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According to the histone code hypothesis, histone variants and
modified histones provide binding sites for proteins that change
the chromatin state to either active or repressed. Here, we identify
histone variants that regulate the targeting and enzymatic activity
of poly(ADP-ribose) polymerase 1 (PARP1), a chromatin regulator
in higher eukaryotes. We demonstrate that PARP1 is targeted to
chromatin by association with the histone H2A variant (H2Av)—
the Drosophila homolog of the mammalian histone H2A variants
H2Az/H2Ax—and that subsequent phosphorylation of H2Av leads
to PARP1 activation. This two-step mechanism of PARP1 activation
controls transcription at specific loci in a signal-dependent manner.
Our study establishes the mechanism through which histone var-
iants and changes in the histone modification code control chro-
matin-directed PARP1 activity and the transcriptional activation of
target genes.
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Activation of the poly(ADP-ribose) polymerase 1 (PARP1)
protein in chromatin in response to developmental and

environmental stress is known to mediate changes in chromatin
and stimulate transcription (1–4). Although PARP1 protein is
abundant in the nucleus, its localization in chromatin is not
uniform and is restricted to promoters of a specific subset of
genes (5, 6). The histone modification code hypothesis suggests
that nucleosomal code could control positioning in chromatin
and the activation of effector proteins such as PARP1 (7, 8).
Indeed, PARP1 protein interacts with histones, and the N-terminal
domains of histones regulate activation of PARP1 enzymatic re-
action (9).
A potential functional relationship between PARP1 protein

activation and histone H2A variant H2Ax phosphorylation has
been suggested by a substantial body of experimental research
(10–13). These observations suggest that interaction between
PARP1 and H2Ax may be a general mechanism for PARP1
regulation. In addition to H2Ax, most eukaryotes have another
histone H2A variant, H2Az, which is highly homologous to
H2Ax (14). Although a direct relationship between PARP1 and
H2Az has not yet been demonstrated, these proteins display
a strong functional connection. Similar to PARP1 protein (3, 5),
H2Az has been implicated in the maintenance of silencing (15,
16), transcriptional activation (17), and maintenance of cell vi-
ability (18).
In this study, we examined the relationship between the H2Ax/

H2Az pathway and PARP1 regulation using Drosophila as a
model. Drosophila has a single H2A variant, H2Av, which com-
bines specific features of the two mammalian homologs, H2Ax
(the SQ phosphorylation domain) and H2Az (the amino-terminal
tail) (19, 20). The role of H2Av in PARP1 regulation is sup-
ported by a considerable body of evidence. For example, both
PARP1 (5) and H2Av (16) are involved in heterochromatin for-
mation and maintenance. Both proteins demonstrate a non-
uniform pattern of chromatin association, localizing to thousands
of discrete euchromatic loci as well as to heterochromatin (3, 19).
Recent studies report that the Drosophila histone H2Av binds
specifically to active chromatin (21), indicating a likely functional

linkage between PARP1 and H2Av. Histone H2Av is enriched
in heat shock (19) and in other “open chromatin” loci where the
PARP1 protein is responsible for chromatin decondensation
and transcriptional induction of numerous genes, including heat-
shock protein 70 genes (hsp70) (1, 2). These facts allow us to pro-
pose and test the hypothesis that histone H2Av and PARP1
protein interact in chromatin and that phosphorylation of H2Av
triggers changes in the local chromatin environment, which, in
turn, stimulate PARP1 enzymatic activity and PARP1-dependent
transcription.

Results
Histone H2Av Is Required for PARP1 Protein Activation and Localization
in Chromatin. Similar to Parp1C03256 (22) and poly(ADP- ribose)
glycohydrolase (Parg27.1) mutants (23), the H2Av-null mutant (16)
(H2Av810) has late lethality, with mutant homozygous animals
arrested in development in late third-instar larvae stage or as
prepupae. The level of poly(ADP ribosyl)ation (pADPr) in the
H2Av-mutant Drosophila is reduced significantly compared with
the level in WT animals but is similar to that of mutant Parp1C03256

Drosophila (Fig. 1A), supporting the idea that PARP activity may
be regulated by H2Av. Precise measurement of pADPr levels in
WT cells is complicated by the abundance of PARG protein,
which rapidly cleaves pADPr in vivo as well as during protein
extract preparation. Therefore, to measure pADPr levels accu-
rately, we performed assays in the absence of endogenous PARG.
In this way, total pADPr could be compared precisely among flies
of different genotypes (23). As expected, pADPr accumulates in a
greater quantity in Parg-mutant animals than in WT animals at the
same developmental stage (Fig. 1B). However, in double-mutant
animals, which, in addition to the Parg mutation, carry null muta-
tion of H2Av810, accumulation of pADPr is suppressed (Fig. 1B).
The dominant mutation, H2AvG00280 (H2Av280) (24), in the H2Av
locus, caused by GFP-exon insertion in the N-terminal tail of this
histone, also severely reduces the amount of pADPr (Fig. 1B).
These results show that the presence of intact histone H2Av is

crucial for the regulation of enzymatic activity of PARP1 protein
in vivo. Therefore we tested whether these two proteins coloc-
alize in chromatin. Indeed, we found that histone H2Av coloc-
alizes with PARP1 in WT nuclei (Fig. 1C and Fig. S1). In
contrast, mutating H2Av by inserting the GFP exon disrupts
PARP1 and H2Av colocalization (Fig. 1D and Fig. S1). Because
the GFP “barrel” in H2Av280 mutants blocks PARP1 and H2Av
colocalization, these results suggest that PARP1 localization is
mediated by its interaction with H2Av-containing nucleosomes
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and that H2Av may regulate precise PARP1 localization along
specific genes.

Histone H2Av Is Colocalized with PARP1 Protein in the hsp70
Promoter Region. Previously, we found that transcriptional activa-
tion of hsp70 genes upon heat shock is totally PARP1 dependent
and that it is abolished in Parpmutants or in animals treated with
PARP1 inhibitor (1). Therefore, by using a ChIP assay, we de-
termined the localization of PARP1 and H2Av in the chromatin
hsp70 locus. Both proteins localize in hsp70 chromatin (1, 19) and
have the same dynamics upon heat-shock treatment (Fig. S1).
Moreover, we found that PARP1 protein and H2Av, but not his-
tone H2A, colocalize precisely in the promoter region of the hsp70
locus in WT animals (Fig. 2A). Finally, depletion of H2Av in
H2Av-null mutants (H2Av810) was shown to disrupt proper lo-
calization of PARP1 protein. Furthermore, ChIP analysis de-
tected mislocalization and overaccumulation of PARP1 along
the hsp70 promoter (Fig. 2B). The general profile of PARP1
protein distribution was altered. Specifically, in addition to po-
sitioning on the −150, + 1, and +225 nucleosomes (Fig. 2),
PARP1 protein overaccumulated on the −225, +75, +375, and
+450 sites (Fig. 2B). Even though H2Av regulates the precise
localization of PARP1 protein in chromatin, this finding dem-
onstrates that the absence of H2Av does not, in general, disrupt
PARP1 interaction with chromatin and that mislocalization of
PARP1 may not be the only reason for the blockage of PARP1
activation in H2Av-null mutants. Therefore, we propose that
alterations in chromatin coupled to H2Av or posttranslational
modifications of H2Av mediate PARP1 activation.

Phosphorylation of H2Av Controls PARP1 Activation in Vivo. Phos-
phorylated H2Ax colocalizes with pADPr in the DNA repair
pathway and during spermatogenesis (11, 12), raising the possi-
bility that phosphorylated H2Ax may promote PARP activation.
Drosophila H2Av contains a phosphorylation domain homolo-
gous to the SQ domain of H2Ax (Fig. 3A). It also has been shown
that H2Av is phosphorylated in the same enzymatic pathways as
mammalian histone H2Ax (25). In Drosophila, phosphorylated
histone H2Av localizes to multiple sites, including developmental
loci 75A–C (26), where we previously demonstrated a high level of
pADPr (1). Therefore, we hypothesized that H2Av phosphoryla-
tion may trigger activation of PARP1.
To test this hypothesis, we generated three transgenic Dro-

sophila constructs: WT (H2Avwt); a phospho-mutant in which
Ser137 is replaced by Ala residue (H2AvSA); and a construct
mimicking constant phosphorylation, in which Ser137 is replaced
by Glu residue (H2AvSE). Although H2Avwt rescued H2Av810-
null mutants, which survived to adulthood, expression of H2AvSA
or H2AvSE failed to rescue the H2Av810 mutants fully. Consistent
with the observed rescue of H2Av810 mutants, pADPr accumu-
lation was restored by expression of H2Avwt in Parg27.1;H2Av810

double-mutants (Fig. 3B). However, expression of H2AvSA did
not restore accumulation of pADPr in the Parg27.1;H2Av810 mu-
tant animals (Fig. 3B). Expression of the H2AvSE transgene was
found to be lethal at the early embryonic stage for the Parg27.1;
H2Av810 double-mutants, preventing quantification of pADPr
levels for this genotype.
These results demonstrate that phosphorylation of H2Av is

necessary for activation of PARP1 protein and synthesis of
pADPr in vivo. To examine signal-dependent PARP1 activation,
we measured PARP1-dependent transcriptional activation of the
hsp70 locus in H2Av810 mutants bearing WT or phospho-mutant
and phospho-mimic H2Av transgenes. Strikingly, mutating the
SQ domain does not disrupt PARP1 protein localization in the
promoter of hsp70 genes (Fig. 3C). However, H2AvSA mutants

Fig. 1. Histone H2Av is required for PARP1 protein activation and locali-
zation in nuclei. (A) Mutating H2Av decreases pADPr in vivo. Equal amounts
of total nuclear protein extracts from WT, H2Av810 overexpressing PARP1
(PARP1↑↑), and ParpC03256 prepupae were analyzed after PAGE on Western
blot using anti-pADPr antibody. Histone H1 (H1) was used as a loading
control and was detected by the mAb antibody. (B) A comparative analysis of
PARP1 protein activity of the WT, parg27.1, parg27.1;H2Av810, and parg27.1;
H2Av280mutant third-instar larvae. To detect pADPr and proteins on aWestern
blot, the following antibodies were used: mAb 10H against pADPr; pAb against
H2Av (gift of R. Glaser, Division of Genetic Disorders, Wadsworth Center,
Albany, NY), and mAb against histone H1 (loading control). (C and D) PARP1
protein colocalizes with histone H2Av in Drosophila nuclei in WT (C). Mutating
H2Av by insertion of GFP protein into the N-terminal tail disrupts PARP1 and
H2Av colocalization (D). A single larval salivary gland nucleus is shown for each
sample. To detect H2Av (green), pAb antibody staining was used. PARP1-DsRed
protein was detected by DsRed autofluorescence (red). DNA was stained with
Draq5 dye (blue). Arrowheads indicate regions of protein colocalization (C)
and antagonistic localization (D) in H2Av280 mutants. N, nucleolus. (E) The
structures of H2Av and H2Av280 are compared in the context of the nucleo-
somes. To reconstruct the 3D structure of the nucleosome, we used Cn3D 4.1
software (the National Center for Biotechnology Information) and structural
information about core histones and nucleosomes from the National Center

for Biotechnology Information database. DNA is indicated by a “wire-like”
structure. H2Av is shown in yellow. The GFP insertion in H2Av280 is shown in
brown. Other histones are hidden in this diagram. The SQ phosphorylation
site of the C-terminal domain of H2Av is indicated by the black arrow.
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show no significant increase of hsp70 mRNA production upon
heat shock and die upon heat-shock treatment, demonstrating
a requirement for the SQ domain in PARP1-dependent tran-
scriptional activation of hsp70 locus (Fig. 3D). In contrast,
H2Avwt and H2AvSE mutants have the same level of hsp70
mRNA after heat shock (Fig. 3D). These data confirm our hy-
pothesis that histone H2Av is sufficient for proper PARP1 pro-
tein localization, whereas the activation of PARP1 in vivo and
the start of PARP1-dependent processes in chromatin are trig-
gered by phosphorylation of histone H2Av.

Core H2Av Phosphorylation Is Required for Genotoxic Stress-Dependent
PARP1 Activation and for the Recovery After Genotoxic Stress. The role
of PARP1 protein in protecting the genome from genotoxic stress,
such as irradiation, has been known for a long time (27). Similarly,
the presence of phosphorylated H2Av (γ-H2Ax) has been used for
decades as an indicator of damaged genomic DNA (14). Here we
found that histone H2Av phosphorylation also is required for the
survival of animals after irradiation (Fig. 3E), suggesting that
H2Av-mediated PARP1 activation may be a conserved mecha-
nism. To test this possibility directly, we examined H2Av roles in
PARP1 regulation during the genotoxic stress response using a
PARG-mutant genetic background. As expected, pADPr accu-
mulates in irradiated Parg-mutant animals because of PARP1
protein enzymatic activation (Fig. 3F). However, mutating either
histone H2Av or the SQ domain of H2Av alone completely
impairs pADPr accumulation after semilethal irradiation (Fig.
3F). Moreover, mutating the H2Av SQ domain leads to 100%
larval lethality after gamma-irradiation (Fig. 3E). The results of
these experiments indicate that PARP1 function during genotoxic
stress response requires H2Av phosphorylation. These findings
again indicate that H2Av and, more specifically, H2Av phos-
phorylation, is required not only for transcription-coupled PARP1
activation but also for regulation of PARP1 protein in the geno-
toxic stress response pathway.

H2Av280 Mutation Disrupts the PARP1-Dependent Silencing of Retro-
transposable Elements. Although PARP1 protein is known pri-
marily as a regulator of genotoxic stress response and an acti-
vator of transcription, it also mediates transcriptional silencing
(5). PARP1 and H2Av are both localized in silent chromatin (5,
16, 19). In Drosophila, PARP1 is required for silencing of het-
erochromatic repeated DNAs, such as the retrotransposable
elements copia and gypsy (5, 22). It has been shown that enzy-
matic activation of PARP1 is not required to establish and
maintain PARP1-dependent transcriptional silencing (5). To test
if H2Av function is required for PARP1-mediated silencing, we
examined the expression of copia and gypsy retrotransposons in
H2Av810 mutants, in which PARP1 protein localization with
chromatin is not disrupted (Fig. S1), as well as in H2Av280

mutants, in which PARP1 protein is displaced from a number of
loci (Fig. S1). As expected, we found that H2Av810 mutants ex-

press a low level of retrotransposable mRNA (Fig. S2 A and B),
but H2Av280 mutants overproduce mRNA of both retro-
transposons (Fig. S2 A and B) and accumulate retroviral par-
ticles in the nucleoplasm (Fig. S2 C–E). Thus, we conclude that
neither H2Av function nor H2Av-mediated PARP1 activation is
required for PARP1-dependent transcriptional silencing, whereas
mutating the N-terminal tail by GFP insertion of H2Av in
H2Av280 displaces PARP1 from silent chromatin and leads to the
desilencing of retrotransposable elements.

Activation of the PARP1 Protein Involves Two Nucleosomes, One
Containing H2Av and One Containing H2A. To understand what
program of events might lead to H2Av-mediated PARP1 activa-
tion, we used an in vitro assay (Fig. 4). To avoid a complication
arising from DNA-dependent PARP1 activation, the experiment
used a form of PARP1 that lacks a Zn finger-bearing domain.
PARP1 lacking Zn fingers can be activated by histones but not by
DNA (Fig. 4A and Fig. S3). This characteristic allowed us to
measure directly the effects of H2Av and H2Av-bearing nucleo-
somes on PARP1. Surprisingly, neither purified WT nor phospho-
mimic forms of H2Av activated PARP directly (Fig. 4B). Instead,
PARP activation was stimulated by histone H4 (H4) (Fig. 4B).
Furthermore, because incubation of PARP with H2Av or H2A
inhibited H4-mediated PARP activation to different degrees (Fig.
4C), it follows that H2Av is required in PARP activation but not
because of direct stimulation of PARP1 activity. Instead, we
propose that H2Av phosphorylation modifies nucleosomal struc-
ture, exposing the H4 domains for interaction with PARP.
To test this hypothesis, we used nucleosomes assembled from

purified histones containing WT H2Av and phospho-mimic
H2AvSE to activate PARP1. Given that H2Av represents only
20% of the total H2A protein in a cell, histones H2A and H2Av
must be mixed in chromatin, and both may be required for
PARP1 activation to occur. Consistent with the idea that both
H2A- and H2Av-containing nucleosomes are important, pure
mononucleosomes containing histone H2A, histone H2Av, or
H2AvSE recombinant histones did not lead to any significant
increase in pADPr (Fig. S4). In contrast, a strong stimulation of
pADPr was detected after combining equimolar amounts of
PARP1 and H2A- and H2Av-containing nucleosomes (Fig. 4D).
These results indicate that activation of PARP1 involves at least
two nucleosomes, one containing H2Av and another containing
H2A. Mimicking phosphorylation in the H2Av nucleosome
(H2AvSE) further stimulates PARP1 enzymatic activation: The
level of pADPr increased by ∼26% relative to that detected after
H2A/H2Av stimulation (Fig. 4D), suggesting that the phos-
phorylation of H2Av promotes PARP1 activation in vitro. This
result corroborates our prior observation that PARP1 activation
is triggered by phosphorylation of H2Av in vivo.

Fig. 2. Histone H2Av is colocalized with
PARP1 protein in the hsp70 promoter. (A)
ChIP assay reveals PARP1 protein and his-
tone H2Av colocalization in the promoter
of Drosophila hsp70 locus. The ChIP assay
was performed using anti-Drosophila mel-
anogaster PARP1 (anti-DmPARP1) antibody
(α-PARP1/2; α-PARP1/4) (SI Experimental
Procedures) in addition to anti-H2Av and
anti-H2A histones (gift of R. Glaser). Nu-
cleotide positions are shown according to
hsp70 transcriptional start (+1). (B) ChIP
assay reveals PARP1 protein mislocalization
and overaccumulation in H2Av810 mutants
in the promoter of hsp70 locus (green)
compared with WT (blue). ParpC03256
mutants were used as a negative control
(red). The ChIP assay was performed using
anti-DmPARP1 antibody (α-PARP1/2).
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Discussion
The histone code hypothesis has long been accepted in the study
of epigenetics, but there never has been a clear demonstration of
the direct activation of an effector protein in response to changes
in the histone environment. Here, we find that PARP1 activation
and PARP1- mediated transcription depend on the regulation of
a nucleosome’s microenvironment, a mechanism that involves
the phosphorylation of a histone variant. This result supports the
histone code hypothesis, and the underlying work also reveals
a mechanism for PARP1 activation that is functionally important
for the regulation of transcription, response to genotoxic stress,
and silencing.
Histone variant H2Av in Drosophila (ref. 21 and this study)—

and its homologs in Arabidopsis (28) and Saccharomyces cer-
evisiae (29)—localize in the promoter region of a subset of genes.
Our findings demonstrate that this localization is functionally
significant. Specifically, H2Av is involved in the positioning and
activation of the PARP1 protein. Nucleosomes containing H2Av
form high-affinity sites at which the effector protein PARP1 binds
with specific promoters. Thereafter, phosphorylation of H2Av
alters the interaction of PARP1 with the nucleosomal histone H4,
an event which, in turn, activates PARP1, leading to chromatin
opening (1) and facilitating transcription (Fig. 5) (1–3). Therefore,
taken as a whole, the results of our study show that, by recruiting
PARP1 protein, H2Av controls the chromatin state as well as
transcription activation and genotoxic stress response.
Having established that H2Av controls the PARP1 function

both in vivo and in vitro, we examined the causal underlying
mechanism. Nucleosomes containing H2Av have been reported
previously to have a “more open” and stable conformation (30),
suggesting that the presence of H2Av may increase access to
other core histones, i.e., those hidden in H2A-containing nucleo-
somes. As we previously demonstrated, among the histones,
PARP1 protein preferentially interacts with H3/H4 tetramers
(9), possibly explaining the enrichment of PARP1 in the pres-
ence of H2Av-containing nucleosomes in vivo, as reported here.
In other words, chromatin in “more open” H2Av nucleosomes,
with a high level of H3/H4 exposure, has a greater affinity for
binding with PARP1 than does unexposed chromatin. Moreover,
we found that interaction with the N-terminal tail of the histone
H4 triggers PARP1 protein activation (Fig. 4B) (9). The SQ
domain of histone H2Av, the phosphorylation of which controls
PARP1 activation in vivo—as reported here—is positioned in
close proximity to the N-tail of H4 in the nucleosome (Fig. S5).
Therefore, we propose that the histone-replacement machinery
positions H2Av within the promoter region of specific genes,
thereby creating nucleosomes with an “open” configuration (30).
Within these nucleosomes, exposed H3/H4 histones bind PARP1
protein and properly determine its localization in promoters.
Phosphorylation of the H2Av C terminus then leads to exposure
of the H4 histone N-tail, promoting its interaction with PARP1,
and the activation of the PARP1 protein.
Although our results establish a direct connection between

PARP1, H2Av-containing nucleosomes, H2Av phosphorylation,
and pADPr, we cannot exclude a possible role for H2Av phos-
phorylation itself in regulating the activity of the PARP1 protein

Fig. 3. Phosphorylation of H2Av controls PARP1 activation in vivo. (A)
Protein sequence of Drosophila H2Av protein is shown. Positions of the N-
terminal tail, docking domain, phosphorylation SQ domain, and the posi-
tions of the GFP insertion in H2Av280 (gray triangle) and the Ser137 residue,
which could be phosphorylated, are shown. Boxes identified as “N,” “1,”
“2,” “3,” and “C” indicate conserved alpha-spiral regions. (B) Mutating the
Ser137 phosphorylation site affects pADPr in vivo. pADPr and proteins were
detected using the following antibodies: mAb anti-pADPr, pAb anti-H2Av,
and mAb anti-actin. (C) Level of PARP1-ECFP protein binding in the hsp70
gene was compared with animals expressing WT, phospho-mutant (SA), and
phospho-mimic (SE) H2Av. (D) Comparison of PARP1-dependent hsp70 gene
transcriptional activation in animals expressing WT, phospho-mutant (SA),
and phospho-mimic (SE) H2Av before (−) and after (+) 40 min of heat-shock
treatment. The level of hsp70 mRNA was detected using quantitative RT-
PCR. (E) Phosphorylation of H2Av is critical for viability of the flies after
gamma-irradiation. H2Av810-mutant flies were “rescued” by expression ofWT,

phospho-mimic (SE), and phospho-mutant (SA) H2Av transgenes. Third-in-
star larvae were irradiated with a semilethal dose (36 Gy). The numbers of
pupae were counted for different genotypes. A significant number of ani-
mals with WT and SE H2Av genotypes survive to pupal stage, but those with
the SA H2Av genotype die at the larval stage. (F) H2Av phosphorylation
controls PARP1 activation upon gamma-irradiation. Parg27.1 mutants, Parg27.1;
H2Av810 double-mutant animals, and Parg27.1; H2Av810 animals “rescued” by
expression of WT or phospho-mutant (SA) H2Av transgenes were irradiated
with a semilethal dose (36 Gy) as third-instar larvae. Equal amounts of total
protein extracts were analyzed after PAGE on Western blot using anti-pADPr
antibody. PARP1 protein activation after gamma-irradiation is clearly detected
in Parg27.1 and Parg27.1; H2Av810 animals expressing WT H2Av but is blocked
by expression of the H2Av phospho-mutant SA isoform.
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on a higher level of chromatin organization. This possibility is
suggested by the observed difference between the in vivo and in
vitro results. Although phosphorylation of H2Av was required to
elicit PARP1 activation in vivo (Figs. 1 and 2), purified nucleo-
somes containing either H2A or H2Av were able to elicit PARP1
activation in vitro (Fig. 4). Mimicking the phosphorylation of H2Av
(as in H2AvSE) resulted in a 26% increase in the activation of
PARP1 in vitro (Fig. 4). These observations suggest that al-
though phospho-H2Av may act directly on PARP1, it also may
mediate changes in the higher-order chromatin microenviron-
ment (which could not be reproduced in vitro), leading to the
disruption of PARP1 interaction with inhibitors and/or the in-
teraction of PARP1 with activating epitopes in the context of the
local chromatin. Alternatively, H2Av phosphorylation may be in-
volved in a “system restart” in vivo; i.e., phosphorylation of H2Av
has been linked to the replacement of this histone in the local
chromatin (13). Consequently, multiple repeated acts of tran-
scriptional initiation, and therefore multiple acts of H2Av phos-

phorylation, may be required, for example, during heat-shock gene
expression (2). Thus, in the absence of H2Av phosphorylation,
H2Av replacement will be blocked, and transcriptional restart will
be arrested.
H2Av (H2Az/H2Ax) may have other roles in the nucleus in

addition to the regulation of PARP1. For instance, although the
yeast genome does not encode any obvious PARP1 homolog,
yeasts have H2Az (HTZ1) and H2Ax homologs (14). Moreover,
both yeast histones play essential roles. Histone H2Ax phos-
phorylation is involved in genotoxic stress response (31, 32), but
HTZ1 regulates chromatin remodeling (33), transcription, and
transcriptional silencing in heterochromatin (15, 34). Although
PARP1 is a target that performs a critical role in higher-order
chromatin, which otherwise cannot be accomplished by yeast,
these observations suggest that the function of H2Av may not be
restricted to PARP1 activation.
Because PARP1 activation has been shown in this work to be

mediated through H2Av phosphorylation, we further asked what
signaling pathway and kinases might be responsible for such H2Av
phosphorylation. During genotoxic stress response, cell-cycle
checkpoint kinases such as ataxia telangiectasia-mutated/ataxia
telangiectasia and Rad- related (ATM/ATR) and DNA-PK ki-
nase, are shown to phosphorylate the C-terminal tail of H2Ax (35,
36). Although we cannot exclude the possible roles of the Dro-
sophila homolog of these enzymes in chromatin regulation and
transcription, kinases such as Jil-1 kinase, which functions inside
the puffs of polytene chromosomes (37), seem to be more

Fig. 4. Interaction with an H2Av-containing nucleosome complex activates
PARP1 in vitro. (A) Interaction with the purified core histone H4 activates PARP1
in a DNA-independent manner. Full-length PARP1 protein (Left) and PARP1
protein cleaved by caspase-3 (Right) were preincubated with randomly broken
DNA or core histone H4, followed by mixing with NAD. The products of PARP1
enzymatic activity, poly(ADP ribose), were detected after PAGE on a Western
blot using the anti-pADPr antibody. These data clearly demonstrate that the
DNA-binding domain of PARP1 (Zn fingers I and II) is not required for histone-
dependent PARP1 activation. (B) Interaction with purified histones H2Av and
H2AvSE does not activate PARP1 in vitro. (C) The inhibitory effects of H2A,
H2Av, and H2AvSE on PARP1 in vitro: Purified core histone H2A completely
inhibits H4-dependent PARP1 activation, but H2Av and H2AvSE do not block
H4-dependent PARP1 activation. (D) PARP1 enzymatic activity is stimulated by
H2Av-containing nucleosomes in the presence of an equimolar amount of the
WT nucleosome. PARP1 protein was preincubated with different coregulators,
followed by mixing with NAD. The products of PARP1 enzymatic activity, poly
(ADP-ribose), were detected after PAGE on aWestern blot using the anti-pADPr
antibody and were quantified independently using the Image Quant Software
Package. The arrowhead indicates the position of the 180-kDa protein.

Fig. 5. Model of PARP1 protein regulation by histone H2Av variant and
H2Av phosphorylation. (Top) H2Av-containing nucleosome forms a high-
affinity binding site for PARP1 protein in chromatin. (Middle) Phosphoryla-
tion of histone H2Av in the content of nucleosome changes the conforma-
tion of the nucleosome and triggers PARP1 activation. (Bottom) The PARP1
protein modifies itself and surrounding proteins, thereby removing them
from DNA and loosening chromatin locally to promote transcription.
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promising candidates for performing this function. Therefore, one
of the future directions for investigating the mechanism of PARP1
regulation in chromatin is to identify the kinase enzyme re-
sponsible for triggering H2Av-mediated PARP1 activation.
The current paradigm for the role of the PARP1 protein has

two parts. The first part assigns to PARP1 the role of DNA re-
pair and genotoxic stress response, and the second part assigns to
PARP1 functional roles in the regulation of chromatin structure
and transcription. In demonstrating that phosphorylation of
H2Av (the H2Az/H2Ax homolog) controls the activity of the
PARP1 protein in both pathways, we have established a more
universal mechanism for PARP1 regulation. Our findings also
support the notion that PARP1 is not simply a component of ei-
ther the DNA-repair or transcriptional complexes but instead is
a universal regulator of high-order chromatin, which in eukaryotes
needs management during both DNA repair and transcription.
The activation of the PARP1 protein by histone H2Av phos-
phorylation ultimately leads to the loosening of compacted chro-
matin and opens access for either the DNA repair machinery or
the transcriptional apparatus.

Experimental Procedures
Experimental procedures are discussed in detail in SI Experimental Proce-
dures. Sequence information for primers used for ChIP-quantitative PCR is
given in Table S1.

Drosophila Strains and Genetics. The fly stocks were generated by the standard
genetic methods or were obtained from the Bloomington Drosophila Stock
Center and the Exelixis Collection at the Harvard Medical School, except as

indicated. Genetic markers are described in Flybase (38). H2Av810 stock is de-
scribed in ref. 16. H2Av280 stock was generated by the L. Cooley laboratory
(24). The Parpc03265 strains were generated in a single pBac-element muta-
genesis screen (39). The Parg27.1 mutation was constructed in ref. 40. pP{w1,
UAS::PARP1-DsRed} was described in ref. 5. The transgenic stock with pP{w1,
UAS::PARP1-ECFP} was described in ref. 9. The following GAL4 driver strains
were used: arm::GAL4 (Bloomington stock no. 1560), da::GAL4 (gift of A.
Veraksa, University of Massachusetts, Boston), and 69B-GAL4 (41). Balancer
chromosomes carrying Kr::GFP, i.e., TM3, Sb, P{w+, Kr-GFP} and FM7i, P{w1, Kr-
GFP} (42) were used to identify heterozygous and homozygous H2Av810,
H2Av280, Parpc03265, and Parg27.1.

Construction of Transgenic Drosophila. To make UAS::H2AvWT, UAS::H2AvSA,
and UAS::H2AvSE transgenic Drosophila constructs, full-length H2Av DNA
was synthesized by PCR using following oligos:

5′-CAC Cat ggc tgg cgg taa agc agg-3′, direct
5′-GTA GGC CTG CGA CAG AAT GAC GT-3′, reverse, WT
5′-GTA GGC CTG CGC CAG AAT GAC GT-3′, reverse, SA
5′-GTA GGC CTG CTC CAG AAT GAC GT-3′, reverse, SE

The resulting PCR products were cloned through the Drosophila Gateway
Vector Cloning System (Carnegie Institution of Washington) into a pTW
vector for Drosophila transformation. y,w67c23(2) was used as the host for
transformation. Transformation was performed as described in ref. 43.
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