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Strand pairing by Rad54 and
Rad51 is enhanced
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We investigated the role of chromatin in the catalysis of
homologous strand pairing by Rad54 and Rad51. Rad54
is related to the ATPase subunits of chromatin-remod-
eling factors, whereas Rad51 is related to bacterial RecA.
In the absence of superhelical tension, we found that the
efficiency of strand pairing with chromatin is >100-fold
higher than that with naked DNA. In addition, we ob-
served that Rad54 and Rad51 function cooperatively in
the ATP-dependent remodeling of chromatin. These
findings indicate that Rad54 and Rad51 have evolved to
function with chromatin, the natural substrate, rather
than with naked DNA.
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In the eukaryotic nucleus, chromatin is an integral com-
ponent of processes that use DNA. The packaging of
DNA into chromatin is essential for the compaction and
organization of nuclear DNA, but it also influences the
functions of factors that interact with DNA. For in-
stance, chromatin represses the basal transcription pro-
cess, and sequence-specific DNA-binding activators
along with coactivators (which include chromatin-re-
modeling factors and histone-modifying proteins) func-
tion to counteract chromatin-mediated transcriptional
repression. Because chromatin is the natural substrate
for DNA-using processes in the nucleus, it will ulti-
mately be necessary to understand how chromatin af-
fects each of these phenomena. To this end, we have
undertaken a biochemical analysis of homologous re-
combination in chromatin.
Homologous recombination occurs in the repair of

DNA double-strand breaks as well as during meiosis.
Genetic studies in Saccharomyces cerevisiae led to the
identification of the RAD52 epistasis group of genes
(which includes RAD50, RAD51, RAD52, RAD54,
RAD55, RAD57, RAD59, MRE11, and XRS2) as compo-
nents of the recombinational repair pathway (Game
1983; Petrini et al. 1997; Kanaar et al. 1998; Paques and
Haber 1999; Cromie et al. 2001; Masson and West 2001).
These genes are conserved from yeast to humans. A cen-
tral protein in this pathway is Rad51, which is related to
the bacterial RecA protein. Both Rad51 and RecA are
able to mediate strand invasion and annealing to yield a
D loop, which is a key step in the recombination process.

In this reaction, Rad51 (or RecA) forms a nucleoprotein
filament on single-stranded DNA in the presence of
ATP, and this filament is used for homologous pairing
with a double-stranded DNAmolecule. The efficiency of
strand pairing by Rad51 (between single-stranded DNA
and homologous duplex DNA) has been shown to be
stimulated by the presence of additional factors such as
RP-A (Sugiyama et al. 1997; Baumann and West 1999),
the Rad55–Rad57 heterodimer (Sung 1997a), Rad52
(Sung 1997b; Benson et al. 1998; New et al. 1998; Shino-
hara and Ogawa 1998), and Rad54 (Petukhova et al. 1998,
1999; Mazin et al. 2000a,b; Van Komen et al. 2000).
To study homologous recombination in the context of

chromatin, we focused on the ability of purified recom-
binant Rad51 and Rad54 to catalyze D-loop formation
between single-stranded DNA and homologous double-
stranded DNA that is packaged into chromatin. The
function of Rad54 in chromatin is of particular interest
because it is a member of the Snf2-like family of
ATPases (Gorbalenya and Koonin 1993; Eisen et al.
1995). The Snf2-like family includes proteins such as
Swi2/Snf2, Sth1, ISWI, Ino80, and Mi-2/CHD3/CHD4,
which are the ATPase subunits of chromatin-remodeling
factors that catalyze the mobilization of nucleosomes
(e.g., see Flaus and Owen-Hughes 2001; Fyodorov and
Kadonaga 2001; Becker and Hörz 2002). It thus seemed
possible that Rad54 would be important for homologous
recombination in chromatin. We therefore sought to in-
vestigate whether purified Rad51 and Rad54 can mediate
D-loop formation with chromatin.
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Figure 1. Drosophila Rad51 and Rad54 mediate D-loop formation.
(A) Synthesis and purification of Drosophila Rad51 and Rad54. Flag-
taggedDrosophila Rad51 and Rad54 were synthesized in Sf9 cells by
using a baculovirus expression vector and affinity-purified with
monoclonal antibodies that recognize the Flag epitope. The proteins
were subjected to 10% polyacrylamide–SDS gel electrophoresis. The
proteins were visualized by staining with Coomassie Brilliant Blue
R-250. (B) Formation of D loops with purifiedDrosophila Rad51 and
Rad54 proteins. In the Complete reaction, Rad51 was preincubated
with radiolabeled DL2 oligonucleotide in the presence of ATP at
27°C for 20 min; Rad54 and a homologous supercoiled plasmid
DNA (pU6LNS) were added; and then the reaction was allowed to
proceed at 27°C for 4 min. The resulting DNA was deproteinized,
and the samples were subjected to agarose gel electrophoresis and
autoradiography. Other reactions either were missing a single com-
ponent, as indicated, or contained an equivalent mass of nonho-
mologous DNA. The final concentrations of the reaction compo-
nents were as follows: Rad51, 200 nM; Rad54, 46 nM; ATP, 2 mM;
DL2 oligonucleotide, 1 nM; and pU6LNS, 4 nM.
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Results and Discussion

To study the biochemical properties of Rad51 and Rad54,
we synthesized Drosophila Rad51 and Rad54 (with C-
terminal Flag tags) in Sf9 cells by using a baculovirus
expression system, and then purified the proteins to near
homogeneity by FLAG immunoaffinity chromatography
(Fig. 1A). We tested the ability of these factors to medi-
ate D-loop formation between a radiolabeled, single-
stranded oligonucleotide (termed DL2; 135 nt) and a ho-
mologous, double-stranded plasmid (pU6LNS; 3291 bp;
Pazin et al. 1997). In this reaction, Rad51 assembles onto
the single-stranded oligonucleotide in the presence of
ATP to give a nucleoprotein filament, and then Rad54
interacts with the Rad51–oligonucleotide complex and
facilitates the strand-pairing reaction (Petukhova et al.
1998, 1999; Tan et al. 1999; Mazin et al. 2000a,b). These
experiments revealed that purified recombinant Dro-
sophila Rad51 and Rad54 can catalyze the formation of
D loops in a manner that is dependent on Rad51, Rad54,
ATP, and homologous plasmid DNA (Fig. 1B).
Next, we tested the ability of Rad51 and Rad54 to cata-

lyze D-loop formation in chromatin. In these experi-
ments, we reconstituted chromatin by salt dialysis tech-
niques. The salt dialysis chromatin (SD chromatin) was
prepared by gradually decreasing the salt concentration
in a mixture of plasmid DNA and purified core histones
from Drosophila embryos, and fully reconstituted chro-
matin was separated from partially reconstituted chro-
matin by sucrose gradient sedimentation. Micrococcal
nuclease digestion analysis of the chromatin samples re-

vealed that the salt dialysis chromatin
consisted of closely packed arrays of
nucleosomes (Fig. 2A). We then performed
D-loop reactions with the SD chromatin.
These experiments revealed that Rad51
and Rad54 are able to form D loops with
SD chromatin at an efficiency that is
slightly higher than that obtainedwith na-
ked DNA (Fig. 2B). Moreover, the rate of
D-loop formation by Rad51 and Rad54
with chromatin is similar to that seen
with nakedDNA (Fig. 2C). In contrast, the
Escherichia coli RecA protein is able to
mediate D-loop formation with naked
DNA, but not with chromatin (Fig. 2B).
Thus, these experiments, which were per-
formed with completely purified compo-
nents, show that Rad51 in cooperation
with Rad54 canmediate D-loop formation
with chromatin with comparable effi-
ciency and kinetics as with DNA,
whereas the bacterial recombinase RecA
is unable to mediate strand pairing with
chromatin. The inability of RecA to func-
tion with chromatin is consistent with
previous studies carried out with mono-
nucleosomes (Kotani and Kmiec 1994),
and further suggests that RecA is lacking a
chromatin-specific function that is pres-
ent in Rad51 and/or Rad54. In this regard,
we tested whether Rad54 could stimulate
D-loop formation in chromatin by RecA,
but did not observe any activity (data not
shown).
The bulk of the eukaryotic genome ap-

pears to possess little superhelical ten-

Figure 2. Rad51 and Rad54, but not RecA, are able to mediate D-loop formation with
chromatin. (A) Micrococcal nuclease digestion analysis of chromatin reconstituted from
purified components by salt dialysis. Purified Drosophila core histones were reconstituted
into chromatin by using salt dialysis techniques (Jeong et al. 1991). The samples were
subjected to partial digestion with two different concentrations of micrococcal nuclease
and subsequently deproteinized. The resulting DNA fragments were resolved by agarose
gel electrophoresis and visualized by staining with ethidium bromide. The mass markers
(M) are the 123-bp DNA ladder (GIBCO-BRL). (B) Comparison of the ability of
Rad51 + Rad54 versus RecA to mediate D-loop formation with either naked DNA or salt
dialysis chromatin. Reactions with Rad51 and Rad54 were performed as in Figure 1B with
naked DNA or salt dialysis chromatin (SD Chromatin), except that the final concentration
of Rad54 was 28 nM and that of DNA or chromatin was 1 nM. Reactions with RecA were
performed in an analogous manner by incubation of purified Escherichia coli RecA with
radiolabeled DL2 oligonucleotide at 27°C for 20 min, followed by the addition of plasmid
DNA and incubation at 27°C for an additional 20 min. The final concentration of RecA
protein was 870 nM. (C) Kinetics of D-loop formation with naked DNA and chromatin.
Reactions were performed as in B, except that they were allowed to proceed for the indi-
cated times after the addition of Rad54 and homologous DNA.

Figure 3. Chromatin enhances D-loop formation by Rad51 and
Rad54 in the absence of superhelical tension. (A) Relaxation of DNA
and chromatin by topoisomerase I. Plasmid DNA and chromatin
(reconstituted by salt dialysis) were relaxed with purified recombi-
nant Drosophila topoisomerase I (catalytic fragment). An aliquot of
each of the samples was deproteinized and subjected to 1% agarose
gel electrophoresis in the presence of 5 µM chloroquine followed by
staining with ethidium bromide. ++ indicates twice the topoisom-
erase I concentration as that used in the + lanes. (B) D-loop forma-
tion with relaxed chromatin. D-loop reactions were performed as in
Figure 1B, with equimolar amounts of the DNA and chromatin
samples shown in A. The topoisomerase I remained in the samples
throughout the strand-pairing reactions.
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sion (Sinden et al. 1980; Giaever and Wang 1988), and we
therefore sought to investigate the effect of torsional
stress upon D-loop formation by Rad51 and Rad54. To
this end, we relaxed the salt dialysis chromatin with
purified topoisomerase I (Fig. 3A). The salt dialysis chro-
matin was reconstituted by using supercoiled plasmid
DNA in the absence of topoisomerases. Under these con-
ditions, the DNA remains chemically unchanged, as no
phosphodiester bonds are broken. Hence, in the absence
of topoisomerase I, the numbers of supercoils in the na-
ked DNA and chromatin (which was deproteinized prior
to electrophoresis) are essentially identical (Fig. 3A, cf.
lanes 1 and 3). When topoisomerase I is added to the
chromatin, the unconstrained supercoils are relaxed, but
upon deproteinization, the resulting DNA exhibits su-
percoils that are caused by the wrapping of the DNA in
nucleosomes, because the wrapping of the DNA around
each histone octamer constrains approximately one
negative supercoil (Fig. 3A, cf. lanes 3,4, and 5; Germond
et al. 1975; Simpson et al. 1985).
We then performed strand-pairing reactions with DNA

and salt dialysis chromatin in the absence or presence of
topoisomerase I (Fig. 3B). With naked DNA, we observed
a >100-fold reduction in the efficiency of D-loop forma-
tion upon relaxation of the template with topoisomerase
I (Fig. 3B, cf. lanes 1 and 2). Notably, this >100-fold de-
crease in strand-pairing efficiency is much more pro-
nounced than the twofold reduction seen with yeast
Rad51, Rad54, and RPA (Van Komen et al. 2000). This
difference could potentially be due to the use of yeast

(Van Komen et al. 2000) versus Drosophila (this study)
factors, the presence (Van Komen et al. 2000) or absence
(this study) of RPA, the length of the single-stranded
DNA (5386 nt, Van Komen et al. 2000; 135 nt, this
study), and/or the concentration of Rad51 in the reaction
medium (1500 nM, Van Komen et al. 2000; 200 nM, this
study). Note, however, that we did not observe stimula-
tion of D-loop formation by purified RPA in our reac-
tions (data not shown). In contrast to the effects seen
with naked DNA, relaxation of the chromatin by topo-
isomerase I has little effect on the efficiency of D-loop
formation by Rad51 and Rad54. Thus, in the absence of
superhelical tension, strand pairing by Rad51 and Rad54
occurs with higher efficiency in chromatin than in naked
DNA (Fig. 3B, cf. lanes 2 and 4).
To test further whether chromatin is important for

D-loop formation by Rad54 and Rad51, we used a differ-
ent experimental approach. Instead of relaxing preas-
sembled chromatin, as shown in Figure 3, we examined
the effect of chromatin assembly on the efficiency of
D-loop formation. To this end, we assembled relaxed
DNA into chromatin by using purified recombinant
ACF, purified recombinant NAP-1, purified core his-
tones, relaxed plasmid DNA, and ATP in the presence of
purified topoisomerase I (Ito et al. 1999). As a control, the
core histones were omitted from the reaction. The as-
sembly reaction products were analyzed by the micro-
coccal nuclease digestion assay (Fig. 4A). Then, in paral-
lel, these samples were used as substrates for strand pair-
ing by Rad54 and Rad51. These experiments revealed
that the addition of core histones during chromatin as-
sembly results in a >100-fold enhancement of strand
pairing (Fig. 4B, cf. left and center lanes). In contrast, the
addition of core histones after a mock assembly reaction
(carried out in the absence of histones) did not stimulate
D-loop formation (Fig. 3B, right lane). These results in-
dicate that strand pairing is enhanced by chromatin but
not nonnucleosomal core histones. [It was also poten-
tially relevant that ACF contains the ISWI ATPase,
which is related to the Rad54 protein. We therefore
tested whether ACF and/or the NAP-1 core histone
chaperone affects the efficiency of the D-loop reaction
with salt dialysis chromatin, which is prepared in the
absence of ACF or NAP-1, but did not see any effect (data
not shown).] Thus, these findings indicate that the pack-
aging of relaxed DNA into chromatin results in a >100-
fold stimulation of D-loop formation by Rad54 and Rad51.
Lastly, because Rad54 is related to the ATPase subunit

of chromatin-remodeling complexes, we investigated
whether Rad54 possesses chromatin-remodeling activ-
ity. We therefore tested the ability of Rad54 and/or
Rad51 to facilitate the access of a restriction enzyme
(HaeIII) to DNA packaged into nucleosome arrays (Fig.
5). ACF was used as a positive control. This type of re-
striction-enzyme accessibility assay has been used for
the analysis of chromatin remodeling in vivo (Almer et
al. 1986), the biochemical purification of the CHRAC
chromatin-remodeling factor (Varga-Weisz et al. 1997),
the characterization of the INO80.com remodeling com-
plex (Shen et al. 2000), and the comparative analysis of
six chromatin-remodeling complexes (ySWI/SNF, yRSC,
hSWI/SNF, xMi-2, dCHRAC, dNURF; Boyer et al. 2000).
As shown in Figure 5, neither Rad54 alone nor Rad51
alone exhibited any detectable chromatin-remodeling
activity in the absence or presence of the DL2 oligo-
nucleotide. In sharp contrast, we observed that Rad54

Figure 4. The packaging of relaxed DNA into chromatin facilitates
strand pairing by Rad51 and Rad54. (A) ACF-mediated chromatin
assembly. Chromatin assembly reactions were performed with pu-
rified ACF, NAP-1, topoisomerase I, plasmid DNA, and ATP in the
presence or absence of purified core histones, as indicated. The re-
action products were subjected to micrococcal nuclease digestion
analysis. (B) Strand-pairing reactions. The samples in Awere used in
strand-pairing reactions with purified Drosophila Rad51 and Rad54
along with the DL2 oligonucleotide. D-loop reactions were per-
formed as in Figure 3B, except that the final concentration of Rad54
was 27 nM. The effect of nonnucleosomal histones on strand pairing
was also tested by the addition of core histones (the same amount as
that used in the center lane) to the DNA after mock chromatin
assembly (with ACF, NAP-1, DNA, ATP, and topoisomerase I in the
absence of core histones) and immediately prior to the strand-pair-
ing reactions (right lane).

Rad54 and Rad51 in chromatin
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and Rad51 function cooperatively in the ATP-dependent
remodeling of chromatin. The ability of Rad54 and
Rad51 to rearrange chromatin structure is consistent
with their ability to catalyze strand pairing with chro-
matin. It is also notable that Rad54 requires the presence
of Rad51 to function as a chromatin-remodeling factor.
In conclusion, these studies have revealed that D-loop

formation by Rad54 and Rad51 occurs with >100-fold
higher efficiency with chromatin relative to naked DNA
in the absence of superhelical torsion. In addition, Rad54
and Rad51 act cooperatively in the ATP-dependent re-
modeling of chromatin. This ability of Rad54 and Rad51
to alter chromatin structure is likely to be related to
their chromatin-specific function in the strand-pairing
reaction. These findings provide an example of opti-
mized function of eukaryotic DNA-using proteins in
chromatin. Moreover, it is possible that the use of chro-
matin templates, instead of naked DNA templates,
might similarly increase the efficiency of targeted ho-
mologous recombination in vivo.

Materials and methods

Synthesis and purification of proteins
Full-length cDNA clones that encode Drosophila Rad51 and Rad54 were
obtained from Research Genetics and were subcloned into pFastBac1
(GIBCO-BRL). Sequences that encode the Flag epitope tag (DYKDDDDK)
were introduced into both constructs at the 3� end of the coding se-
quences. The Drosophila homolog of RAD54 has been termed okra
(Ghabrial et al. 1998) and DmRAD54 (Kooistra et al. 1997, 1999). In this
study, we refer to Drosophila Rad54 protein as Rad54.

Recombinant ACF, recombinant NAP-1, and core his-
tones from Drosophila embryos were purified as previ-
ously described (Bulger and Kadonaga 1994; Ito et al.
1999). Rad51 and Rad54 proteins containing C-terminal
Flag tags were synthesized in Spodoptera frugiperda
(Sf9) cells. The proteins were affinity-purified essen-
tially as described for Flag-tagged ACF (Ito et al. 1999),
with the following modifications. After incubation of
the cell lysate with Flag M2 resin (Sigma), the resin was
washed four times with 12 mL each of wash buffer A [20
mM Tris-HCl at pH 7.9, 150 mM NaCl, 2 mM MgCl2,
0.2 mM EDTA, 1 mM DTT, 15% (vol/vol) glycerol,
0.01% (vol/vol) NP-40, 10 mM �-glycerophosphate, 0.2
mM PMSF, 0.5 mM benzamidine-HCl, 2 µg/mL leupep-
tin, 1 µg/mL aprotinin] and two times with 12 mL each
of wash buffer B [20 mM HEPES (K+) at pH 7.6, 50 mM
potassium glutamate, 0.2 mM EDTA, 15% (vol/vol)
glycerol, 0.01% (vol/vol) NP-40, 1 mM DTT, 10 mM
�-glycerophosphate, 0.1 mM PMSF, 0.5 mM benzami-
dine-HCl, 2 µg/mL leupeptin, 1 µg/mL aprotinin]. The
protein was eluted by four successive cycles of addition
and removal of 100 µL elution buffer (wash buffer B
containing 0.4 mg/mL Flag peptide, Sigma; and 0.5 mg/
mL recombinant human insulin, Roche). Protein con-
centrations were estimated by polyacrylamide–SDS gel
electrophoresis and staining with Coomassie Brilliant
Blue R-250 along with BSA standards. RecA–His6 pro-
tein, which contains a C-terminal His6 tag, was synthe-
sized in E. coli and purified by Ni(II) affinity chromatog-
raphy under native conditions as described (QIA Expres-
sionist, QIAGEN), except that protein was eluted in the
following buffer: 50 mM sodium phosphate at pH 8.0,
100 mM NaCl, 250 mM imidazole, 1 mM benzamidine,
1 mM PMSF, 10 mM 2-mercaptoethanol, 2.5 µg/mL
aprotinin, 2.5 µg/mL pepstatin, and 2.5 µg/mL leupep-
tin. Commercially available RecA (Promega) was also
used, and yielded identical results to those seen with the
His6-tagged RecA.

D-loop reactions
The pU6LNS plasmid (3291 bp; Pazin et al. 1997) was purified by two
successive CsCl isopycnic centrifugation steps. The 135-mer oligo-
nucleotide DL2 (5�-GCAGTTCCCCTGCATAAGGATGAACCGTTT
TACAAAGAGAAGCTTAACTGCAAAATTGGGCCAAAATTGGGT
CGGATCCATGGAAATAACATATGTGTATCTTTATCTTCCTGTA
TGATATAGATAACTAACATC-3�) is complementary to pU6LNS. The
nonhomologous DNA control used in Figure 1 is a pFastBac1 derivative,
and was also purified by two successive CsCl isopycnic centrifugation
steps. The DL2 oligonucleotide was radiolabeled by incubation with T4
polynucleotide kinase (Promega) and [�-32P]ATP (ICN).
D-loop reactions were performed essentially as described previously

(Mazin et al. 2000b). In a standard reaction, Rad51 was incubated with
radiolabeled DL2 oligonucleotide in buffered medium (25 mM Tris-ac-
etate at pH 7.5, 10 mM magnesium acetate, 100 µg/mL bovine serum
albumin, 1 mMDTT, 2 mMATP, 3 mM phosphoenolpyruvate, 20 units/
mL pyruvate kinase) at 27°C for 20 min. Then, Rad54 and pU6LNS (as
plasmid DNA or chromatin) was added, and the mixture was incubated
at 27°C for 4 min (unless stated otherwise). The reaction was terminated
by the addition of EDTA to 50 mM and SDS to 1% (wt/vol). The sample
was treated with proteinase K (500 µg/mL) at 37°C for 10 min, and then
1/10 volume of 20% Ficoll, 0.1% bromphenol blue was added. Lastly, the
resulting DNA species were resolved by 1% agarose gel electrophoresis,
and the dried gel was subjected to autoradiography. The final concentra-
tions of the reaction components were as follows: Rad51 (200 nM), Rad54
(46 nM), ATP (2 mM), DL2 oligonucleotide (1 nM), and pU6LNS (4 nM).
Under these conditions with chromatin templates (with excess chroma-
tin relative to oligonucleotide), ∼7% of the radiolabeled oligonucleotide
is incorporated into the D loop. Reactions with RecA were performed in
an analogous manner by incubation of purified E. coli RecA with radio-
labeled DL2 oligonucleotide at 27°C for 20 min, followed by the addition
of plasmid DNA and incubation at 27°C for an additional 20 min. The
final concentration of RecA protein was 870 nM.

Figure 5. Rad54 and Rad51 function cooperatively in the remodeling of chromatin.
Restriction enzyme accessibility assays were carried out with naked DNA or chromatin
(salt dialysis reconstitution), the indicated factors, and the restriction enzyme HaeIII
(15 units, GIBCO-BRL) in the same reaction medium used for D-loop reactions. The
reactions were incubated at 27°C for 1 h. The samples were deproteinized and subjected
to electrophoresis on a 1% agarose gel. The DNA was visualized by staining with
ethidium bromide. The final concentrations of the components, which were included
as indicated, were as follows: plasmid DNA or chromatin, 2 nM; DL2 oligonucleotide,
1 nM; ATP, 2 mM; Rad51, 200 nM; Rad54, 46 nM; and ACF, 3 nM. The amount of
remodeling observed increases with the concentration of the factors (Rad51 and Rad54)
as well as with the reaction time (data not shown). Reactions containing DL2 oligo-
nucleotide and Rad51 were preincubated at 27°C for 20 min. There are 14 HaeIII sites
in the pU6LNS plasmid, one of which is in the homologous pairing site.
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Chromatin assembly
The ATP-dependent assembly of chromatin by purified recombinant ACF
and NAP-1 was carried out as described (Ito et al. 1999). Chromatin was
reconstituted by salt dialysis with purified Drosophila core histones and
plasmidDNA, and the resultingminichromosomeswere purified by 15% to
50% sucrose gradient sedimentation (Jeong et al. 1991). Micrococcal nucle-
ase digestion was performed as described previously (Pazin et al. 1997).
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