PE-Sciex, Ontario)
equipped with an upgraded collision cell and the nanoelectrospray ion source28.
For the 130K subunit, the sequence tag (776.6)(I/L)EQ(1146.4) from the
fragment spectrum of a peptide (Mr 1,877) identified uniquely the tryptic
peptide comprising amino acids 736–748 of the ISWI protein in a non-
redundant database (data not shown). Four other ISWI peptides were
sequenced from the same digest corresponding to amino acids 160–171,
394–402, 450–458 and 638–648. From the tryptic peptide mixture of the
160K protein, 9 peptides (T1–T9) were sequenced which identified unam-
biguously Drosophila topoisomerase II (SwissProt P15348; T1: ITFSPDLAK, T2:
DLYGVFPLR, T3: SLAVSGLGVIGR, T4: SGIVESVLAWAK, T5: YIFTIMSPLTR,
T6: IFDEILVNAADNK, T7: ELMWVYDNSQNR, T8: SQLEHILLRPDSYIGSV
EFTK, T9: GFQQVSFVNSIATYK; data not shown).
ATPase assay. Nucleosomes were reconstituted on a 146-bp DNA fragment
by salt-gradient dialysis at high histone input to ensure that no free DNA
contaminated the preparation. The reaction (9 ml) contained: 60 ng DNA or the
equivalent amount of mononucleosomes, 6.6 mM HEPES, pH 7.6, 0.66 mM
EDTA, 0.66 mM 2-mercaptoethanol, 0.033% N-P40, 1.1 mM MgCl2, 33 mM
ATP, 5 mCi [g-32P]ATP (3,000 Ci mmol−1, Amersham) and 14 ng CHRAC or
11.5 units topo II (USB) or CHRAC400 buffer. Unreacted ATP and free
phosphate were separated by thin-layer chromatography and quantified by
using PhosphoImager and Imagequant software.
Co-immunoprecipitation. Equal amounts of protein A–Sepharose-purified
rabbit polyclonal antibody against topoisomerase II (W4-250-1, provided by D.
Arndt-Jovin) or a control protein A–purified rabbit IgG were added to 10 ml of
the first CM–Sepharose eluate. 5 ml IP-150 (20 mM HEPES, pH 7.6, 0.5 mM
EGTA, 10% glycerol, protease inhibitor, 150 mM KCl, 5 mM MgCl2), 1 ml
(20 mg) chicken ovalbumin and 2 ml of 3 M KCl were added. This mixture was
kept for 1 h on ice, added to protein A–Sepharose beads (10 ml settled volume)
in 50 ml IP-400 (as IP-150, but containing 400 mM KCl, 1 mM MgCl2, 50 mg
ovalbumin and 0.1% N-P40) and incubated further for 2 h at 4 8C. Beads
were washed twice with 50 ml IP-400, once with IP-150, and resuspended in
25 ml IP-150. 5 ml 6 3 SDS loading buffer were added and the sample was

a b

Figure 6 a, CHRAC is an ATP-dependent spacing factor. Chromatin was

assembled without ATP, Sarkosyl-stripped to remove endogenous CHRAC, and

the effect of addition of ATP and/or CHRAC on the regularity of the nucleosomal

array was studied by micrococcal nuclease analysis as described in Methods. b,

CHRAC and NURF are functionally distinct. Equivalent amounts of CHRAC and

NURF (expressed as relative ISWI units, RIU) were compared for their ability to

create a regular nucleosomal array.
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analysed by SDS–PAGE and western blotting. Rabbit anti-ISWI antibody was
biotinylated using the Clontech Biotin-X-NHS ester labelling kit. Detection
was by streptavidin–peroxidase polymer (Sigma) with an ECL detection kit
(Amersham).
Nucleosome spacing. Drosophila embryo assembly extract was dialysed
against EX120, 0.2 mM PMSF, 0.5 mM sodium metabisulphite to remove ATP.
60 ml of extract, 66 ml EX50, 14 ml 30 mM MgCl2, 10 mM DTT, 600 mM NaCl
and 1 mg plasmid DNA were mixed and incubated for 3 h at 26 8C. Chromatin
was Sarkosyl-stripped and purified by gel filtration7,11. 20 ml of this chromatin
(,70 ng DNA) plus 30 ml EX120 were incubated for 90 min with either 1 ml
CHRAC or buffer in presence or absence of 2 mM ATP. The nucleosome repeat
was revealed with an oligonucleotide hybridizing to a GAGA element of the
hsp26 promoter as described7,29. 0.1 and 0.2 ml CHRAC and 1 ml NURF P11 (gift
from T. Tsukiyama and C. Wu) were assayed in the experiment shown in Fig.
6b. The CHRAC preparation contained 5× more ISWI protein than the NURF
preparation.
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In Figs 1 and 3b, the numbering was very faint; also, shading was lost
from Fig. 4. The corrected figures 1, 3b and 4 are shown here. M
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