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We describe the cloning and analysis of Drosophila nucleosome assembly protein 1 (dNAP-1), a core
histone-binding protein that functions with other chromatin assembly activities in a Drosophila chromatin
assembly factor 1-containing fraction (dCAF-1 fraction) in the ATP-facilitated assembly of regularly spaced
nucleosomal arrays from purified core histones and DNA. Purified, recombinant dNAP-1 acts cooperatively
with a factor(s) in the dCAF-1 fraction in the efficient and DNA replication-independent assembly of chro-
matin. In the presence of histone H1, the repeat length of the chromatin is similar to that of native chromatin
from Drosophila embryos. By coimmunoprecipitation analysis, ANAP-1 was found to be associated with his-
tones H2A and H2B in a crude whole-embryo extract, which suggests that dNAP-1 is bound to the histones in
vivo. Studies of the localization of ANAP-1 in the Drosophila embryo revealed that the factor is present in the
nucleus during S phase and is predominantly cytoplasmic during G, phase. These data suggest that NAP-1 acts
as a core histone shuttle which delivers the histones from the cytoplasm to the chromatin assembly machinery
in the nucleus. Thus, NAP-1 appears to be one component of a multifactor chromatin assembly machinery that

mediates the ATP-facilitated assembly of regularly spaced nucleosomal arrays.

Chromatin assembly is a process that interfaces DNA rep-
lication, gene expression, and progression through the cell
cycle, and it is therefore critically involved in many important
biological phenomena (for reviews, see references 9, 20, 48, 51,
54, and 58). Nucleosome assembly appears to occur by the
initial deposition of histones H3 and H4 with the subsequent
incorporation of H2A and H2B in a manner that results in the
random distribution of the old preexisting histones and newly
synthesized histones between the daughter DNA strands.
Analysis of chromatin assembly in vivo has revealed that as-
sembly commences immediately after DNA replication (37,
38), but the kinetics of chromatin maturation (see, for exam-
ple, references 45 and 59) as well as the observation of chro-
matin assembly in the apparent absence of DNA replication
(upon inhibition and subsequent reinduction of histone syn-
thesis [31]) suggests that assembly need not be directly coupled
to DNA replication. In agreement with these data, recent bio-
chemical studies of DNA replication and chromatin assembly
have suggested that there may be indirect mechanisms for the
coupling of replication and assembly (27). Therefore, it ap-
pears that chromatin assembly commences immediately after
replication but might not be directly linked to the replication
process.

Biochemical analysis of chromatin assembly has led to the
identification of core histone-binding proteins, such as nucleo-
plasmin, N1/N2, and NAP-1, which appear to function as his-
tone transfer vehicles that facilitate the random deposition of
histones onto DNA in an ATP-independent manner (for re-
views, see references 9, 20, 51, 54, and 58). In addition, in an
apparently analogous fashion, polyanions, such as polyglutamic
acid (49) or RNA (40), can function as negatively charged,

* Corresponding author. Mailing address: Department of Biology,
0347, Pacific Hall, Room 2212B, University of California, San Diego,
9500 Gilman Dr., La Jolla, CA 92093-0347. Phone: (619) 534-4608.
Fax: (619) 534-0555. Electronic mail address: jkadonaga@ucsd.edu.

3112

histone transfer molecules. Because the chromatin that is re-
constituted with the purified polyanionic species (the histone-
binding proteins, polyglutamate, or RNA) consists of randomly
distributed nucleosomes and does not exhibit the approxi-
mately regular spacing of nucleosomes that is secen with native
chromatin, it has been generally thought that at least some of
the previously identified core histone-binding proteins are
likely to be involved in chromatin assembly but also that the
histone-binding proteins are probably not fully responsible for
the assembly of chromatin that is observed in vivo.

In studies of DNA replication and chromatin assembly, a
factor termed chromatin assembly factor 1 (CAF-1) was [ound
to be required for the assembly of newly replicated DNA into
chromatin during T antigen-mediated simian virus 40 DNA
replication in vitro (47, 50). In those experiments, CAF-1 ac-
tivity was identified by complementation of a CAF-1-deficient,
cytosolic replication extract derived from human 293 cells.
Hence, CAF-1-mediated chromatin assembly occurs in con-
junction with other factors, which have not yet been identified,
which are present in the 293 cell extract. By using the simian
virus 40 DNA replication assembly assay, CAF-1 was purified
and cloned from human cells (28, 47). The largest subunit
(p150) of human CAF-1 appears to bind to newly synthesized
H3 and H4 (28, 46), but, unlike the core histone-binding pro-
teins such as nucleoplasmin or NAP-1, purified CAF-1 alone
does not possess significant nucleosome deposition activity. In
addition, analysis of the properties of human and Drosophila
CAF-1 has led to the finding that chromatin assembly by
CAF-1 can occur postreplicatively (27). However, in those
studies, it was found that the postreplicative assembly of chro-
matin by CAF-1 occurs preferentially with newly-replicated
DNA relative to unreplicated DNA. Nevertheless, these bio-
chemical studies with CAF-1 are consistent with the results of
in vivo analyses of chromatin assembly, which indicate that
assembly occurs with newly replicated DNA but does not nec-
essarily require concomitant DNA replication.
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Crude extracts derived from Drosophila, Xenopus, or mam-
malian cells are able to mediate ATP-facilitated and DNA
replication-independent assembly of chromatin that exhibits
approximately regular spacing of nucleosomes, as is seen with
native chromatin (see, for instance, references 1, 2, 19, and 26).
Fractionation of the Xenopus extracts led to the identification
of nucleoplasmin and N1/N2, which were able to mediate the
ATP-independent, random deposition of nucleosomes (see,
for example, references 32, 35, 42, 43, 53, 60). In addition, it
was found that phosphorylated HMG17 affects the nucleosome
spacing of chromatin that is reconstituted with H2A-H2B
dimer and N1/N2-H3-H4 complexes (12, 52). However, in the
earlier experiments, chromatin reconstitution with the puri-
fied/fractionated components did not resemble the ATP-facil-
itated assembly of extended nucleosomal arrays by the full
complement of factors in crude assembly extracts with regard
to (i) the requirement for ATP for efficient chromatin assem-
bly; (ii) the regularity of the nucleosomal spacing; and (iii) the
nucleosome repeat length (the repeat length of chromatin re-
constituted with purified components typically ranged from
145 to 165 bp, depending on the conditions). Hence, further
studies were necessary to identify the factors that mediate the
ATP-facilitated assembly of nucleosomal arrays.

We had previously fractionated the chromatin assembly ac-
tivities in a crude Drosophila embryo extract and obtained two
partially purified fractions that were termed dCAF-1 and
dCAF-4 (for Drosophila chromatin assembly factors/fractions 1
and 4), which were able to mediate the assembly of regularly
spaced nucleosomal arrays when combined with DNA, purified
core histones, and ATP (6). The dCAF-1-containing fraction
was thus so designated because this fraction was observed to
possess the Drosophila version of chromatin assembly factor 1
(CAF-1) (6). (This nomenclature is used with some trepida-
tion, however, because it has yet to be established whether the
Drosophila version of CAF-1 is an active component of that
fraction.) Characterization of the dCAF-4 fraction led to the
identification of a 56-kDa core histone-binding protein, desig-
nated p56, which is the primary focus of this study. The nu-
cleosome repeat length of chromatin assembled by these frac-
tions in the presence of histone H1 was identical to that of
native chromatin. Thus, the data collectively suggest that the
ATP-facilitated assembly of chromatin by the fractionated fac-
tors resembles, at least in part, the natural mechanism of chro-
matin assembly.

In this report, we describe the cloning of the p56 component
of dCAF-4 and the finding that it is the Drosophila homolog of
the core histone-binding protein, NAP-1 (21, 22). Biochemical
characterization of Drosophila NAP-1 (dNAP-1) as well as
analysis of the subcellular localization of dNAP-1 in the em-
bryo at different periods of the cell cycle leads to a model for
chromatin assembly wherein NAP-1 functions to deliver core
histones to the chromatin assembly machinery.

MATERIALS AND METHODS

Isolation of ¢cDNA encoding p56 (dNAP-1). The p56 core histone-binding
protein in the dCAF-4 fraction was purified to greater than 90% homogeneity
from the Drosophila S-190 chromatin assembly extract (5, 26) by sequential
chromatography on DEAE-Scpharose (Pharmacia), SP-Sepharose (Pharmacia),
Q-Sepharose (Pharmacia), and butyl-Sepharose (Pharmacia) resins as described
by Bulger ct al. (6). The p56 sample was subjected to electrophoresis on a 12%
polyacrylamide-sodium dodecyl sulfate (SDS) gel, which was then stained with
Coomassie blue G. The p56 band was excised, and the protein was digested with
a lysylendopeptidase (Achromobacter protease I; Wako Chemicals). The result-
ing peptides were purified by high-performance liquid chromatography with a
C-18 column (Vydac) and sequenced by automated Edman degradation (Ap-
plied Biosystems modcl 470, 473, or 477). A fragment of the cDNA was obtained
by using reverse transcription-PCR with oligonucleotides corresponding to the
coding sequences of the peptides, and six independent cDNAs were isolated by
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screening a Drosophila embryo ¢cDNA library (embryos were collected from 0 to
4 h after egg deposition) in NZAPII with the radiolabelled, PCR-amplified
fragment. The entire cDNA sequences from both DNA strands of two indepen-
dent ¢cDNAs were sequenced, and it was evident that pS6 was the Drosophila
homolog of NAP-1. One of these cDNAs was PCR amplified and subcloned into
the Ncol and Xhol sites of pET15b (Novagen) to give the bacterial expression
plasmid pETdNAP-1, and the coding region was then completely rescquenced to
confirm the absence of mutagenesis occurring during the PCR process.

Purification of recombinant dNAP-1. A freshly transformed colony of pETd-
NAP-1 in Escherichia coli BL21(DE3) was grown at 37°C in a volume of 2 liters
to an Agy of ~0.6, and synthesis of dNAP-1 was induced by the addition of
isopropyl-B-n-thiogalactopyranoside (IPTG) to a final concentration of 0.4 mM.
The culture was incubated for an additional 3 h at 30°C. Unless stated otherwise,
all subsequent operations were performed at 4°C. The bacteria were pelleted by
centrifugation (Sorvall GSA rotor; 5,000 rpm; 5 min) and resuspended in 40 ml
of buffer R (10 mM N-2-hydroxycthylpiperazine-N'-2-ethanesulfonic acid
[HEPES:; K*; pH 7.6] containing 10 mM KCl, 1.5 mM MgCl,, 10% glycerol, 10
mM B-glycerophosphate, 1 mM dithiothreitol, and 0.2 mM phenylmethylsulfonyl
fluoride). The bacteria were lysed by sonication, and the insoluble material was
removed by centrifugation (Sorvall SS-34 rotor; 10,000 rpm; 10 min). Then, 4 M
ammonium sulfate (pH 7.0) was added to the supernatant to a final concentra-
tion of 2.25 M. The mixture was incubated for 20 min and then subjected to
centrifugation (Sorvall SS-34 rotor; 10,000 rpm; 10 min). The supernatant was
applied to a phenyl-Sepharose CL-4B (Pharmacia) column (column volume, 30
ml; column dimensions [diameter by length], 1.6 by 15 cm; flow rate, 1 ml/min;
fraction size, 5 ml). The column was washed with 3 column volumes of buffer R
containing 2.25 M ammonium sulfate, and protein was eluted with a linear
gradient (10 column volumes) of from 2.25 to 0 M ammonium sulfate. Fractions
were analyzed by SDS-polyacrylamide gel clectrophoresis (PAGE), and the peak
dNAP-1-containing fractions were pooled and dialyzed against buffer R contain-
ing 0.2 M NaCl The resulting sample was applicd onto tandemly linked P11
(phosphocellulose [Whatman]; column volume, 30 ml; column dimensions [di-
ameter by length] = 1.6 by 15 cm; flow rate, 0.2 ml/min) and Mono Q columns
(HR 5/5 [Pharmacia]) (note that the P11 column was first and the Mono Q was
second). After application of the protein sample, the P11 column was removed,
and the Mono Q resin was washed with 4 column volumes of buffer R containing
0.2 M NaCl. dNAP-1 was eluted with a linear gradient (10 column volumes) of
from 0.2 to 1 M NaCl in buffer R. dNAP eluted from the Mono Q resin at
roughly 250 mM NaCl. The protein content of the fractions was analyzed by
SDS-12% PAGE. Nuclcase activity in the fractions was detected by incubation of
plasmid DNA with the samples at 37°C for 1 h in the presence of 10 mM MgCl,
and then by analysis of the DNA by 1% agarose gel electrophoresis. Bacterial
nucleic acid contamination was monitored by 1% agarose gel electrophoresis and
staining with ethidium bromide. The peak dNAP-1-containing fractions, which
were not contaminated with nucleases or bacterial nucleic acids, were dialyzed
against buffer R (with no additional salt), frozen in liquid nitrogen, and stored at
—80°C.

Assembly and analysis of chromatin. Chromatin assembly rcactions were
performed under the conditions (at 57 mM KCI) described by Bulger et al. (6) by
using circular plasmid DNA (470 ng, previously relaxed by incubation with
purified, recombinant Drosophila topoisomerase I}, dCAF-1 fraction (19 pg of
total protein from the 0.25 to 0.5 M potassium phosphate fraction of the hy-
droxylapatite column {6]), purified recombinant dNAP-1 (3.2 pg), purified Dro-
sophila core histones (410 ng), 3 mM ATP, and an ATP regeneration system (30
mM phosphocreatinc and 1 ug of creatine phosphokinase per ml). The nucleo-
some repeat length of the assembled chromatin has becn observed to vary with
the ionic strength of the reaction medium (5, 55), and, hence, as a matter of
reference, these reactions were performed under the 57 mM KCI conditions
described by Bulger et al. (5), whereby a 162-bp repeat length was previously
reported in the absence of HI. Under these conditions, the NAP-1-to-core
histone ratio is approximately 2.5:1 (or alternatively, the NAP-1-to-octamer ratio
is 20:1), and there is hence an excess of NAP-1 relative to the core histones. We
have found that the quality of the chromatin assembled at a NAP-1-to-histone
ratio of 1.25:1 is similar to that assembled at a ratio of 2.5:1, whereas a distinctly
lower amount of chromatin assembly occurs at a NAP-1-to-histone ratio of 0.63:1
(data not shown). When indicated, purified Drosophila histone H1 (8) was in-
cluded in the reaction mixtures. DNA supercoiling and micrococcal nuclease
digestion assays were carricd out as described previously (5, 6, 26).

Because of the apparently low levels of assembly that were observed in the
absence of dNAP-1, the dCAF-1 fraction, or ATP, we have refrained from a
description of the chromatin assembly reaction as being strictly dependent on
dNAP-1, dCAF-1, or ATP. Tt is possible that chromatin asscmbly is not an
all-or-nothing process. Alternatively, there may be a low level of cross-contam-
ination of the factors, such as a trace of ANAP-1 present in the dCAF-1 fraction.
However, these data indicatc that the efficient assembly of regularly spaced (as
opposed to randomly distributed or closely packed) nuclcosomal arrays does
require dNAP-1, the dCAF-1 fraction, and ATP.

It is also pertinent to note that in studies of NAP-1 by Ishimi and colleagues
(16, 21-25), the efficiency of histone deposition by NAP-1 alonc appeared to be
greater than that which we have observed in the present work and in previous
work (6). Consequently, we compared the reaction conditions reported in the
most recent description of nucleosome reconstitution by NAP-1 from Fujii-
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Nakata and coworkers (16) with those employed in the present study and iden-
tified some of the following differences: (i) monovalent salt concentration of 57
mM KCI (the present study) versus 150 mM NaCl (16): (ii) reaction temperature
of 27°C (the present study) versus 37°C (16); (iii) usc of dNAP-1 (the present
study, except for Fig. 3B) versus yeast NAP-1 (16); and (iv) use of a core
histone-to-DNA mass ratio of 0.87 (the present study; this mass ratio in chro-
matin corresponds to roughly 1 histone octamer per 184 bp of DNA) versus 1.5
to 3.0 (16 [this mass ratio in chromatin corresponds to about 1 histone octamer
per 53 to 106 bp of DNAJ). It is likely that some, if not all, of thesc differences
contribute to the greater extent of nucleosome reconstitution by NAP-1 (in the
absence of the dCAF-1 fraction), as observed in previous work (16, 21-25).

Coimmunoprecipitation of dNAP-1 and core histones. A crude Drosophila
embryo extract was prepared by homogenization of embryos (collected from 0 to
2 h after egg deposition) with a 10-ml Wheaton Dounce homogenizer in buffer
R containing 100 mM KCI, which was then followed by sonication. For cach
immunoprecipitation, crude extract prepared from approximately 300 mg of
embryos was uscd. First, immunoaffinity-purified rabbit anti-dNAP-1 polyclonal
antibody was incubated with 70 wl of a 50% (vol/vol) slurry of protein A-
Sepharose (Pharmacia) at 4°C for 2 h in buffer R containing 100 mM KCI. The
cmbryo extract was then added, and the mixture was incubated at 4°C for 4 h.
The protein A-Scpharose beads were then washed twice with dilution buffer (10
mM Tris-HCI [pH 7.9], 0.14 M NaCl, 0.1% Triton X-100, 0.1% bovine serum
albumin), once with TSA (10 mM Tris-HCI [pH 7.9], 0.14 M NaCl), and once
with 50 mM Tris-HCI (pH 7.9). The beads were then suspended in SDS sample
buffer (40 pl) and boiled for 5 min. A portion of the supernatant was then
subjected to SDS-PAGE and Western blot (immunoblot) analysis. For the West-
crn blot analysis of dNAP-1, a mouse anti-NAP-1 monoclonal antibody (clone
4A8 [22]) was used as the primary antibody, and an alkaline phosphatase-
conjugated antimouse antibody was used as the secondary antibody. For the
Western blot analysis of core histones, an immunoaffinity-purified, biotin-conju-
gated, rabbit polyclonal antibody prepared against Drosophila core histones was
used as the primary antibody, and the ABC reagents {(Vector) were used for
detection of the core histones.

Immunostaining of Drosophila embryos. Drosophila embryos (collected from 0
to 12 h after egg deposition) were dechorionized and suspended in buffer B (10
mM potassium phosphate [pH 6.8], 15 mM NaCl, 45 mM KCI, 2 mM MgCl,).
The embryos were then permeabilized by methodology similar to that described
previously (36). All operations were at room temperature, except when stated
otherwise. Specifically, the cmbryos were incubated with shaking for 12 min in a
suspension of 3.6 ml of buffer B, 0.4 ml of formaldehyde (37%), and 4 ml of
heptane. The fower aqueous phase was removed, and then 8 mi of methanol was
added. The embryos were shaken vigorously for 1 min, after which the devitill-
inized embryos settled to the bottom of the vessel. The upper phase was removed
along with embryos at the organic-aqueous interface. The devitillinized embryos
were rehydrated with 1:1 (vol/vol) methanol-PBT (PBT is 1X phosphate-buff-
cred saline [PBS] containing 0.1% Tween 80) for 10 min, which was then fol-
lowed by 30 min of incubation in PBT. The embryos were then incubated for four
times of 30 min each in 10% bovine serum albumin in 1X PBS. Then, the primary
antibody (anti-NAP-1 monoclonal antibody 4A8 [22]) in PNBT (1x PBS, 0.5 M
NaCl, 1% bovine serum albumin, 0.1% Tween 80) was incubated with the
embryos overnight at 4°C. The embryos were washed at room temperature for six
times of 15 min each with PNBT. The sccond antibody (sheep anti-mouse
immunoglobulin G conjugated with fluorescein), along with 20 pg of propidium
iodide per ml (for DNA staining), was incubated with the embryos overnight at
4°C. The embryos were washed at room temperature for six times of 15 min cach
with PNBT and then analyzed by confocal microscopy. Confocal images were
collected, with the generous guidance of Theo Palmer, by using a Bio-Rad MRC
1000 confocal scanning laser head attached to a Zeiss Axiovert 135 M micro-
scope. The data shown were representative of the consistently and reproducibly
observed characteristics of many embryos.

Nucleotide sequence accession number. The dNAP-1 sequence has been de-
posited in GenBank under accession number U39553.

RESULTS AND DISCUSSION

Isolation of cDNA encoding chromatin assembly factor p56
(dNAP-1). To investigate the function of the p56 component of
the dCAF-4 fraction in the ATP-facilitated assembly of nucleo-
somal arrays, we sought to isolate the cDNA encoding the
factor. The protein was purified to near homogeneity from
Drosophila embryos and then subjected to amino acid sequenc-
ing analysis. On the basis of the partial amino acid sequence of
p56, we obtained six independent cDNAs encoding p56, and
upon DNA sequencing of two of the cDNAs, we found that
pS6 was the Drosophila homolog of a core histone-binding
protein that is termed nucleosome assembly protein 1 (NAP-1
[21, 22]) (Fig. 1).
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NAP-1 (which has also been termed AP-I) was originally
identified as a core histone-binding protein in mammalian cells
that facilitated random, ATP-independent nucleosome depo-
sition (21, 25), as monitored by the supercoiling of DNA that
occurs upon the formation of nucleosomes (18). However,
micrococcal nuclease digestion analysis of the nucleoprotein
structures that were generated by core histones and NAP-1 did
not yield the characteristic extended ladder that is seen with
native chromatin (41). Subsequent studics of NAP-1 led to the
generation of monoclonal antibodies against the protein and
the finding that NAP-1 appears to be in the nuclei of Hela
cells (24), the observation that NAP-1 has a higher affinity for
H2A and H2B than for H3 and H4 by in vitro binding studies
(23), the isolation of a cDNA encoding NAP-1 from Saccha-
romyces cerevisiae (22), biochemical characterization of mutant
versions of NAP-1 (16), and the finding that NAP-1 can facil-
itate binding of transcription factors to mononucleosomes in
vitro (57). In addition, the NAPI genc was found to be unes-
sential for viability of S. cerevisiae (29), which may be due to
the presence of other functionally redundant NAP-1-related
proteins, such as SET, which has been found in both humans
(56) and Drosophila melanogaster (29). The ability of purified
NAP-1 to deposit nucleosomes randomly had suggested a role
for NAP-1 in the assembly of nucleosomes, which had led to
the view that NAP-1 functions by itself to form nucleosomes
randomly as a nonspecific histone transfer vehicle. We have
found, in contrast, that NAP-1 is a single component of a
multifactor chromatin assembly machinery that mediates the
ATP-facilitated assembly of regularly spaced nucleosomal ar-
rays.

Examination of the primary amino acid sequence of dNAP-1
(Fig. 1A) revealed that it contains a highly acidic segment near
the C terminus, which resembles the C-terminal acidic region
of nucleoplasmin (7, 10), that may be involved in the binding of
histones. In addition, there is a stretch of amino acid residues
(positions 240 to 258 in Fig. 1A) that has characteristics similar
to those of nuclear localization signals (4, 11) as well as a
segment (positions 57 to 65 in Fig. 1A) that resembles a nu-
clear export signal (17). Comparison of the primary amino acid
sequences of NAP-1 from different organisms revealed 47%
identity between dNAP-1 versus human NAP-1 and 31% iden-
tity between dNAP-1 versus yeast NAP-1 (Fig. 1B). It is also
apparent that the basic residues of the putative nuclear import
signal, the leucine/isoleucines of the putative nuclear export
signal, and the acidic amino acid stretch are each well-con-
served features of NAP-1. Furthcrmore, there are three highly
conserved motifs, KGIPXFWLT (positions 207 to 215 of Fig.
1B), DSFENFEFXPP (positions 340 to 349 of Fig. 1B), and
DFEIGXXLRXRIIPKAVXYYTG (positions 373 to 394 of
Fig. 1B), of which the first two had been identified previously
(44), that may also be important for the function of NAP-1.

Northern (RNA) blot analysis with poly(A)* RNA from
Drosophila embryos (0 to 12 h after fertilization) revealed a
single band of approximately 1.5 kb (data not shown), which
corresponds well with the length of the cDNAs [~1.3 kb, not
including the poly(A) tail]. Southern blot analysis indicated
that dNAP-1 is encoded by a single gene (data not shown). By
in situ hybridization to polytene chromosomes, the dNAP-1
locus was mapped to region 60A, bands 5 and 6, on the right
arm of the second chromosome (35a).

Chromatin assembly with recombinant dNAP-1. To charac-
terize further the biochemical properties of dNAP-1, it was
important to establish whether purified recombinant dNAP-1
possessed chromatin assembly activity that is similar to that of
the dCAF-4 fraction from which dNAP-1 was originally de-
rived. Therefore, we synthesized dNAP-1 in Escherichia coli
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TTTAAAAAGGAATGCTCATCGTGCGTCTGTTCTAACCGAAGTGAGATCAGCATTTATTGA 60
M D AP AEGHVDZPESCNETITED 19
ACAATGGACGCCCCAGCCGARGGACACGTTGACCCCGAGTCCTGCARCGARATCGAGGAC 120

E K $ G s DC QS MUPAYMNGSV M R R 39
GAGAAGTCCGGCTCGGACTGCCAGTCGATGCCCGCCTACATGAACTCGGTCATGCGGCGA 180
¢ Y L g ¢M VvV KMZLPAZPVYV QNRI[V_F 59
CAGTACCTGCAGCARATGGTCAAGATGCTGCCGGCTCCAGTGCAGAATCGGATTGTGTTC 240
CTGAAARRCCTACAGCTGCAGCACCTGAATATCGAGGCCCAGTTCTTTGAGGACGTCTAC 300
K L E Q K Y Q VvV QY Q P L F D KRR E I 99
AAGCTGGAGCAGAAGTACCAGGTGCAGTACCAGCCGTTGTTCGATAAGCGCAGGGAGATC 360

I E G KV D P AEE K P QW K E P E § 8 119
ATCGAGGGCAAGGTGGACCCCGCCGAGGAGAAGCCCCAGTGGAAGGARCCGGAGTCGTCG 420

T b N EADAZEUHTFUREATL S S L K S I 138
ACCGACAACGAGGCCGATGCCGAGCACTTCCGCGAGGCCCTGAGCAGTTTGAAAAGTATT 480

P K DA K G I P G F WL TV F RN T A I 159
CCCAAGGATGCCAAGGGCATTCCCGGCTTCTGGCTGACGGTGTTCCGCARCACGGCCATA 540

M S EMV QP HDETZPATITRTEKTILTITDTI s 79
ATGTCTGAGATGGTGCAGCCGCACGACGAGCCCGCCATCCGCARGCTAATCGATATTTCC 600

I K Y DN G H S Y T L E F HF D KN E Y 199
ATCAAGTACGACAACGGGCATTCGTACACCTTGGAGTTCCACTTCGACAAGAACGAGTAC 660

F S N s VvV L T K@ Y V L K S TV D P N D 219
TTCTCCARCTCGGTTCTCACARAGCAGTACGTTTTGAAGTCCACCGTGGATCCCAACGAT 720

P F A F E G ©PE I Y KCTGCT I N W E 239
CCGTTCGCATTTGAAGGCCCAGAGATCTACAAGTGCACGGGGTGCACCATTAACTGGGAG 780

AAGAAGATGAACCTTACTGTGAAGACCATCCGCAAGAAGCAGAAGCACAAGGAGCGCGGT 840

A vV R T I V K@ V P T D S F F N F F § p 278
GCAGTGCGCACCATTGTGAAGCAGGTTCCGACGGATTCCTTCTTCAATTTCTTCAGCCCA 900

P EV P S D QEE I DDODS QI L A T 299
CCAGAGGTCCCGAGCGACCAGGAGGAAATCGACGACGACTCCCAGCAGATCCTGGCCACC 960

pD FE I 6GH F L R AURTI I P KAV L Y Y 319
GACTTCGAAATTGGTCACTTCTTGCGCGCCAGAATTATTCCARAAGCAGTGCTTTACTAC 1020

T 6 D 1 V D B E D D EDEEE Y DE N E 339
ACTGGCGACATTGTCGACGATGAGGACGATGAGGACGAAGAGGAGTATGACGAGAACGAG 1080

E D E Y DD D DA P P P K G P KMAG I 359
GAGGATGAGTACGACGACGACGATGCACCGCCACCAAAGGGCCCCAAATCAGCCGGTATC 1140

K K ¢ s P N D C P N Q * 370

AAGAAGCAGTCGCCCAACGACTGCCCGAATCAGTAGGTTGATGTGGCTGGATTACACATG 1200
TGTAATGTATATACATAATTCAARATTTGATTTGAAATATATTTTTGGTGAATARAAATAR 1260
AAACAACAATTACAAACGATATGAGCTGAACTCGAATAAACCTACATGATATTARAAA 1318

FIG. 1. The 56-kDa core histone-binding protein in the dCAF-4 fraction is
dNAP-1. (A) Nucleotide sequence of a cDNA encoding p5S6/dNAP-1. The pre-
dicted amino acid sequence is given in the single-letter amino acid code. A region
that may contain a nuclear localization signal (4, 11) is encompassed by a box
with dashed lines, whereas a sequence that resembles a nuclear export signal (17)
is denoted by a box with solid lines. Stretches of acidic amino acid residues are
underlined. (B) Alignment of the amino acid sequences of NAP-1 from humans
(H), mice (M), sea urchins (S), D. melanogaster (D), Arabidopsis thaliana (A),
and S. cerevisine (Y). The stars indicate identical or conserved amino acid
residues.

and purified the recombinant protein to greater than 95%
homogeneity (Fig. 2A). The recombinant dNAP-1 was then
tested for its ability to mediate chromatin assembly in conjunc-
tion with the dCAF-1 fraction in reaction mixtures that also
contained DNA, core histones, and ATP (Fig. 2B and C).
DNA supercoiling and micrococcal nuclease digestion analyses
revealed that the efficient assembly of extended nucleosomal
arrays can be mediated by recombinant dNAP-1, the dCAF-1
fraction, and ATP. Thus, the nucleosome assembly activity of
purified recombinant dNAP-1 is indistinguishable from that
which has been described for the partially purified dCAF-4
fraction (5).

We also tested whether purified recombinant dNAP-1 func-
tions cooperatively with a factor(s) in the dCAF-1 fraction. To
this end, we carried out a set of reactions containing either the
normal amount (i.e., the quantity of each factor used in a
standard assembly reaction, as described in Materials and
Methods, which is designated 1X) of dNAP-1 and/or the
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dCAF-1 fraction or twice the normal amount (i.e., 2X) of
dNAP-1 or the dCAF-1 fraction. As shown in Fig. 2D, the
inclusion of 2X the concentration of either ANAP-1 alone or
the dCAF-1 fraction alone has little effect on the efficiency of
chromatin assembly relative to that seen with the normal con-
centration of either factor (Fig. 2D; compare lane 2 with lane
5 and lane 3 with lane 6), while in contrast, the combination of
1x dNAP-1 with 1X the dCAF-1 fraction results in a signifi-
cant increase in chromatin assembly (Fig. 2D, lane 4). There-
fore, we conclude that dNAP-1 and a factor(s) in the dCAF-1
fraction function cooperatively in the assembly of chromatin.
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FIG. 2. Asscmbly of chromatin with purified, recombinant dNAP-1 and the native dCAF-1 fraction. (A) Purification of E. coli-synthesized ANAP-1. Purified, native
dNAP-1 (p56 of the dCAF-4 fraction) and recombinant dNAP-1 were analyzed by SDS-12% PAGE and staining with Coomassie blue R-250. Native NAP-1 from
Drosophila embryos migrates slightly more slowly than the bacterially synthesized protein. The basis for this difference in electrophorctic migration rates is not known
but may be duc to some form of posttranslational modification of the protein in the embryo. (B) DNA supercoiling analysis. Chromatin assembly reactions were carried
out with relaxed, circutar DNA (3.25-kbp plasmid) and purified core histones in the presence or absence of recombinant dNAP-1, the dCAF-1 fraction, or ATP as
indicated. After 4 h, the samples were deproteinized. The resulting DNA was subjected to 1% agarose gel electrophoresis and then visualized by staining with ethidium
bromide. The positions of relaxed (R), supercoiled (S), and nicked circular (N) forms of DNA are denoted. (C) Micrococcal nuclease digestion analysis. Chromatin
asscmbly rcactions were carried out in either the presence or the absence of the indicated factors. The samples were partially digested with micrococcal nuclease for
various reaction times and then deproteinized. For each reaction condition, the different lanes represent increasing concentrations, from left to right, of micrococcal
nuclease used to digest the chromatin. The resulting DNA fragments were subjected to agarose gel electrophoresis and visualized by staining with cthidium bromide.
The molecular mass markers (M) are the 123-bp ladder (Gibco-BRL). (D) Examination of synergy between dNAP-1 and the dCAF-1 fraction in the assembly of
chromatin, as measured by the DNA supercoiling assay. Chromatin assembly reactions werc performed and analyzed as described for panel B. When indicated, either
1X (the amount of factor included in a standard reaction mixture, as described in Materials and Methods) or 2X {twice the amount of factor used in a standard reaction
mixturc) dNAP-1 or the dCAF-1 fraction was included in the reaction mixtures. (E) Incorporation of histone H1 into chromatin. The indicated amounts of histone H1
(in molccules per 200 bp of DNA) were added prior to chromatin assembly. The native chromatin reference (N) was prepared by treatment of Drosophila embryo nuclei

with micrococcal nuclease. The molecular mass markers (M) are the 123-bp ladder (Gibco-BRL).

We then examined the incorporation of histone HI1 into
chromatin (Fig. 2E). When histone H1 was included in the
reaction medium prior to the assembly of chromatin, the esti-
mated repeat lengths of the nucleosomal arrays were as fol-
lows: 161 bp in the absence of H1, 167 bp with 0.5 molecules of
HI per 200 bp of DNA, 188 bp with 1.0 molecule of H1 per 200
bp of DNA, and 193 bp with 2.0 molecules of H1 per 200 bp.
Thus, the regularity of nucleosomal distribution and the repeat
length of the H1l-containing chromatin (~190 bp) are similar
to those of bulk chromatin from Drosophila embryos.

In addition, we investigated whether the distantly related
NAP-1 from yeast (yNAP-1) would be able to function with
dCAF-1 fraction in the assembly of nucleosomes (Fig. 3).
yNAP-1 was synthesized in E. coli and purified to greater than
95% homogeneity by using methodology similar to that for the
purification of dNAP-1. Chromatin assembly reactions were
then performed with equimolar amounts of either dNAP-1 or
yNAP-1. In the presence of the dCAF-1 fraction, both yNAP-1
and dNAP-1 were able to mediate the efficient assembly of
extended nucleosomal arrays. These results suggest that the
basic function of NAP-1 in chromatin assembly is conserved
between yNAP-1 and dNAP-1. In addition, it should be noted
that reactions performed with either yNAP-1 or dNAP-1 alone
yielded products that exhibited a significantly shorter repeat
length than the nucleosome arrays that were assembled in the
presence of both NAP-1 and the dCAF-1 fraction (Fig. 3B; see
also Fig. 2B). (This difference in the observed nucleosome
repeat lengths has been consistently observed when the reac-
tions were performed in the presence of different salt concen-
trations as well as upon micrococcal nuclease digestion of the
chromatin to various extents [both of these factors could affect
the apparent nucleosome repeat length; see, for example, ref-
erences 3 and 5].) Therefore, it appears that NAP-1 and the
dCAF-1 fraction not only function cooperatively for chromatin

assembly but also yield chromatin that is different from the
reaction product that is generated with NAP-1 alone.

Dynamics of the chromatin assembly reaction. We then
examined the reaction rate of chromatin assembly with recom-
binant dNAP-1. By the DNA supercoiling assay, the reaction
appears to be nearly complete by 30 min (data not shown),
which appears to be lower than the rate of supercoiling ob-
served with the partially purified dCAF-4 fraction (5). Under
identical conditions with the micrococcal nuclease digestion
assay, a moderate digestion ladder (at least 5 bands) could be
observed in 2 min of reaction time (which, in the assay, is
followed by 5 min of digestion time with micrococcal nuclease),
while a long, extended ladder (at least 10 distinct bands) was
seen after 30 min of reaction time (Fig. 4A). Although the rate
of assembly, as measured by micrococcal nuclease digestion
analysis, may appear to be more rapid than that monitored by
the DNA supercoiling assays, it should be noted in Fig. 4A that
the chromatin that was generated in short reaction times was
significantly more sensitive to micrococcal nuclease digestion
than the more fully assembled chromatin, which indicates that
a low overall degree of assembly had occurred in the shorter
reaction times. Hence, the data obtained from the two assays
appear to be self-consistent. In terms of a reaction mechanism,
we interpret these results, particularly the rapid formation of
nucleosomal arrays that are observed in the micrococcal nu-
clease digestion assay, to indicate that the chromatin assembly
process commences immediately and does not appear to ex-
hibit any lag period.

We also investigated the specificity of the requirement for
ATP to facilitate the assembly reaction. To this end, we carried
out assembly reactions with equimolar concentrations of ATP,
dATP, GTP, CTP, UTP, and the nonhydrolyzable ATP analog
adenylyl imidodiphosphate (AMP-PNP). Because of an appar-
ent ATPase or phosphatase activity in the partially purified
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FIG. 3. yNAP-1 can substitute for dNAP-1 in the assembly rcaction. (A)
Analysis of E. coli-synthesized yNAP-1 and dNAP-1 by SDS-12% PAGE and
staining with Coomassie blue; (B) micrococcal nuclease digestion analysis with
yNAP-1 versus dNAP-1.

dCAF-1 fraction, the chromatin assembly reactions are typi-
cally carried out in the presence of an ATP-regenerating sys-
tem, which consists of phosphocreatine and creatine phos-
phokinase (Fig. 4B, right panel). In the absence of the ATP-
regenerating system, chromatin assembly is less efficient (Fig.
4B, left panel). Nevertheless, it can be seen in this experiment
that chromatin assembly with either ATP or dATP occurs with
comparable efficiency, which is significantly greater than the
amount of chromatin assembly observed with GTP, CTP, UTP,
and AMP-PNP. In addition, the ability of ATP, but not AMP-
PNP, to facilitate the reaction suggests that hydrolysis of the
B-v phosphate anhydride bond of ATP is involved during chro-
matin assembly.

Binding of dNAP-1 to core histones. We then sought to
examine the binding of dNAP-1 to core histones. We first
carried out glycerol gradient sedimentation analysis of recom-
binant ANAP-1 in the presence or the absence of purified core
histones (Fig. 5). In the absence of histones, dNAP-1 alone
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FIG. 4. Dynamics of chromatin assembly by dNAP-1 and the dCAF-1 frac-
tion. (A) Time course of assembly by dNAP-1 and the dCAF-1 fraction, as
measured by micrococcal nuclease digestion assaying. Samples were sequentially
removed from a single reaction at the indicated times, digested with micrococcal
nuclease for 5 min, and deproteinized. The resulting DNA was subjected to 1.5%
agarose gel electrophoresis and visualized by staining with ethidium bromide. (B)
Nucleotide requirement for chromatin assembly. Chromatin assembly reactions
were performed with the indicated nucleotides or nucleotide analogs (3 mM
concentration) in the absence (left panel) or the presence (right pancl) of an
ATP-regencrating system (30 mM phosphocreatine and 1 pg of creatine phos-
phokinase per ml). The efficiency of chromatin assembly was monitored by the
DNA supercoiling assay.

appears to be multimeric. The apparent molecular mass of
dNAP-1 is approximately 120 kDa as measured by glycerol
gradient sedimentation and roughly 600 kDa as estimated by
gel filtration (data not shown). The basis of this sharp differ-
ence in the apparent molecular mass values of dNAP-1 might
be due to some of the following reasons: (i) differences in the
buffer media in the two experiments, such as the glycerol con-
centration; (ii) an extended, nonspherical protein structure;
and/or (iii) aberrantly fast migration of dNAP-1 during gel
filtration chromatography because of charge repulsion be-
tween the negatively charged regions of dNAP-1 and the gel
filtration resin. (It might be pertinent to note that a large
difference in the apparent molecular masses of human and
dCAF-1, as estimated by glycerol gradient sedimentation
[~120 kDa] and gel filtration [~700 kDa], has also been ob-
served [27, 46].) In the presence of core histones, dNAP-1
cosedimented with all four core histones. These results indi-
cate that dNAP-1 can associate, either directly or indirectly,
with each of the four core histones, and these data are consis-
tent with the findings of earlier studies of the binding of core
histones to mammalian NAP-1 (21, 23) or to the dNAP-1-
containing chromatin assembly factor 4 (dCAF-4) fraction (5).

Then, we examined whether core histones are associated
with dNAP-1 in a crude, whole-embryo extract by immunopre-
cipitation of dNAP-1 from the extract and then by Western
blot analysis with antibodies against histones H2A, H2B, and
H3. As shown in Fig. 6, histones H2A and H2B, but not (or to
a much lesser extent) H3, coimmunoprecipitate with dNAP-1
from the whole-embryo extract with antibodies against
dNAP-1, but not with a control preimmune serum. (It is im-
portant to note that the antibodies used in the Western blot
shown in the right panel of Fig. 6 recognize H2A, H2B, and H3
but not H4.) As a control, when purified core histones were
combined with dNAP-1 in vitro and then subjected to immu-
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FIG. 5. Recombinant dNAP-1 binds to core histones in vitro. dNAP-1 and
core histones were subjected to 15 to 50% glycerol gradient sedimentation in a
SW55 (Beckman) rotor at 50,000 rpm for 16 h at 4°C, and the protein fractions
were analyzed by SDS-15% PAGE. (A) Core histones only (26 pg); (B) dNAP-1
only (40 wg); (C) core histones (26 wug) and dNAP-1 (40 pg).

noprecipitation with antibodies against dNAP-1, all four core
histones coimmunoprecipitated with dNAP-1 to the same ex-
tent (data not shown), and, hence, the coimmunoprecipitation
procedure did not induce dissociation of H3 or H4 from
dNAP-1. Therefore, the selectivity of the coimmunoprecipita-
tion of H2A and H2B with dNAP-1 from the embryo extract
appears to reflect the specific association of H2A and H2B
with dNAP-1 in vivo. These results, when combined with the
biochemical data described by Ishimi et al. (21, 23), suggest
that NAP-1 binds to all four core histones, but with higher
affinity to H2A and H2B than to H3 and H4. On the other
hand, it is equally as plausible to consider the possibility that
NAP-1 binds specifically to H2A and H2B in vivo and that
other factors, such as N1 and/or CAF-1, function as chaper-
ones for histones H3 and H4.

Localization of ANAP-1 in the Drosophila embryo. As an
initial step in the characterization of dNAP-1 in vivo, we have
examined the localization of dNAP-1 in the early Drosophila
embryo. In other studies of the cellular localization of NAP-1,
it has been reported to be in the nuclei of HeLa (human) cells
(24) as well as primarily in the cytoplasm of yeasts (in this latter
study, however, it was difficult to detect nuclear localization of
yNAP-1 because of strong cytoplasmic staining [29]). Given
these apparent differences, it was therefore additionally useful
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FIG. 6. dNAP-1 binds to H2A and H2B in a crude, whole-embryo extract.
(A) Immunoprecipitation (IP) of dNAP-1 from a Drosophila whole-embryo
extract. A crude extract derived from ~300 mg of Drosophila embryos was
subjected to immunoprecipitation with either preimmune serum or anti-dNAP-1.
Approximately 5% of the resulting immunoprecipitates werc analyzed by West-
ern blotting with antibodies against dNAP-1. Lanes: 1, purified dNAP-1 refer-
ence (150 ng); 2, immunoprecipitate obtained with preimmune serum; 3, immu-
noprecipitate obtained with anti-dNAP-1. (B) Coimmunoprecipitation (IP) of
core histoncs from a crude, wholc-cmbryo extract with antibodics against
dNAP-1. A crude extract derived from ~300 mg of Drosophila embryos was
subjected to immunoprecipitation with either preimmune serum or anti-dNAP-1.
Approximately 25% of the resulting immunoprecipitates were analyzed by West-
crn blotting with antibodies that recognize the core histones H2A, H2B, and H3,
but not H4. Lanes: 1, purificd core histone reference (40 ng of total protein); 2,
immunoprecipitate obtained with preimmune serum; 3, immunoprecipitate ob-
tained with anti-dNAP-1. Ig, immunoglobulin.

to investigate the localization of dNAP-1 in Drosophila em-
bryos. Prior to describing these experiments, however, it is
necessary to provide a brief description of some of the events
that occur in the early embryo.

After fertilization of the Drosophila embryo, the somatic
nuclei in the syncytial egg undergo 13 consecutive and nearly
synchronous divisions in the absence of G, or G, phase (see,
for instance, reference 15). Then, during the 14th cycle, cellu-
larization of the nuclei occurs and gastrulation commences;
and specific groups of cells, which have been designated mi-
totic domains, exhibit virtually invariable (from embryo-to-
embryo) spatial and temporal characteristics with regard to the
locations of these domains in the embryo and the timing of the
onset of mitosis (which could alternatively be viewed as the
duration of the G, period, which ranges from 30 to 130 min) of
each of the domains (14). The mitotic domains have been
designated by number in the temporal order in which each
domain begins its 14th mitosis. Hence, mitotic domain 1 is the
first to begin mitosis 14, whereas mitotic domain 25 is the last.
Then, within 5 min of the conclusion of the 14th mitosis of each
mitotic domain, the 15th S phase initiates and continues for
about 35 to 45 min in all cells (13), and the spatial arrangement
of the domains in S phase 15 is similar to that of mitosis 14.
Moreover, because the 14th G, period can be as short as 30
min or as long as 130 min, an early mitotic domain could be in
S or G, phase 15 while a late mitotic domain would simulta-
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FIG. 7. Localization of dNAP-1 in the syncytial Drosophila embryo. Embryos were subjected to indirect immunofluorescence analysis with a monoclonal antibody
(4A8 [22]) that recognizes dNAP-1. Propidium iodide (20 pg/ml) was used for DNA staining. (A) Control (background staining of a syncytial blastoderm with the
secondary antibody only); (C) NAP-1 staining of a syncytial blastoderm (nuclear cycle 11, metaphase); (E) NAP-1 staining of a syncytial blastoderm (nuclear cycle 12,
interphase); (B, D, and F) DNA staining of the embryos that correspond to those shown in panels A, C, and E, respectively. In panels C and E, there appears to be
staining of NAP-1 in both the nuclei and cytoplasm, relative to that observed with the control (A).

neously be in G, or M phase 14. Lastly, there are also two
domains of cells, denoted A and B, that contain cells that do
not appear to undergo mitosis subsequent to the beginning of
cycle 14 (14).

We thus examined the localization of dNAP-1 in Drosophila
embryos by immunostaining and confocal microscopy. In the
syncytial blastoderm prior to cycle 14, dNAP-1 is observed
throughout the embryo with strong nuclear staining, which is
seen both in S phase and in M phase (Fig. 7). (It also appears,
upon close inspection of the mitotic nuclei, that dNAP-1 is
excluded from the condensed chromatin during the meta-
phase.) Then, after the onset of cycle 14, the localization of
dNAP-1 becomes more complex. Figure 8 shows serial planes
of dNAP-1 staining in an embryo at approximately 75 to 80 min

after the start of interphase 14. In this embryo, dNAP-1 is
primarily in the cytoplasm of the cells in G, phase of cycle 14
(Fig. 8A, C, and E). (The majority of the cells that have not yet
entered mitosis 14 should be in G, phase because S phase 14
lasts for approximately 35 to 45 min after the start of inter-
phase 14 [13] and would be complete in this 75- to 80-min
embryo.) In addition, in this embryo, the cells in the center of
mitotic domain 1 are in early S phase 15, while those in the
periphery of the domain are in telophase 14 (note that in
mitotic domain 1, the first cells to enter mitosis 14 are near the
center of the domain, from which a mitotic wave radiates to the
periphery of the domain [14]). As shown in Fig. 8E and G, the
cells in early S phase 15 exhibit strong nuclear staining of
dNAP-1. In these cells, it appears that dNAP-1 is excluded
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FIG. 8. Localization of INAP-1 in the Drosophila embryo at approximatcly 75 to 80 min after the start of interphase 14. Different planes of thc embryo were shown
with the confocal microscope to illuminate the localization of the NAP-1 staining. The mitotic domains were designated according to the nomenclature described by
Foe (14). (A, C, and E) NAP-1 staining in different planes of the same embryo, from the innermost plane (A) to that closest to the surface (E); (G) enlargement of
the boxed region in panel E; (B, D, F, and H) DNA staining of the embryos that correspond to those shown in panels A, C, E, and G, respectively. The cells in the
center of mitotic domain 1 are in early S phase (cycle 15), while those at the periphery of the domain are in telophase (cycle 14). The cells of mitotic domains 5 and
6 arc at mctaphase to telophase (cycle 14), and the cells of mitotic domain 9 are at prophase to metaphase (cycle 14).
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FIG. 9. Localization of dNAP-1 in the Drosophila embryo at approximately 90 min after the start of interphase 14. (A and C) NAP-1 staining in different planes
of the same embryo, from the innermost plane (A) to that closer to the surface (C); (E and G) enlargement of the boxed region in panels A and C, respectively; (B,
D, F, and H) DNA staining of the embryos that correspond to those shown in panels A, C, E, and G, respectively. Mitotic domain 13 is in metaphase (cycle 14), while
mitotic domains 1, 4, 5, and 9 are in interphase (cycle 15). Domain B is indicated by a solid arrowhead. The open arrowhead in pancl G depicts mitotic domain 1 (late
S phase to early G, phase, cycle 15), while the solid arrowhcad denotes domain B.
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from the cytoplasm; however, this point is difficult to interpret
because of the apparently larger size of the dNAP-1 staining
(Fig. 8G) relative to DNA staining (Fig. 8H). (It is possible, for
instance, that the staining of dNAP-1 both inside and imme-
diately surrounding the nucleus is due to the transport of
dNAP-1 from the cytoplasm [where it was localized during the
G, phase of cycle 14] to the nucleus, whereby some of the
dNAP-1 is in the nucleus while the remainder of the factor is
in the vicinity of the nuclear envelope in the process of being
translocated into the nucleus.) These data, therefore, suggest
that dNAP-1 is localized to the nucleus during S phase, while
it is mainly in the cytoplasm during G, phase.

We then determined the localization of dNAP-1 in a Dro-
sophila embryo at approximately 90 min after the start of
interphase 14 (Fig. 9). In this embryo, mitotic domain 1 is in
late S or early G, phase, and there is weak nuclear staining and
strong cytoplasmic staining of dNAP-1. In contrast, in mitotic
domains 4, 5, and 9, which are in S phase, there is moderate-
to-strong nuclear staining as well as cytoplasmic staining of
dNAP-1. The results collectively lead to the conclusion that
dNAP-1 is present in both the nucleus and the cytoplasm
during S phase (as well as apparently enriched in the nucleus
relative to the cytoplasm under some circumstances) and is
primarily localized to the cytoplasm during G, phase as well as
possibly late S phase. The finding that dNAP-1 becomes local-
ized to the nucleus at the onset of S phase is consistent with its
biochemical activity as a chromatin assembly factor. These
data also provide a possible solution to the apparently contra-
dictory reports of NAP-1 localization to the nuclei of HeLa
cells (24) and to the cytoplasm of yeasts (29).

Summary and perspectives. In this work, we have described
the cloning and analysis of dNAP-1, a core histone-binding
protein that functions with partially purified activities in the
dCAF-1 fraction in the ATP-facilitated assembly of regularly
spaced nucleosomal arrays from purified core histones and
DNA. The chromatin assembly reaction with these factors is
highly efficient and, in the presence of histone H1, yields chro-
matin with a repeat length that is similar to that of native
chromatin from Drosophila embryos. By coimmunoprecipita-
tion analysis, ANAP-1 was found to be associated with histones
H2A and H2B in a crude whole-embryo extract, which suggests
that dNAP-1 is bound to the histones in vivo. Thus, while it has
been commonly thought that NAP-1 functions independently
to deposit nucleosomes randomly as a nonspecific histone
transfer vehicle, these results suggest that NAP-1 is one com-
ponent of a multifactor chromatin assembly machinery that
mediates the ATP-facilitated assembly of regularly spaced nu-
cleosomal arrays. In addition, studies of the localization of
dNAP-1 in the Drosophila embryo revealed that the factor is
present in the nucleus during S phase and is predominantly
cytoplasmic during G, phase. On the basis of the ability of
NAP-1 to bind to core histones, the localization of the factor in
both the nucleus and the cytoplasm, and the function of NAP-1
in chromatin assembly, we suggest that NAP-1 acts as a core
histone shuttle that delivers the histones from their site of
synthesis in the cytoplasm to the chromatin assembly machin-
ery in the nucleus (Fig. 10). Moreover, it has been observed
that human CAF-1 colocalizes with DNA replication foci dur-
ing S phase (34), and, thus, the nuclear localization of both
NAP-1 and CAF-1 during S phase is consistent with the bio-
chemical data that both factors are involved in chromatin as-
sembly.

Somewhat unexpectedly, it was also found that the S. cerevi-
siae and Xenopus versions of NAP-1 bind either directly or
indirectly (via p34°“?) to B-type cyclins (29, 30). In those
studies, yNAP-1 was found to associate with Clb2, while Xe-
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FIG. 10. Simple model for the function of NAP-1 as a core histone shuttle
and chromatin assembly factor. Because NAP-1 appears to be multimeric, mul-
tiple histone specics are shown to be associated with a NAP-1 protomer. An
exact stoichiometry of histonc-NAP-1 intcraction is not meant to be implied.

nopus NAP-1 was observed to interact with cyclins B1 and B2.
Then, on the basis of the analysis of yeast strains carrying
various combinations of mutations in the genes encoding
NAP-1 and mitotic cyclins, it was suggested that NAP-1 affects
the function of cyclin B/p34°“* (Clb2/p34“P“**) kinase com-
plexes. These results, combined with the biochemical data that
purified NAP-1 did not yield the assembly of regularly spaced
nucleosomal arrays, as seen for bulk chromatin in vivo, had led
to some skepticism regarding the role of NAP-1 in chromatin
assembly (29, 30). However, in contrast to earlier biochemical
studies of NAP-1, our results indicate that NAP-1 functions in
the ATP-facilitated assembly of regularly spaced nucleosomal
arrays. These data, along with the coimmunoprecipitation of
core histones with dNAP-1 from whole-embryo extracts (Fig.
6) and the localization of dNAP-1 in the nucleus during S
phase (Fig. 7, 8, and 9), suggest that NAP-1 is a chromatin
assembly factor. In our view, the possible dual function of
NAP-1 in different processes at different phases of the cell
cycle is both interesting and potentially significant.

Lastly, it seems likely that there are multiple factors, which
include NAP-1, nucleoplasmin, CAF-1, and N1, that bind to
core histones and participate in chromatin assembly. It is often
thought that a key function of these factors might be to act as
histone sheaths or chaperones that prevent nonspecific inter-
action of the highly charged histones with other biomolecules.
However, there are two notable differences between NAP-1
and nucleoplasmin, both of which appear to bind preferentially
to H2A and H2B relative to H3 and H4, which are as follows.
First, NAP-1 has been found in eukaryotes from S. cerevisiae to
D. melanogaster to humans, while nucleoplasmin has been
identified only in Xenopus and Drosophila species (unpublished
data), both of which appear to use nucleoplasmin to store
maternally synthesized histones for chromatin assembly during
early embryogenesis. (We have also examined the levels of
dNAP-1 throughout Drosophila development by Western blot
analysis, and the dNAP-1 protein was found to be present at
comparable levels [as a fraction of the total protein] in em-
bryos, larvae, pupae, and adults [53a]). Second, nucleoplasmin
is localized exclusively in the nucleus (33, 39), whereas NAP-1
is present in both the nucleus and the cytoplasm. Thus, it
appears more likely that NAP-1, rather than nucleoplasmin,
might function as a core histone shuttle during cell growth.
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