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The organization of chromatin affects all aspects of nuclear DNA metabolism in eukaryotes. H3.3 is an
evolutionarily conserved histone variant and a key substrate for replication-independent chromatin
assembly. Elimination of chromatin remodeling factor CHD1 in Drosophila embryos abolishes
incorporation of H3.3 into the male pronucleus, renders the paternal genome unable to participate in
zygotic mitoses, and leads to the development of haploid embryos. Furthermore, CHD1, but not ISWI,
interacts with HIRA in cytoplasmic extracts. Our findings establish CHD1 as a major factor in
replacement histone metabolism in the nucleus and reveal a critical role for CHD1 in the earliest
developmental instances of genome-scale, replication-independent nucleosome assembly. Furthermore,
our results point to the general requirement of adenosine triphosphate (ATP)–utilizing motor proteins
for histone deposition in vivo.

Histone-DNA interactions constantly change
during various processes of DNA metab-
olism. Recent studies have highlighted

the importance of histone variants, such as
H3.3, CENP-A (centromere proteinA), or H2A.Z,
in chromatin dynamics (1, 2). Incorporation of
replacement histones into chromatin occurs
throughout the cell cycle, whereas nucleosomes
containing canonical histones are assembled ex-
clusively during DNA replication. A thorough
understanding of the replication-independent
mechanisms of chromatin assembly, however, is
lacking.

In vitro, chromatin assembly requires the
action of histone chaperones and adenosine
triphosphate (ATP)–utilizing factors (3). Histone
chaperones may specialize for certain histone
variants. For example, H3.3 associates with a
complex containing HIRA, whereas canonical
H3 is in a complex with CAF-1 (chromatin as-
sembly factor 1) (4). Themolecular motors known
to assemble nucleosomes are ACF (ATP-utilizing
chromatin assembly and remodeling factor),
CHRAC (chromatin accessibility complex), and
RSF (nucleosome-remodeling and spacing fac-
tor), which contain the Snf2 family member
ISWI as the catalytic subunit (5–7), and CHD1,
which belongs to the CHD subfamily of Snf2-
like adenosine triphosphatases (ATPases) (8).
These factors have not been shown to mediate

deposition of histones in vivo. We previously
demonstrated that CHD1, together with the
chaperone NAP-1, assembles nucleosome arrays
from DNA and histones in vitro (9). Here, we
investigated the role of CHD1 in chromatin
assembly in vivo in Drosophila.

We generated Chd1 alleles by P element–
mediated mutagenesis (Fig. 1A) (10). Two exci-

sions, Df(2L)Chd1[1] and Df(2L)Chd1[2], deleted
fragments of the Chd1 gene and fragments of
unrelated adjacent genes. Heterozygous combi-
nations, however, of Chd1[1] or Chd1[2] with
Df(2L)Exel7014 affect both copies of the Chd1
gene only (Fig. 1B). We also identified a single
pointmutation that results in premature translation
termination of Chd1 (Q1394*) in a previously
described lethal allele, l(2)23Cd[A7-4] (11).
Hence, l(2)23Cd[A7-4] was renamed Chd1[3].

Analysis of Western blots of embryos from
heterozygous Chd1[3] fruit flies revealed the
presence of a truncated polypeptide besides full-
length CHD1 (Fig. 1C). No truncated polypep-
tides were detected in heterozygous Chd1[1] or
Chd1[2] embryos. Therefore, the corresponding
deficiencies result in null mutations of Chd1.
Crosses of heterozygous Chd1 mutant alleles
with Df(2L)JS17/CyO or Df(2L)Exel7014/CyO
produced subviable adult homozygous mutant
progeny (fig. S1). Both males and females were
sterile. Homozygous null females mated to wild-
type males laid fertilized eggs that died before
hatching. Therefore, maternal CHD1 is essential
for embryonic development.

When we examined the chromosome struc-
ture of 0- to 4-hour-old embryos laid by Chd1-
null females, we observed that, during syncytial
mitoses (cycles 3 to 13), the nuclei appeared to be
abnormally small. The observed numbers of
anaphase chromosomes suggested that they were
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Fig. 1. Characterization of Chd1mutant alleles. (A) Genomic structure of the Chd1 locus. Df(2L)JS17 and
Df(2L)Exel7014 uncover Chd1. White boxes, predicted genes; black box, Chd1; black arrows, chromosome
deficiencies; dashed lines, deficiency breakpoints; triangle, P{EPgy2}EY07345 insertion that was used for
excisions. (B) The Chd1[1] and Chd1[2] excisions delete 296 and 958 amino acids, respectively, from the C
terminus of CHD1. Chd1[3] has a nonsense mutation resulting in a stop at glutamine 1394. The distal
breakpoint of Df(2L)Exel7014 is located immediately downstream of the Chd1 3′ untranslated region.
White boxes, predicted genes; black box, Chd1 coding sequence; gray box, Chd1 ATPase domain. (C)
Western blot of heterozygous mutant embryos. Truncated CHD1 polypeptides are not detected in
heterozygous Chd1[1] or Chd1[2] embryos. Heterozygous Chd1[3] embryos express a truncated (residues
1 to 1394) CHD1 polypeptide. Arrowhead, wild-type CHD1 (250 kD); arrow, left, NAP-1 (loading control);
CyO, second-chromosome balancer.
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haploid (Fig. 2A). To confirm this observation,
we mated wild-type or Chd1-null females with
males that carried a green fluorescent protein
(GFP) transgene. Embryonic DNA was ampli-
fied with primers detecting male-specific GFP
and a reference gene, Asf1. In wild-type em-
bryos, both primer pairs produced polymerase

chain reaction (PCR)–amplified products,
whereas only the Asf1 fragment was amplified
in the mutants (Fig. 2B). Thus, Chd1 embryos
develop with haploid, maternally derived chro-
mosome content.

To investigate the causes of haploidy in
mutant animals, we compared distributions of

various developmental stages in samples of wild-
type and Chd1-null embryos (table S1). The lack
of maternal CHD1 dramatically changed this
distribution. Most notably, at 0 to 4 hours after
egg deposition, the majority of Chd1 embryos
(56%) remained at a very early stage of develop-
ment in contrast to the wild type (24%) (table S1).

InDrosophila eggs, meiosis gives rise to four
haploid nuclei. When the egg is fertilized, one of
them is selected as a female pronucleus; the
remaining three form the polar body. After
breakdown of the sperm nuclear envelope, the
compacted sperm chromatin is decondensed, and
sperm-specific protamines are replaced with
maternal histones. The male and female pronu-
clei juxtapose in the middle of the embryo and
undergo one round of separate haploid mitoses.
The resulting products fuse with their counter-
parts to give two diploid nuclei (12). In the
majority of Chd1 embryos, we observed partial
decondensation of the sperm chromatin and
normal apposition of parental pronuclei. Then,
however, one pronucleus underwent mitosis; the
other one did not (Fig. 2C). Considering the
subsequent loss of paternal DNA (Fig. 2B), we
conclude that mitotic progression of the male
pronucleus is hindered in Chd1 embryos.

Because CHD1 can assemble nucleosomes in
vitro, we asked whether the absence of CHD1
affects histone incorporation into the male
pronucleus. Embryos from wild-type or Chd1-
null femaleswere stainedwith an antibody against
histone H3. In wild-type embryos, we observed
uniform staining in both parental pronuclei (Fig.
3A). In contrast, in Chd1-null embryos only the

Fig. 2. Embryos from homozygous Chd1 mutant
females are haploid. (A) Propidium iodide (PI)
staining reveals the haploid chromosome content
in Chd1-null embryos (right). Cycle 10 embryos are
shown. (B) Propagation of only the maternal
genome is detected by PCR in embryos from Chd1
females that have been mated with males carrying
a GFP transgene. Primers for GFP recognize the
paternal DNA; primers for Asf1 amplify sequences
from both male and female genomes. (C) The
absence of maternal CHD1 results in the inability of
one pronucleus (arrows) to enter the first mitosis.
The other pronucleus (arrowheads) continues with divisions (left, prophase to metaphase; right, post
anaphase). Labeling above the panels refers to genotypes of mothers. Scale bars, 10 mm.

Fig. 3. CHD1 is required for incorporation of histones into decondensing
sperm chromatin. (A) H3 colocalizes with DNA in both parental pronuclei
of wild-type embryos (left, interphase or prophase; right, metaphase). (B)
In Chd1 mutant embryos, the male pronucleus fails to undergo mitosis
and accumulates abnormally little H3. (C) H3.3-FLAG is incorporated into
chromosomes of the male pronucleus in wild-type embryos. Panels show

the first metaphase. (D) In Chd1 mutant eggs, H3.3-FLAG accumulates in
the periphery of the male pronucleus. The female pronucleus proceeds
with mitosis (left, prophase; right, anaphase). (B, C, and D) Arrows, male
pronuclei (m); arrowheads, female pronuclei (f). Labeling above the
panels refers to genotype of mothers. Red, PI; green, H3 (A and B) or
H3.3-FLAG (C and D). Scale bars, 10 mm.
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female chromatin was brightly stained. The male
pronucleus contained considerably less histone
H3 (Fig. 3B). These observations indicate that
CHD1 is necessary for nucleosome assembly
during sperm decondensation.

Sperm DNA does not replicate during de-
condensation, and histones are deposited by
replication-independent assembly mechanisms,
which involve the variant histone H3.3 but not
canonical H3 (13). It has been shown in
Drosophila and mice that H3.3 is specifically
present in the male pronucleus (14, 15). We
analyzed the distribution of H3.3 in embryos
derived from Chd1-null females that carry a
FLAG-tagged H3.3 transgene. In wild-type
embryos, we observed colocalization of the
H3.3-FLAG signal with male pronuclear DNA
duringmigration and apposition. NoH3.3-FLAG
was detectable in the maternal pronucleus (Fig.
3C). In Chd1-null embryos, the male pronucleus
showed altered H3.3-FLAG staining. The signal
did not co-localize with the DNA but remained
constrained to the nuclear periphery in a sac-
shaped pattern (Fig. 3D).

These findings suggest that in the earliest
phases of Drosophila development CHD1 is
essential for the incorporation of H3.3 and
normal assembly of paternal chromatin. In con-
trast, CHD1 does not appear to affect the organi-
zation of maternal chromatin. We conclude that
CHD1 is required for replication-independent
nucleosome assembly in the decondensing male
pronucleus, but is dispensable for replication-
coupled incorporation of H3.

It was shown recently that the sèsame (ssm)
mutation ofDrosophila histone chaperone HIRA
caused the development of haploid embryos and
abolished H3.3 deposition into the male pro-

nucleus (14). Chd1 and ssm mutants, however,
differ profoundly in the manifestation of this
phenotype. In ssm embryos, H3.3 is absent from
the male pronucleus. In contrast, in Chd1-null
embryos, H3.3 delivery to the male pronucleus
appears to be unaffected. Thus, our observations
allow us to mechanistically discern the roles of
CHD1 andHIRA.Whereas HIRA is essential for
histone delivery to the sites of nucleosome as-
sembly, CHD1 directly facilitates histone depo-
sition (fig. S3). Our findings are consistent with
observations in vitro that histone chaperones
either do not assemble nucleosomes or assemble
them at a greatly reduced rate in the absence of
ATP-utilizing factors. Our data provide evidence
that histone deposition in vivo also transpires
through an ATP-dependent mechanism.

CHD1 has been implicated in transcription
elongation–related chromatin remodeling (16).
We demonstrate that CHD1 functions in nucleo-
some assembly in the early Drosophila embryo,
which is transcriptionally silent. The biological
role of CHD1, therefore, is not confined to
transcription-related processes. The Schizo-
saccharomyces pombe homolog of CHD1,
Hrp1, has been shown to function in loading of
the centromere-specific H3 variant CENP-A
(17). Similarly to H3.3, incorporation of CENP-A
into chromatin is not restricted to S phase.
Therefore, CHD1 may have a general role in
replication-independent nucleosome assembly.

Sperm decondensation involves not only
histone incorporation, but also eviction of prot-
amines. To discern whether CHD1 has a role in
this process, we analyzed the fate of protamine B
(Mst35Bb) in Chd1-null embryos. Although we
detected GFP-tagged Mst35Bb in the sperm head
immediately upon fertilization, we did not observe

Mst35Bb-GFP signal in the male pronucleus (fig.
S2). Thus, like HIRA (18), CHD1 is dispensable
for protamine removal. We have shown that the
male pronucleus in Chd1-null embryos contains
very low amounts of histones (Fig. 3), yet the
DNA is not packaged with protamines. It remains
an open question whether other DNA-protein
complexes exist in the male pronucleus.

Drosophila eggs contain stores of both
known chromatin assembly factors CHD1
and ISWI (fig. S4A) (19). Nevertheless, ISWI
is unable to substitute for CHD1 in the depo-
sition of H3.3. To examine whether CHD1
and ISWI differ in their ability to interact with
the H3.3 chaperone HIRA, we performed coim-
munoprecipitation experiments with extracts
from embryos expressing FLAG-HIRA. CHD1
signal was readily detected in FLAG-specific
immunoprecipitates, whereas ISWI did not co-
immunoprecipitate with HIRA (fig. S4B). Thus,
a fraction of CHD1, but not ISWI, physically
associates with HIRA. This property of CHD1
may account for its unique function in the H3.3
deposition process.

A subpopulation of Chd1 mutant haploid
embryos survives beyond apposition stage (table
S1). Therefore, we asked whether H3.3 deposi-
tion is altered in Chd1 mutant embryos during
later developmental stages. In wild-type nuclei,
the H3.3-FLAG signal originating from the male
pronucleus becomes undetectable after 2 to 3
divisions. Most maternal H3.3 remains distrib-
uted diffusely throughout the syncytium. After
cycle 11 (roughly correlating with the onset of
zygotic transcription) H3.3-FLAG is redistrib-
uted into the nuclei, where it colocalizes with the
DNA (Fig. 4A). In contrast, incorporation of
H3.3 into Chd1 mutant nuclei was impaired.
H3.3-FLAG produced a speckled staining with
numerous bright dots that poorly overlappedwith
the maxima of DNA staining (Fig. 4B). It is
important to note that, in the ssm (HIRA) mutant,
H3.3 incorporation defects in tissues or develop-
mental stages other than the apposition stage
were not observed. This result is consistent with
the idea that misincorporation of H3.3 in Chd1
embryos is a direct effect of CHD1 deletion rath-
er than a consequence of haploid development.
We also conclude that CHD1 functions in H3.3
deposition during later stages of embryonic devel-
opment, possibly in a HIRA-independent fashion.

This study provides evidence that ATP-
dependent mechanisms are used for histone
deposition during chromatin assembly in vivo.
Thus, molecular motor proteins, such as CHD1,
function not only in remodeling of existing nu-
cleosomes but also in de novo nucleosome assem-
bly from DNA and histones. Finally, our work
identifies CHD1 as a specific factor in the as-
sembly of nucleosomes that contain variant
histone H3.3.
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Histidine kinases, used for environmental sensing by bacterial two-component systems, are
involved in regulation of bacterial gene expression, chemotaxis, phototaxis, and virulence. Flavin-
containing domains function as light-sensory modules in plant and algal phototropins and in
fungal blue-light receptors. We have discovered that the prokaryotes Brucella melitensis, Brucella
abortus, Erythrobacter litoralis, and Pseudomonas syringae contain light-activated histidine
kinases that bind a flavin chromophore and undergo photochemistry indicative of cysteinyl-flavin
adduct formation. Infection of macrophages by B. abortus was stimulated by light in the wild type
but was limited in photochemically inactive and null mutants, indicating that the flavin-containing
histidine kinase functions as a photoreceptor regulating B. abortus virulence.

LOV (light, oxygen, or voltage) domains
are distributed in the three kingdoms of
life (Eukarya, Archaea, and Bacteria)

(1, 2). In most cases, the LOV domain is the
primary sensory module that conveys a signal to
protein domains with known or putative func-
tions as diverse as regulation of gene expression,
regulation of protein catabolism, and activation
of serine/threonine kinases in eukaryotes and
histidine kinases in prokaryotes (3, 4). The only

two LOV-domain proteins from bacteria that
have been studied are YtvA—a LOV-STAS
(LOV–sulfate transporter and anti-sigma factor
antagonist) protein from Bacillus subtilis—
and a LOV protein (containing no other known
domains) from Pseudomonas putida (5–8).

The best-characterized LOV domains belong
to the plant blue-light receptors, the phototropins,
and the closely related photoreceptor neochrome
(9). The LOV-domain x-ray structure shows
the flavin mononucleotide (FMN) chromophore
noncovalently bound to the protein through
hydrogen bonding and hydrophobic interac-
tions, and the sulfur atom of a reactive cysteine
to be within 4.2 Å of the C(4a) carbon of FMN
(10). Light absorption by the LOV-domain fla-
vin chromophore results in formation of a
cysteinyl-flavin adduct in which the sulfur of
the reactive cysteine forms a covalent bond

with the C(4a) carbon of FMN. In the photo-
tropin LOV domains, this stable bond sponta-
neously breaks in the dark (in many seconds),
completing a photocycle (11). This process has
been proposed to be base catalyzed (12–14).
Cysteinyl adduct formation in the phototropins
produces protein conformational changes (15, 16)
that activate a serine/threonine kinase domain,
resulting in autophosphorylation (9). The ac-
tivated phototropins mediate several blue-light
responses in plants, including phototropism, chlo-
roplast relocation, leaf expansion, and stomatal
opening (17).

Sequence analysis predicts that the genomes
of the human/animal facultative intracellular
pathogen Brucella melitensis (18, 19), the plant
pathogen Pseudomanas syringae (3, 4), and the
marine bacterium Erythrobacter litoralis code
for proteins that contain a LOV domain at their
N terminus, with a histidine kinase occupying
the C terminus (LOV-HK). Protein sequence and
structural modeling [Swiss model (20)] of these
bacterial LOV domains predict that all four
LOV-HK proteins will bind a flavin and that
all contain a cysteine within a few angstroms of
the chromophore. Analysis of published ge-
nomes indicates 24 different sequenced bacteria
contain genes that code for putative LOV-HKs
(1, 4).

The full-length proteins (489 amino acids)
from B. melitensis (BM-LOV-HK) and B. abortus
(BA-LOV-HK) contain three distinct domains:
a LOV domain at the N terminus, followed by
a PAS (Per- Arnt- Sim) domain in the inter-
vening sequence, and a histidine kinase at the
C terminus (Fig. 1). Although there are some
silent mutations in the genes that encode the
LOV-HK in the various Brucella species, the
protein sequence is identical in B. melitensis,
B. abortus, and B. suis. The two LOV-HK pro-
teins from E. litoralis (346 amino acids and 368
amino acids in length for EL346-LOV-HK and
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Erythrobacter litoralis (EL346-LOV-HK) 
Erythrobacter litoralis (EL368-LOV-HK)
Brucella melitensis/abortus (BM-LOV-HK/BA-LOV-HK)

LOV HK

LOV HK

LOV PAS HK

LOV RecHK

LOV

LOV

LOV PAS

RecPseudomonas syringae (PS-LOV-HK)

Fig. 1. Domain alignment of LOV histidine kinase proteins (LOV-HK).
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