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The assembly of core histones and DNA into periodic nucleosome arrays is mediated by ACF, an
ISWI-containing factor, and NAP-1, a core histone chaperone, in an ATP-dependent process. We describe the
isolation of Drosophila acf1 cDNA, which encodes the p170 and p185 forms of the Acf1 protein in ACF. Acf1
is a novel protein that contains two PHD fingers, one bromodomain, and two new conserved regions. Human
WSTF, which is encoded by one of multiple genes that is deleted in Williams syndrome individuals, is the
only currently known mammalian protein with each of the conserved motifs in Acf1. Purification of the
native form of Acf1 led to the isolation of ACF comprising Acf1 (both p170 and p185 forms) and ISWI. Native
Acf1 did not copurify with components of NURF or CHRAC, which are other ISWI-containing complexes in
Drosophila. Purified recombinant ACF, consisting of Acf1 (either p185 alone or both p170 and p185) and
ISWI, catalyzes the deposition of histones into extended periodic nucleosome arrays. Notably, the Acf1 and
ISWI subunits function synergistically in the assembly of chromatin. ISWI alone exhibits a weak activity that
is ∼3% that of ACF. These results indicate that both Acf1 and ISWI participate in the chromatin assembly
process and suggest further that the Acf1 subunit confers additional functionality to the general ‘motor’
activity of ISWI.

[Key Words: Chromatin assembly; ACF; Acf1; bromodomain; PHD finger; ISWI]

Received April 26, 1999; revised version accepted May 6, 1999.

Nucleosome assembly is a fundamental biological pro-
cess that is required for the replication and maintenance
of chromatin in the eukaryotic nucleus (for reviews, see
Annunziato 1995; Wolfe 1995; Kaufman 1996; Roth and
Allis 1996; Grunstein 1997; Ito et al. 1997a; Tsukiyama
and Wu 1997; Wu 1997; Cairns 1998; Kadonaga 1998;
Pollard and Peterson 1998; Workman and Kingston 1998;
Adams and Kamakaka 1999; Kornberg and Lorch 1999).
In dividing cells newly synthesized DNA is assembled
rapidly into chromatin by a process that appears to in-
volve an indirect coupling between DNA replication and
nucleosome assembly. In quiescent cells, nucleosome
assembly is required to replace histones that are lost in
the course of histone turnover as well as to regenerate
chromatin upon DNA repair. In addition, there may be a
requirement for chromatin assembly during events, such

as transcription, that involves disruption of nucleosomes
by the passage of polymerases.

Biochemical studies have led to the identification of
proteins that are able to mediate the reconstitution of
core histones into nucleosomes. Nearly all of these fac-
tors are core histone-binding proteins that contain
stretches of acidic amino acid residues. Some of these
histone chaperones, such as nucleoplasmin and nucleo-
some assembly protein-1 (NAP-1), exhibit a preference
for binding to histones H2A and H2B relative to histones
H3 and H4. Other histone chaperones, which include
chromatin assembly factor 1 (CAF-1), N1/N2, and Spt6,
associate preferentially with H3 and H4. Interestingly, it
has also been observed that newly synthesized histones
are acetylated (such as at positions 5, 8, and 12 of histone
H4) and then subsequently deacetylated after assembly
into chromatin. Thus, factors that mediate histone
acetylation or deacetylation may participate, perhaps in-
directly by the covalent modification of histones, in the
chromatin assembly process.

These core histone chaperones can mediate the depo-
sition of histones, to varying extents, onto DNA via an
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ATP-independent process that yields chromatin consist-
ing of randomly distributed nucleosomes. This ATP-in-
dependent histone deposition process can also be carried
out with salts, such as 2 M NaCl, and polyanions, such
as polyglutamate or RNA, which appear to interact with
the histones and prevent their nonspecific aggrega-
tion with DNA. This random deposition process, how-
ever, is generally inefficient and does not yield periodic
arrays of nucleosomes as is generally seen in native chro-
matin.

The assembly of regularly spaced nucleosome arrays
is an ATP-dependent process, which was initially ob-
served in an extract derived from Xenopus oocytes
(Glikin et al. 1984). In studies of chromatin assembly
factors from Drosophila embryos, the ATP-utilizing
component of the chromatin assembly machinery,
termed ACF (for ATP-utilizing chromatin assembly and
remodeling factor), was identified and purified (Ito et al.
1997b). Purified ACF acts catalytically (at approximately
one ACF protomer per 90 core histone octamers) in the
deposition of histones to yield periodic nucleosome ar-
rays in an ATP-dependent process. This chromatin as-
sembly reaction, which can be carried out in a purified
reconstituted system, requires ACF, core histones,
DNA, ATP, and a histone chaperone (NAP-1 and CAF-1
were each found to function as histone chaperones in
conjunction with ACF). The most purified preparations
of ACF were observed to consist of ISWI protein (Elfring
et al. 1994) in addition to three other polypeptides. West-
ern blot analysis of ISWI revealed that it copurified pre-
cisely with ACF activity through the final three purifi-
cation steps; it was therefore concluded that ISWI is a
component of ACF. The other three polypeptides of 47,
170, and 185 kD were assigned tentatively as subunits of
ACF.

In this work we describe the isolation of the acf1
cDNA that encodes the 170- and 185-kD (p170 and p185)
subunits of ACF. Purification of native Acf1 from Dro-
sophila embryos led to the isolation of ACF consisting of
Acf1 (both p170 and p185 forms) and ISWI subunits. Acf1
did not, however, copurify with components of NURF
(Tsukiyama and Wu 1995; Tsukiyama et al. 1995) or
CHRAC (Varga-Weisz et al. 1997), which are other chro-
matin remodeling complexes from Drosophila that simi-
larly contain an ISWI subunit. Finally, studies of purified
recombinant ACF revealed that the Acf1 and ISWI sub-
units function synergistically in the ATP-dependent as-
sembly of nucleosome arrays. These findings should con-
tribute to our understanding of the broad range of bio-
logical processes that involve assembly and remodeling
of chromatin in the eukaryotic nucleus.

Results and Discussion

Isolation of acf1 cDNA

To gain a better understanding of the structure and func-
tion of ACF, we undertook the cloning of its puta-
tive subunits other than ISWI. To this end, we purified
ACF from Drosophila embryos, subjected the p170

and p185 polypeptides to lysylendopeptidase digestion,
purified p170 and p185 peptides by HPLC, and deter-
mined the partial amino acid sequences of several pep-
tides. The HPLC elution profiles of the p170 and p185
lysylendopeptidase peptides suggested that the two pro-
teins were related. In addition, one of the p170 peptides
was found to have the same sequence as a p185 peptide.
It therefore seemed likely that p170 and p185 were
encoded by the same gene or related genes. By using
RT–PCR techniques with oligonucleotides that corre-
sponded to the predicted coding sequences of p170/p185,
we obtained a partial cDNA fragment that was used to
screen a l phage cDNA library to yield acf1 cDNA,
which encodes both p170 and p185, as described later in
this work.

acf1 is a novel gene that encodes a protein of 1476
amino acid residues and has a calculated molecular mass
of 170,350 daltons (Fig. 1A). Acf1 protein has two PHD
finger motifs (Schindler et al. 1993; Aasland et al. 1995),
one bromodomain (Haynes et al. 1992; Jeanmougin et
al. 1997), and two novel conserved regions termed
WAC (WSTF/Acf1/cbp146) and WAKZ (WSTF/Acf1/
KIAA0314/ZK783.4) motifs (Fig. 1B and 1C). The analy-
sis of sequence databases revealed only one protein, hu-
man WSTF (Williams syndrome transcription factor; Lu
et al. 1998), which possesses both WAC and WAKZ mo-
tifs as well as a PHD finger and a bromodomain at the
carboxyl terminus. WSTF was identified previously as a
gene that is deleted in Williams syndrome (WS) individu-
als (50 of 50 individuals tested; Lu et al. 1998). WS is a
developmental disorder that results from hemizygous
deletion of multiple contiguous genes at chromosome
7q11.23 (Morris et al. 1988; Bellugi et al. 1990; Ewart et
al. 1993). WSTF was presumed to be a transcription fac-
tor because it contains a PHD finger and a bromodomain,
but its biochemical function is not known. Given the
structural relation between Acf1 and WSTF, it is possible
that the analysis of ACF may provide information that is
relevant to WS.

Other proteins possess either a WAC or a WAKZ mo-
tif. A WAC motif is present in mouse cbp146 (Tate et al.
1998) and in two Saccharomyces cerevisiae open reading
frames, YGL133w (GenBank accession no. Z72655) and
YPL216w (no. Z73572) (Fig. 1C). Unlike Acf1, neither
YGL133w nor YPL216w proteins possess a WAKZ motif,
a PHD finger, or a bromodomain. Because the cbp146
cDNA is incomplete, it is not known whether it shares
other features of Acf1. A WAKZ motif is immediately
amino-terminal to the first PHD finger of Acf1 and is
also found in human cDNA KIAA0314 (Nagase et al.
1997) and Caenorhabditis elegans ZK783.4 (GenBank
accession no. U13646) (Fig. 1C). KIAA0314 was identi-
fied in a screen for novel human cDNAs and encodes a
protein of unknown function. It appears to be identical
to TTF-I interacting peptide 5, which was found in a
yeast two-hybrid screen for proteins that can bind to
TTF-I (GenBank accession no. AF000422; also see Jansa
et al. 1998). ZK783.4 (GenBank accession no. U13646)
was identified in the C. elegans genome sequence. No-
tably, both KIAA0314 and ZK783.4 have one WAKZ mo-

Ito et al.

1530 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


tif, one PHD finger, and one bromodomain in an ar-
rangement similar to that of Acf1 and WSTF. Also, the
bromodomain motifs of Acf1, WSTF, KIAA0314, and
ZK783.4 are closely related (Fig. 1C). Thus, it is possible
that WSTF, KIAA0314, and ZK783.4 are subunits of fac-
tors that are related to ACF.

Analysis of Acf1 at different stages
of Drosophila development

To determine whether or not the levels of Acf1 vary in
the course of the growth and development of the organ-
ism, we carried out Western blot analyses of Acf1
throughout Drosophila development (Fig. 2). In these ex-
periments we used affinity-purified antibodies against

Acf1, ISWI, and dNAP-1 in conjunction with approxi-
mately equivalent amounts of total protein derived from
Drosophila at each of the indicated stages of develop-
ment. Acf1 (both p170 and p185 forms) and ISWI were
readily detected in embryos, but their levels were signifi-
cantly lower in larvae, pupae, and adults. dNAP-1, on the
other hand, was found to be present at high levels
throughout development, except in adult males. With
Acf1, it is also notable that there does not appear to be
any significant variation in the relative amounts of the
p170 versus p185 forms of the protein throughout em-
bryogenesis. The presence of the highest levels of Acf1
and ISWI in embryos roughly correlates with the high
amounts of DNA replication and chromatin assembly as
well as transcription and chromatin remodeling that oc-
curs during embryogenesis.

Figure 1. Sequence and features of Acf1 protein. (A) Predicted amino acid se-
quence of Acf1, as deduced from the cDNA sequence. The shaded regions indi-
cate amino acid residues of native ACF that were determined by protein mi-
crosequencing. The acf1 cDNA sequence is in GenBank (accession no.

AF148962). (B) Schematic diagram of Acf1.
In addition to two PHD fingers (Schindler
et al. 1993; Aasland et al. 1995) and a bro-
modomain (Haynes et al. 1992; Jeanmou-
gin et al. 1997), Acf1 has two novel con-
served regions termed WAC and WAKZ
motifs. WSTF (Lu et al. 1998) is a human
protein that appears to be related to Dro-
sophila Acf1. (C) Alignment of sequence
motifs in Acf1 with some of their counter-
parts in other proteins. cbp146 was identi-
fied in a gene trap screen for chromoso-
mal and nuclear proteins in mice (Tate et
al. 1998; CT146 cell line). YGL133w and
YPL216w are from S. cerevisiae. KIAA0314
was identified in a screen for novel human
cDNAs (Nagase et al. 1997) and appears to
be identical to TTF-I-interacting peptide 5,
which was identified in a yeast two-hybrid
screen (also see Jansa et al. 1998). ZK783.4
is from C. elegans.
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The majority of Acf1 is associated with ISWI
in the ACF complex

To determine whether the majority of Acf1 exists in the
ACF complex, we purified the native form of Acf1 from
Drosophila embryos by using a Western blot assay with
antibodies against Acf1. The scheme for the purification
of native Acf1 is outlined in Fig. 3A.

In these experiments, we additionally investigated the
relation between Acf1 and two other Drosophila ISWI-
containing complexes, nucleosome remodeling factor
(NURF) and chromatin-assembly complex (CHRAC).
NURF consists of ISWI (Tsukiyama et al. 1995), NURF-
55 (Martı́nez-Balbás et al. 1998) (NURF-55 is identical to
dCAF-1 p55; Tyler et al. 1996), inorganic pyrophospha-
tase (Gdula et al. 1998), and a 215-kD subunit. CHRAC
is a complex of 670 kD native mass (as determined by gel
filtration) that contains ISWI, topoisomerase II, and pro-
teins with apparent molecular masses of ∼175, 20, and 18
kD (Varga-Weisz et al. 1997). Therefore, in the course of
the purification of native Acf1, we simultaneously car-
ried out Western blot assays for Acf1 and ISWI as well as
for dCAF-1 p55/NURF-55 and topoisomerase II to test
for the potential copurification of Acf1 with NURF or
CHRAC.

Western blot analyses of protein fractions from the last
three purification steps are shown in Figure 3. During
gradient elution of the hydroxyapatite resin, Acf1 (p170–
p185) and ISWI were found to coelute at a lower potas-
sium phosphate concentration than topoisomerase II or
dCAF-1 p55/NURF-55 (Fig. 3B). The peak hydroxyapa-
tite fractions were then applied to a POROS heparin

resin. In POROS heparin chromatography, Acf1 (p170–
p185) and ISWI were observed to coelute at a distinct
NaCl concentration from dCAF-1 p55/NURF-55,
whereas the amount of topoisomerase II in Acf1-contain-
ing fractions decreased below levels that could be de-
tected (Fig. 3C). Finally, the peak POROS heparin frac-
tions were purified by glycerol gradient sedimentation,
and Acf1 (p170-p185) was observed to cosediment with
ISWI but not with dCAF-1 p55/NURF-55 (Fig. 3D).

The chromatin assembly activity of the protein frac-
tions was also determined in a standard ACF assay in
conjunction with micrococcal nuclease digestion analy-
sis (Ito et al. 1997b; also see Materials and Methods).
ACF chromatin assembly activity comigrated precisely
with Acf1 protein through the last three purification
steps, and the results with glycerol gradient sedimenta-
tion are shown in Figure 3E.

Analysis of the protein composition of the most puri-
fied Acf1-containing fractions by SDS-PAGE and silver
staining revealed that Acf1 (p170 and p185) and ISWI
were the only polypeptides that comigrate with ACF ac-
tivity (Fig. 3F, fractions 7–9). Notably, the p47 polypep-
tide that was seen previously in ACF preparations (Ito et
al. 1997b) was not detected. Consistent with this obser-
vation, partial amino acid sequence of p47 was deter-
mined (the sequences obtained were NPQSGNRSGRR-
SNSLDNVEQ and LYHLSQFNHVFKPDYTPEPSQIRG)
and found to be identical to Drosophila yolk protein 2
(Hung and Wensink 1983). Thus, p47 appears to have
been a contaminant in the earlier ACF preparations.

These results show that the purification of the native
form of Acf1 leads to the isolation of the ACF complex
that comprises Acf1 (p170 and p185) and ISWI. Given
that the ACF complex exhibits an apparent molecular
mass of 220 kD by glycerol gradient sedimentation (Ito et
al. 1997b) and the calculated molecular masses of Acf1
and ISWI are 170 and 119 kD, respectively, it appears
likely that an ACF protomer consists of heterodimers of
either p170 + ISWI or p185 + ISWI.

These studies also suggest that the majority of Acf1
appears to exist as a subunit of ACF. It is therefore pos-
sible that Acf1 is a unique component of ACF, but it
cannot be excluded that Acf1 may be present in other
less abundant forms. Finally, the distinct purification
properties of dCAF-1 p55/NURF-55 and topoisomerase II
(a component of CHRAC) relative to ACF, as detected by
Western blot analyses (Fig. 3B–D) and SDS-PAGE (Fig.
3F), support the conclusion that ACF is distinct from
NURF and CHRAC.

Purified recombinant ACF comprising Acf1 and ISWI
is active for chromatin assembly

Because native ACF appears to consist of Acf1 and ISWI,
we undertook the synthesis and purification of the re-
combinant proteins. To this end, we constructed bacu-
lovirus expression vectors for full-length Acf1 protein as
well as for full-length Acf1 with a carboxy-terminal Flag
(Sigma) epitope tag (termed Acf1–Flag). A baculovirus
vector that produces amino-terminally Flag-tagged Dro-

Figure 2. Western blot analysis of Acf1 at different stages of
Drosophila development. Equivalent amounts of total soluble
protein derived from Drosophila at the indicated stages of de-
velopment were subjected to polyacrylamide–SDS gel electro-
phoresis and Western blot analysis.
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sophila ISWI (Flag–ISWI) (Corona et al. 1999) was kindly
provided by Dr. C. Wu (National Institutes of Health,
Bethesda, MD). Acf1–Flag and Flag–ISWI were individu-
ally synthesized and purified (Fig. 4A). In addition, an
ACF complex comprising both Acf1 and ISWI was ob-
tained by cosynthesis (i.e., coinfection of the correspond-
ing recombinant baculoviruses) of Acf1 and Flag–ISWI

followed by affinity purification via the Flag epitope tag
to yield ACF consisting of both Acf1 and Flag–ISWI (Fig.
4A).

Interestingly, both the p170 and p185 forms of Acf1
can be derived from the acf1 cDNA. When Acf1–Flag is
affinity-purified via its carboxy-terminal Flag tag, only
the p185 form of Acf1 was seen (Fig. 4A), even when a

Figure 3. Purification of the native form of Acf1
leads to the isolation of ACF comprising Acf1
(p170 and p185) and ISWI. (A) Scheme for the pu-
rification of native form of Acf1 from Drosophila
embryos. (B) Hydroxyapatite chromatography.
The peak gradient fractions from the Source 15Q
(Pharmacia Biotech) column were applied to a Bio-
Gel HT hydroxyapatite (Bio-Rad) column, and
protein was eluted with a linear potassium phos-
phate gradient. The column fractions were sub-
jected to Western blot analysis with antibodies
against Drosophila Acf1 (p170/p185), ISWI, topoi-
somerase II, and dCAF-1 p55 in conjunction with
125I-labeled protein A. With the Acf1 Western
blot, the p170 and p185 forms of Acf1 were not
clearly resolved. Also, the slower migrating spe-
cies that cross-reacts with the Acf1 antiserum is
not recognized by the affinity-purified antibodies
(e.g., see Fig. 2). (C) POROS heparin chromatogra-
phy. The peak hydroxyapatite fractions were ap-
plied to a POROS heparin (PerSeptive Biosystems)
column, and protein was eluted with a linear
NaCl gradient. The column fractions were sub-
jected to Western blot analysis, as in B. The con-
trol sample is an ACF-containing fraction from
the Source 15Q chromatography step. The p170
and p185 forms of Acf1 were not clearly resolved.
(D) Glycerol gradient sedimentation. The peak
POROS heparin fractions were subjected to 15%–
40% (vol/vol) glycerol gradient sedimentation.
The glycerol gradient fractions were subjected to
Western blot analysis, as in B and C. The p170 and
p185 forms of Acf1 were not clearly resolved. (E)
Micrococcal nuclease digestion analysis. ACF ac-
tivity in the glycerol gradient fractions was tested
by micrococcal nuclease digestion analysis. Chro-
matin assembly reactions contained 10 µl of each
400 µl fraction and were carried out as described
in Materials and Methods. The samples were then
partially digested with two different concentra-
tions of micrococcal nuclease. The resulting DNA
fragments were deproteinized, resolved by 1.5%
agarose gel electrophoresis, and visualized by
staining with ethidium bromide. The mass mark-
ers (M) are the 123-bp DNA ladder (GIBCO-BRL).
The peak of ACF activity is seen in fractions 7–9.
(F) Native ACF consists of Acf1 (p185 and p170)
and ISWI. Glycerol gradient fractions were sub-
jected to 6% polyacrylamide–SDS gel electropho-
resis, and proteins were visualized by silver stain-
ing. The sizes of molecular mass markers and the
ACF subunits are indicated. The traces of dCAF-1
p55/NURF-55 that were seen in Western blots of
the glycerol gradient fractions (D) could not be
detected in these silver-stained SDS–polyacryl-
amide gels.
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large excess of protein is analyzed by gel electrophoresis
(data not shown). In contrast, both the p185 and p170
forms of Acf1 copurify with Flag–ISWI. In the silver-
stained gel shown in Fig. 4A, the p185 band can be seen
clearly, and the p170 band is faint yet detectable. West-
ern blot analyses with anti-Acf1 antibodies reveal the
presence of the recombinant p170 band more distinctly
(Fig. 4B). These data suggest that both p170 and p185 are
produced from the acf1 cDNA, but the structural rela-
tion between the p170 and p185 forms is not known.

To determine whether the recombinant proteins can
function in the assembly of nucleosome arrays, we car-
ried out chromatin assembly reactions with purified core
histones, purified dNAP-1, relaxed circular plasmid
DNA, and ATP (with an ATP regenerating system) along
with varying concentrations of purified recombinant
ACF (cosynthesized Acf1 + Flag–ISWI) (Fig. 4C). These
experiments revealed significant chromatin assembly ac-
tivity at a core histone octamer/ACF molar ratio of 150:1
(1 unit), and an optimal chromatin assembly activity can
be achieved at an octamer/ACF molar ratio of 50:1 (3
units). The ability of recombinant ACF to catalyze the
assembly of nucleosome arrays at an octamer/ACF ratio
of ∼50:1 to 150:1 is consistent with the previously ob-
served ability of native ACF to assemble chromatin at an
estimated octamer/ACF ratio of 90:1 (Ito et al. 1997b).

At a high level of recombinant ACF (100 units), which

corresponds to nearly one (∼0.67) ACF per nucleosome, a
periodic nucleosome array is not obtained (Fig. 4C). It is
possible that this high concentration of ACF destabilizes
chromatin, perhaps by hyperactive remodeling activity
or by binding of the excess ACF to DNA or to nucleo-
somes. Alternatively, it is possible that a minor contami-
nating species in the ACF preparation (which is being
used at ∼30 times the concentration that is needed for
full chromatin assembly) is causing degradation or de-
stabilization of DNA or chromatin. Given the high con-
centrations of ACF that are needed to observe this effect,
it seems unlikely to reflect the normal function of ACF.

An important feature of ACF is its ability to facilitate
the deposition of histones onto DNA (Ito et al. 1997b).
We therefore analyzed the ability of recombinant ACF to
catalyze the formation of nucleosomes by using the
DNA supercoiling assay (Fig. 4D). As seen previously
(Bulger et al. 1995; Ito et al. 1996; in earlier studies,
dNAP-1 had been termed p56/dCAF-4 and the dCAF-1
fraction contained ACF), there is inefficient deposition
of histones by purified dNAP-1 in the absence of ACF.
Then, upon addition of ACF, there is a significant in-
crease in the extent of nucleosome assembly. Thus, re-

Figure 4. Chromatin assembly by purified recombinant Acf1
and ISWI. (A) Purification of recombinant Acf1 and ISWI. Acf1–
Flag alone, Flag–ISWI alone, or Acf1 + Flag–ISWI together were
synthesized with a baculovirus expression system and then pu-
rified by using the Flag affinity tag. The proteins (185 ng of
Acf1–Flag or Acf1; 140 ng of Flag–ISWI) were analyzed by 6%
polyacrylamide–SDS gel electrophoresis and silver staining.
The polypeptide that migrates below Flag–ISWI in the cosyn-
thesized Acf1 + Flag–ISWI preparation is an unknown contami-
nant. (B) Both p170 and p185 are synthesized from the acf1
cDNA. Native ACF (after hydroxyapatite chromatography, as
shown in Fig. 3B) and recombinant ACF, which was obtained by
cosynthesis of Acf1 and Flag–ISWI and purification with the
Flag epitope tag, were subjected to 6% polyacrylamide–SDS gel
electrophoresis and Western blot analysis with affinity-purified
antibodies that recognize the TYE peptide of Acf1 (described in
Materials and Methods). (C) Recombinant ACF can function
catalytically in the assembly of chromatin. Chromatin assem-
bly and micrococcal nuclease digestion assays were performed
with varying concentrations of purified, recombinant ACF
(rACF). The resulting DNA samples were resolved by 1.2% aga-
rose gel electrophoresis and detected by staining with ethidium
bromide. One unit of ACF is defined to be 22 fmoles, which
corresponds to one ACF protomer per 150 core histone octamers
in this assay. (D) DNA supercoiling analysis of chromatin as-
sembly by recombinant ACF. Standard chromatin assembly re-
actions were carried out in the presence or absence of purified
recombinant ACF (rACF, 10 U/reaction) with recombinant
dNAP-1 and purified Drosophila core histones. The assembly
reactions were terminated at the indicated time points by the
addition of EDTA to 50 mM final concentration. The samples
were then deproteinized and subjected to 1.0% agarose gel elec-
trophoresis. The DNA was detected by staining with ethidium
bromide.
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combinant ACF functions as a nucleosome assembly fac-
tor that facilitates the deposition of histones onto DNA
by a process that yields periodic nucleosome arrays.
Hence, the recombinant ACF, which comprises Acf1 and
ISWI, possesses chromatin assembly activity that is
comparable to that of native ACF.

Because the bromodomain has been found in proteins
that exhibit histone acetyltransferase activity, we also
tested whether Acf1, which has a carboxy-terminal bro-
modomain (Fig. 1), is able to mediate the acetylation of
histones in the presence of acetyl-CoA. These experi-
ments revealed that purified recombinant Acf1 alone or
ACF (Acf1 + ISWI) each exhibited approximately 1%–2%
(on a molar basis) of the acetyltransferase activity of pu-
rified human p300 (data not shown). Hence, these results
indicate that neither Acf1 alone nor ACF possesses sig-
nificant histone acetyltransferase activity.

Acf1 functions synergistically with ISWI
in nucleosome assembly

To investigate the role of Acf1 in nucleosome assembly
by ACF, we carried out standard chromatin assembly
reactions with recombinant Acf1 alone, ISWI alone, or
ACF (Fig. 5A). These experiments revealed no detectable
chromatin assembly with 10 units of either Acf1 alone
(Fig. 5A, cf. lanes 1 and 2) or ISWI alone (Fig. 5A, cf. lanes
1 and 4). In contrast, chromatin assembly activity was
seen with 1 or 10 units of ACF (Fig. 5A, lanes 6,7) and
was dependent on the presence of ATP (Fig. 5A, cf. lanes
7 and 8). The finding that 1 unit of ACF yields greater
chromatin assembly activity than 10 units of either sub-
unit alone indicates that the Acf1 and ISWI subunits of
ACF function cooperatively in the assembly of periodic
nucleosome arrays.

We also tested the chromatin assembly activity of high
levels (100 units) of the individual subunits and observed
slight activity with Acf1 alone (Fig. 5A, lane 3) and
strong activity with ISWI alone (Fig. 5A, lane 5). From
these and other related experiments (Fig. 4C; data not
shown), we estimate that ACF assembles chromatin ∼30-
fold more efficiently than ISWI alone. The results with
ISWI alone are in accord with the observation that bac-
terially synthesized ISWI can mediate the formation of a
stretch of nucleosomes (up to four bands in the micro-
coccal nuclease digestion assay) at an octamer/ISWI ra-
tio of about 2.7:1 under similar conditions (Corona et al.
1999). With baculovirus-synthesized ISWI (at an oc-
tamer/ISWI ratio of ∼1.5:1), however, we observe a more
extensive nucleosome array (seven distinct bands in the
micrococcal nuclease assay; Fig. 5A, lane 5) than that
seen with the bacterially synthesized ISWI (Corona et al.
1999). It should also be noted that some of the activity in
our preparation of baculovirus-synthesized ISWI could
be due to a low level of contaminating endogenous
Spodoptera frugiperda Acf1 from the Sf9 cells that may
copurify with the recombinant Flag–ISWI. [On the other
hand, the barely detectable level of nucleosome spacing
activity with high levels of Acf1 alone (which exhibited
<0.5% of the activity of ACF; Fig. 5A, lane 3) did not

Figure 5. Acf1 and ISWI function cooperatively in the catalysis
of chromatin assembly. (A) Chromatin assembly reactions were
carried out with the indicated amounts of individual recombi-
nant ACF subunits (Acf1–Flag or Flag–ISWI) or ACF (cosynthe-
sized Acf1 + Flag–ISWI). In addition, where noted, ATP was not
included in the reaction with ACF. These and other related
experiments (see, e.g., Fig. 4C) indicate that ACF assembles
chromatin ∼30-fold more efficiently than either subunit alone.
One unit corresponds to 22 fmoles of protein. (B) Acf1 and ISWI
can be combined postsynthetically to yield active ACF. Chro-
matin was assembled with either cosynthesized Acf1 + Flag–
ISWI [which consists of p185, p170, and ISWI, as seen in Fig. 4A]
or individual Acf1–Flag [which consists of p185 only, as shown
in Fig. 4A] and Flag–ISWI polypeptides that had been combined
after purification (postsynthetic combination of subunits). One
unit corresponds to 22 fmoles of protein.
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appear to be ATP-dependent (data not shown); thus, it
seems unlikely that it was due to contaminating S. fru-
giperda ISWI from Sf9 cells.] Nevertheless, the collective
data are generally consistent and indicate that ISWI
alone has a weak chromatin assembly activity that is
#3% of the activity of ACF.

Because the Acf1 and ISWI subunits are both required
for full ACF activity, we tested whether purified prepa-
rations of the separate subunits could be combined to
yield active ACF (Fig. 5B). We carried out chromatin as-
sembly reactions with Acf1–Flag and Flag–ISWI that had
been combined after synthesis and purification (postsyn-
thetic) as well as with Acf1 + Flag–ISWI that had been
cosynthesized and purified as the ACF complex (cosyn-
thesis). As seen in Figure 5B, the activity of the postsyn-
thetically combined ACF subunits is essentially identi-
cal to that of the cosynthesized subunits. Therefore, co-
synthesis of the Acf1 and ISWI subunits is not necessary
to obtain fully active ACF. In addition, because the p170
form of Acf is not present in the purified Acf1–Flag
preparation (see Fig. 4A), these experiments show that
full ACF activity can be achieved with the p185 form of
Acf1 along with ISWI.

ACF, a chromatin assembly factor that comprises
Acf1 and ISWI

In summary, we have found that the chromatin assem-
bly factor ACF is composed of ISWI and a novel Acf1
subunit. Acf1 contains two PHD fingers, one bromodo-
main, and two novel conserved regions. Analysis of se-
quence databases presently reveals one protein, human
WSTF which contains each of the conserved sequence
motifs in Acf1. acf1 encodes both the p170 and p185
subunits of ACF, and purification of the native form of
Acf1 (by assaying for the presence of Acf1 by Western
blot analysis) led to the isolation of ACF consisting of
Acf1 and ISWI. Furthermore, the Acf1 and ISWI subunits
function synergistically in the ATP-dependent assembly
of nucleosome arrays.

The finding that Acf1 can significantly increase the
activity of the ISWI protein indicates that the proposed
motor-like activity of ISWI (as well as related proteins,
such as SNF2/SWI2, STH2, Brahma, hSNF2h, hBRM,
and BRG1, which are in other chromatin remodeling
complexes) can be programmed for specific functions by
other components of the remodeling complexes. It is also
relevant to note that these results are consistent with
the finding that subunits of the human SWI/SNF com-
plex can increase the nucleosome remodeling activity of
BRG1 protein, as determined by reduced DNA supercoil-
ing of chromatin and increased ATPase activity (Phelan
et al. 1999)

Thus far, three ISWI-containing complexes, termed
NURF, CHRAC, and ACF, have been identified in Dro-
sophila, one ISWI (hSNF2h)-containing complex termed
RSF (remodeling and spacing factor) has been found in
humans (LeRoy et al. 1998), and two complexes termed
ISW1 and ISW2, which each contain a distinct ISWI-re-
lated protein, have been purified from S. cerevisiae

(Tsukiyama et al. 1999). It seems likely that some of the
non-ISWI subunits in NURF, CHRAC, RSF, and the
ISW1 and ISW2 complexes in yeast will similarly confer
additional functionality to the ISWI motor in a manner
analogous to Acf1. In the future, it will be interesting to
investigate the nature of Acf1 function, as well as to
compare the properties of Acf1 with those of related pro-
teins in other chromatin remodeling complexes.

Materials and methods

Isolation of acf1 cDNA

Native ACF was purified from Drosophila embryos to >80%
homogeneity by the method of Ito et al. (1997b). The protein
was subjected to electrophoresis on an 8% polyacrylamide–SDS
gel and stained with Coomassie brilliant blue G. The p170 and
p185 bands were excised, and the polypeptides were digested
with Achromobacter protease I (lysylendopeptidase; Wako
Chemicals). The resulting peptides were purified by HPLC with
a Vydac C18 column and sequenced with an automated protein
sequencer (Applied Biosystems). A cDNA fragment was ob-
tained by RT–PCR with oligonucleotides that correspond to the
coding sequences of the p170/p185 peptides, which are depicted
in Figure 1A. This partial cDNA segment was used to screen a
Drosophila embryo (embryos collected from 0 to 4 hr after egg
deposition) cDNA library, and 20 independent cDNAs were ob-
tained. The acf1 cDNA fragment that contains the complete
coding sequence was constructed from two overlapping cDNAs.

Northern blot analysis with poly(A)+ RNA from Drosophila
embryos revealed a single band of ∼4.5 kb (data not shown),
which corresponds well with the length of the cDNA (4.8 kb).
Southern blot analysis indicated that Acf1 is encoded by a single
gene (data not shown). By in situ hybridization to Drosophila
polytene chromosomes, the acf1 locus was mapped to region
100E1-2 (T. Laverty, unpubl.).

Antibodies and recombinant constructs

Polyclonal antibodies against Acf1 were generated by immuni-
zation of rabbits with two peptides [acetyl-CTYEEAVKSERA-
ARKK-amide (TYE peptide; amino acid residues 66–80) and ace-
tyl-CAKLIELEKQKAEKKA-amide (AKL peptide; amino acid
residues 292–306)] coupled to keyhole limpet hemocyanin. In
the developmental Western blot analysis, affinity-purified anti-
bodies (with the TYE peptide) were used. In addition, polyclonal
antibodies against an amino-terminal Acf1 peptide [acetyl-
KREGFDLNQKEGKNETFC-amide (KRE peptide; amino acid
residues 5–21)] were generated and found to recognize both p170
and p185 forms of Acf1 (data not shown). Polyclonal antibodies
against Drosophila ISWI protein were generated by immuniza-
tion of rabbits with a peptide (acetyl-CAEFDNKIEADRSRRFD-
amide; amino acid residues 33–48 of ISWI) coupled to keyhole
limpet hemocyanin. These antibodies were affinity purified
prior to use in the developmental Western blots. Rabbit poly-
clonal antibodies against Drosophila topoisomerase II were the
kind gift of Dr. T. Hsieh (Duke University Medical Center,
Durham, NC). Polyclonal antibodies against Drosophila NAP-1
(Ito et al. 1996) and Drosophila CAF-1 p55 (Tyler et al. 1996)
were reported elsewhere. The Drosophila ISWI recombinant
baculovirus was kindly provided by Dr. C. Wu (National Insti-
tutes of Health) (Corona et al. 1999; Hamiche et al. 1999), and it
encodes the full-length ISWI protein with an amino-terminal
Flag tag (Sigma). Other recombinant baculoviruses were pre-
pared with the BaculoGold system in conjunction with a
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pVL1393-based baculovirus transfer vector (PharMingen). The
Acf1 recombinant baculovirus encodes the full-length Acf1 pro-
tein without any extraneous sequences or tags. The Acf1-Flag
recombinant baculovirus encodes the full-length Acf1 protein
with a carboxy-terminal extension of RGSHHHHHHDYKD-
DDDK, which includes the Flag peptide.

Chromatin assembly

Chromatin assembly and micrococcal nuclease digestion analy-
sis were performed essentially as described by Bulger and Ka-
donaga (1994), Bulger et al. (1995), and Ito et al. (1996. 1997b) by
using covalently closed circular plasmid DNA that had been
relaxed previously with purified, recombinant Drosophila to-
poisomerase I. Standard reactions (70 µl, final volume) con-
tained relaxed, covalently closed circular DNA (0.35 µg; 0.17
pmole of a 3.2-kb plasmid), purified core histones from Dro-
sophila embryos (0.35 µg; 3.3 pmoles of core histone octamers),
purified native Drosophila NAP-1 (2.8 µg; 64 pmoles of dNAP-1
polypeptides; native dNAP-1 is multimeric), and purified ACF
(as indicated, but typically ∼0.066–0.22 pmole) in a buffered
medium containing 10 mM HEPES (K+) at pH 7.6, 50 mM KCl, 5
mM NaCl, 5 mM MgCl2, 5% (vol/vol) glycerol, 1% (wt/vol)
polyvinyl alcohol (Sigma P-8136), and 1% (wt/vol) polyethylene
glycol (Sigma P-2139), 3 mM ATP, an ATP regenerating system
(30 mM phosphocreatine and 1 µg/ml creatine phosphokinase),
and bovine serum albumin (140 ng). All components, except for
ACF, ATP regeneration system, MgCl2, and DNA, were com-
bined and preincubated for 30 min on ice. After this preincuba-
tion, the ACF, ATP regeneration system, MgCl2, and DNA were
added in succession, and the reaction mixture was incubated at
27°C for 3–5 hr. Where indicated, one unit of ACF is defined to
be the amount of ACF containing 22 fmoles of Acf1 polypeptide
and 22 fmoles of ISWI polypeptide. Based on glycerol gradient
sedimentation analysis of ACF (Ito et al. 1997b), it appears that
a protomer of ACF consists of one Acf1 polypeptide and one
ISWI polypeptide. Thus, in a standard reaction with one unit of
ACF, the molar ratio of ACF/core histone octamer is 1:150.

Western blot analysis of Drosophila at different stages
of development

Approximately 100 µl volume of frozen wild-type (Canton-S)
Drosophila embryos, larvae, pupae, or adult flies was homog-
enized in a 1.5-ml microcentrifuge tube with a plastic pestle
(Kontes). Then, 100 µl of buffer [consisting of 10 mM Tris-HCl at
pH 7.9, 60 mM NaCl, 10 mM EDTA, 10% (vol/vol) glycerol, 2
mM sodium bisulfite, 2 mM benzamidine-HCl, 0.5 mM phenyl-
methylsulfonyl fluoride (PMSF), 10 µg/ml leupeptin, 10 µg/ml
aprotinin, and 10 µg/ml pepstatin A] was added, and homogeni-
zation was continued for 30 sec on ice. Insoluble material was
pelleted by centrifugation for 10 sec in a microcentrifuge. The
supernatants were transferred to a fresh microcentrifuge tube
containing an equivalent volume of 2× SDS–electrophoresis
sample buffer, and the resulting samples were boiled for 5 min.
Each gel lane contained an approximately equivalent amount of
total protein, as determined by the Coomassie protein assay
(Pierce) as well as by visual inspection of Coomassie blue-
stained gels or amido black-stained nitrocellulose filters to
which the proteins had been transferred. Western blot analysis
was carried out with affinity-purified polyclonal antibodies in
conjunction with a horseradish peroxidase-coupled secondary
antibody and a chemiluminescence reagent (New England
Nuclear).

Purification of native Acf1 from Drosophila embryos

Native Acf1 was purified from a nuclear extract derived from

Drosophila embryos that were collected from 0 to 12 hr after egg
deposition. Fractions were assayed for the presence of Acf1
(p170 and p185) by Western blot analysis with antibodies
against Acf1 as well as for ACF activity by using the micrococ-
cal nuclease digestion assay. In a typical preparation of nuclear
extract (100–200 grams of embryos), nuclei were prepared as
described by Kamakaka and Kadonaga (1994), suspended in 100
ml of buffer A [50 mM HEPES (K+) at pH 7.6, 0.35 M NaCl, 10%
(vol/vol) glycerol, 1 mM DTT, 0.2 mM PMSF, 1 mM benzami-
dine], and then incubated with stirring for 30 min at 4°C. This
mixture was subjected to centrifugation (10,000 rpm for 10 min
in a Sorvall GSA rotor), and the supernatant was collected and
subjected to additional centrifugation (28,000 rpm for 1 hr in a
Beckman Ti45 rotor). The resulting supernatant was collected
(the pellet and upper layer were avoided) to give the crude
nuclear extract. The crude nuclear extracts from two prepara-
tions were combined and subjected to ammonium sulfate pre-
cipitation. The 1.0–2.2 M ammonium sulfate precipitate was
dialyzed against buffer B [15 mM Tris-HCl at pH 7.5, 1 mM

EDTA, 10% (vol/vol) glycerol, 1 mM DTT, 0.2 mM PMSF, 1 mM

benzamidine, 0.01% (vol/vol) NP-40, 10 µM ZnOAc] containing
no additional salt (0 M NaCl buffer B) until the conductivity of
the sample was approximately equivalent to that of 0.1 M NaCl
buffer B. The dialyzed ammonium sulfate sample was subjected
to centrifugation (8000 rpm for 10 min in a GSA rotor), and the
supernatant was applied to a SP–Sepharose FF (Pharmacia Bio-
tech) resin [column volume = 140 ml; column dimensions
(diam. × height) = 2.6 × 26 cm, flow rate = 3 ml/min, fraction
size = 22.8 ml]. The sample was applied to the column equili-
brated in 0.1 M NaCl buffer B and washed with 420 ml of this
buffer. The 0.1 M NaCl wash was followed by a linear gradient
(1400 ml) from 0.1–1 M NaCl in buffer B. Acf1 eluted in the
0.29–0.32 M NaCl-containing fractions. The Acf1-containing
fractions were dialyzed against buffer C [10 mM HEPES (K+) at
pH 7.6, 1.5 mM MgCl2, 10% (vol/vol) glycerol, 10 µM ZnOAc, 1
mM DTT, 0.2 mM PMSF, 10 mM b-glycerophosphate, 0.01%
(vol/vol) NP-40], containing 0.1 M NaCl. The dialyzed SP–Seph-
arose fractions were applied directly to a Source 15Q (Pharmacia
Biotech) resin [column volume = 5 ml; column dimensions
(diam. × height) = 1 × 6.4 cm, flow rate = 3 ml/min, fraction
size = 1.25 ml]. The sample was applied to the column equili-
brated in 0.1 M NaCl buffer C and washed with 15 ml of this
buffer. The 0.1 M NaCl wash was followed by a linear gradient
(150 ml) from 0.1 to 1 M NaCl buffer C. Acf1 as well as ACF
activity eluted in the 0.32–0.34 M NaCl-containing fractions.
The Source 15Q fractions were applied directly to a Bio-Gel HT
hydroxyapatite (Bio-Rad) resin [column volume = 0.4 ml; col-
umn dimensions (diam. × height) = 0.5 × 2 cm, flow rate = 0.1
ml/min, fraction size = 0.3 ml]. The sample was applied to the
column equilibrated in 0 M potassium phosphate at pH 7.0 (KPi)
buffer C (containing no NP-40) and washed with 2 ml of this
buffer. This wash was followed sequentially by 2-ml washes
with 0.01 M KPi buffer C and 0.1 M KPi buffer C. The 0.1 M KPi
buffer C wash was followed by a linear gradient (6 ml) from 0.1
to 0.5 M KPi buffer C. Acf1 as well as ACF activity eluted in the
0.2–0.25 M KPi-containing fractions. The ACF containing frac-
tions were dialyzed against buffer C containing 0.1M NaCl [con-
taining 0.01% (vol/vol) NP-40]. The dialyzed Bio-Gel HT hy-
droxyapatite fractions were applied directly to a POROS 20 HE1
heparin (PerSeptive Biosystems) resin [column volume = 0.2 ml,
column dimensions (diam. × height) = 0.5 × 1 cm, flow
rate = 0.2 ml/min, fraction size = 0.083 ml]. The sample was
applied to the column equilibrated in 0.1 M NaCl buffer C and
washed with 1 ml of this buffer. This wash was followed by a
linear gradient (4 ml) from 0.1 to 1 M NaCl buffer C. Acf1 as well
as ACF activity eluted in the 0.31 to 0.36 NaCl-containing frac-
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tions. The POROS heparin fractions were subjected to 15%–
40% (vol/vol) glycerol gradient sedimentation in 0.1 M NaCl
buffer C (50,000 rpm; 16 hr; Beckman SW55 rotor). The presence
of Acf1 (p170 and p185) as well as assembly activity of each
fraction was assayed, and the protein composition was deter-
mined by polyacrylamide–SDS gel electrophoresis and silver
staining. A typical preparation of native Acf1 begins with 300
grams of Drosophila embryos and yields enough purified ACF
for at least 400 standard assembly reactions.

Purification of recombinant ACF

Log-phase S. frugiperda (Sf9) cells were diluted with fresh me-
dium to 1 × 106/ml in a spinner flask (400 ml total) and infected
with recombinant Acf1 and/or ISWI baculovirus at an m.o.i. of
5–10. [Alternatively, cells were infected on 150-mm culture
plates at 2 × 107 cells/plate.] At 44–46 hr subsequent to infec-
tion, the cells were pelleted in a clinical centrifuge and washed
once with cold phosphate-buffered saline. The cells were sus-
pended in 8 ml of lysis buffer [20 mM Tris-HCl at pH 7.9, 500
mM NaCl, 4 mM MgCl2, 0.4 mM EDTA, 2 mM DTT, 20 mM

b-glycerophosphate, 20% (vol/vol) glycerol, 0.4 mM PMSF, 1
mM benzamidine-HCl, 4 µg/ml leupeptin, 2 µg/ml aprotinin]
and then disrupted with a Dounce homogenizer (with an A
pestle; 10 strokes, 10 min on ice, 10 additional strokes, another
10 min on ice, 5 additional strokes). Insoluble material was
pelleted by centrifugation in a Sorvall SS-34 rotor (11,000 rpm
for 10 min). The supernatant was combined with 200 µl of Flag–
M2 resin [Sigma; as a 1:1 (vol/vol) slurry in lysis buffer] and 7 ml
of dilution buffer [20 mM Tris-HCl, pH 7.9, 10% (vol/vol) glyc-
erol, and 0.02% (vol/vol) NP-40]. The slurry was mixed on a
rocking platform for 4 hr at 4°C in a 15-ml capped polypropyl-
ene tube. The resin was washed four times with 12 ml each of
wash buffer [20 mM Tris-HCl at pH 7.9, 150 mM NaCl, 2 mM

MgCl2, 0.2 mM EDTA, 1 mM DTT, 10 mM b-glycerophosphate,
15% (vol/vol) glycerol, 0.01% (vol/vol) NP-40, 0.2 mM PMSF,
0.5 mM benzamidine-HCl, 2 µg/ml leupeptin, 1 µg/ml aproti-
nin]. Then, protein was eluted by four successive cycles of ad-
dition and removal of 100 µl of elution buffer [wash buffer con-
taining 0.2 mg/ml Flag peptide (Sigma) and 0.5 mg/ml recom-
binant human insulin (Boehringer Mannheim)]. Protein
concentrations were estimated by polyacrylamide–SDS gel elec-
trophoresis and staining with Coomassie brilliant blue R-250
along with BSA standards. Typical yields of ACF are ∼0.1 µg/ml
of suspension culture or 10 µg/150-mm plate.
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