
Histone ADP-Ribosylation Facilitates Gene Transcription by Directly
Remodeling Nucleosomes

Ricardo Martinez-Zamudio and Hyo Chol Ha

Department of Biochemistry and Molecular & Cellular Biology, Georgetown University Medical Center, Washington, DC, USA

The packaging of DNA into nucleosomes imposes obstacles on gene transcription, and histone-modifying and nucleosome-re-
modeling complexes work in concert to alleviate these obstacles so as to facilitate transcription. Emerging evidence shows that
chromatin-associated poly(ADP-ribose) polymerase 1 (PARP-1) and its enzymatic activity facilitate inflammatory gene tran-
scription and modulate the inflammatory response in animal models. However, the molecular mechanisms by which PARP-1
enzymatic activity facilitates transcription are not well understood. Here we show that through an intracellular signaling path-
way, lipopolysaccharide (LPS) stimulation induces PARP-1 enzymatic activity and the ADP-ribosylation of histones at transcrip-
tionally active and accessible chromatin regions in macrophages. In vitro DNase I footprinting and restriction endonuclease
accessibility assays reveal that histone ADP-ribosylation directly destabilizes histone-DNA interactions in the nucleosome and
increases the site accessibility of the nucleosomal DNA to nucleases. Consistent with this, LPS stimulation-induced ADP-ribosy-
lation at the nucleosome-occupied promoters of il-1�, mip-2, and csf2 facilitates NF-�B recruitment and the transcription of
these genes in macrophages. Therefore, our data suggest that PARP-1 enzymatic activity facilitates gene transcription through
increasing promoter accessibility by histone ADP-ribosylation.

Poly(ADP-ribose) polymerase 1 (PARP-1) is a chromatin-asso-
ciated enzyme. In response to DNA strand breaks, activated

PARP-1 hydrolyzes NAD� and transfers ADP-ribose units succes-
sively to itself and other target proteins, including histones (24).
Poly(ADP-ribose) (pADPr) is a homopolymer of ADP-ribose
units and a posttranslational protein modifier (11). Recently, the
enzymatic activity of PARP-1 has been implicated in the regula-
tion of NF-�B-dependent inflammatory gene expression (17, 20,
24, 42, 45). In addition, inhibition of PARP-1 enzymatic activity
significantly reduces neutrophil infiltration in animal models of
carrageenan-induced edema, allergic encephalomyelitis, and
zymosan-induced multiple-organ failure (14, 56), suggesting that
the synthesis of ADP-ribose plays a role in the inflammatory re-
sponse. Accordingly, glia and macrophages treated with PARP
inhibitors display defective lipopolysaccharide (LPS)-induced
gene expression (42). Consistent with studies of PARP inhibitors,
PARP-1-deficient mice are resistant to LPS stimulation-induced
endotoxic shock (46). Moreover, we have shown previously that
primary glia derived from PARP-1-deficient mice display defec-
tive LPS stimulation-induced gene expression, due in part to a lack
of transcription factor activation (16, 17). However, despite accu-
mulating evidence that PARP-1 facilitates gene transcription, the
molecular mechanisms by which PARP-1 and its enzymatic activ-
ity facilitate gene transcription are not well understood at present.

Nucleosomes are the basic repeating unit of chromatin, creat-
ing barriers to factors requiring access to DNA (34). Particularly,
the interactions between histones and DNA in the nucleosome
pose a challenge for several steps of the transcription process, in-
cluding activator binding, preinitiation complex assembly, and
elongation (60). Accordingly, the cell has developed highly regu-
lated mechanisms to alleviate these structural constraints so as to
facilitate transcription, including the ATP-dependent chromatin-
remodeling complexes in concert with histone posttranslational
modifications (PTMs) (8, 27). For instance, the NURF and SWR1
ATP-dependent chromatin-remodeling complexes have been
shown to catalyze the sliding of the histone octamer along DNA

and the exchange of the histone H2A variant H2AZ, respectively,
to facilitate transcription (18, 19, 40).

Histone PTMs facilitate transcription primarily by acting as
binding platforms for trans-acting factors, including ATP-depen-
dent chromatin remodelers. This is exemplified by H3K4 tri-
methylation- and H4 acetylation-dependent recruitment of chro-
matin-remodeling complexes and general transcription factors to
the promoters of genes (23, 63). In addition, histone H4K16 acet-
ylation has been shown to regulate the higher-order chromatin
structure by promoting the unfolding of nucleosome arrays in
vitro (55). However, the 10- to 11-bp DNA helical repeat and the
hydrodynamic properties of hyperacetylated nucleosomes (�12
acetates per octamer) are nearly identical to those of unmodified
nucleosomes (5), indicating that histone acetylation may not alter
histone-DNA interactions in individual nucleosomes (48). Cur-
rently, it is not well understood whether a histone PTM alone can
directly regulate histone-DNA interactions in individual nucleo-
somes (4, 52).

To better understand the molecular mechanisms by which
PARP-1 enzymatic activity facilitates gene transcription, we inves-
tigated the targets and the role of ADP-ribosylation in LPS stim-
ulation-inducible inflammatory gene transcription in macro-
phages. In this report, we show that LPS stimulation induces
histone ADP-ribosylation at transcriptionally active and accessi-
ble chromatin regions in macrophages. In vitro DNase I hypersen-
sitivity and restriction endonuclease accessibility assays show that
histone ADP-ribosylation alters histone-DNA interactions in the
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nucleosome and increases the accessibility of nucleosomal DNA.
Consistent with this, chromatin immunoprecipitation (ChIP)
analyses show that LPS stimulation-induced ADP-ribosylation fa-
cilitates NF-�B recruitment to il-1�, mip-2, and csf2 promoters
and that inhibition of ADP-ribosylation significantly reduces the
transcription of these genes in LPS-stimulated macrophages. Col-
lectively, the data indicate that PARP-1 enzymatic activity facili-
tates efficient gene transcription through increasing the accessibil-
ity of the promoter regions by histone ADP-ribosylation.

MATERIALS AND METHODS
Antibodies and reagents. Anti-PARP-1 (H250), anti-NF-�B p65 (C20),
and protein A/G beads were purchased from Santa Cruz Biotechnologies.
Anti-phospho-I�B� (5A5), anti-extracellular signal-regulated kinase (anti-
ERK) (137F5), and anti-phospho-ERK (D13.14.4E) were from Cell Sig-
naling Technologies. Anti-histone H3 (1791) was from Abcam. Anti-H2B
(AB1623), anti-acetylated H3 (anti-AcH3) (06-599), anti-phospho-
H2AX (07-164), anti-p38 mitogen-activated protein kinase (anti-p38
MAPK) (341-360), anti-phospho-p38� (AB3828), and streptavidin aga-
rose were from Millipore. Anti-pADPr (LP-9610) was from Alexis. LPS
from Salmonella enterica serotype Typhimurium, micrococcal nuclease
(MNase) from Staphylococcus aureus, IMD-0354, and anti-actin (C5838)
were from Sigma. PJ34 was from Alexis Biochemicals. ADP-HPD,
SB203580, and UO126 were from Calbiochem. The protease inhibitor
cocktail was from Roche.

Tissue culture. RAW 264.7 macrophages were cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 0.1 U/ml penicillin– 0.1 �g/ml streptomycin at 37°C. For
measurements of PARP enzymatic activity, cells were cultured with 0.5%
FBS overnight before stimulation with LPS. Primary glial cells isolated
from PARP-1 wild-type and knockout mice were cultured as described
previously (17).

PARP enzymatic activity assay. The PARP enzymatic activity assay
was performed as described previously (17) with some modifications.
Cells stimulated with LPS (1 �g/ml) were carefully harvested and were
isolated by centrifugation (800 � g, 3 min, 4°C). The cell pellet was gently
resuspended in PARP assay buffer containing 50 mM Tris-HCl (pH 8.0),
28 mM KCl, 10 mM MgCl2, 0.01% digitonin, 1 mM dithiothreitol (DTT),
and 32P-NAD� (0.5 �Ci/106 cells, 0.8 �Ci/nmol [1 Ci � 37 GBq]) for 20
min at 4°C. The reaction was stopped by adding the PARP and poly(ADP-
ribose) glycohydrolase (PARG) inhibitors PJ34 (10 �M) and ADP-HPD
(500 nM), respectively. After centrifugation, cells were either lysed as de-
scribed below or subjected to small-scale biochemical fractionation as
described below. Equal amounts of protein were separated on 4-to-12%
or 12% NuPAGE gels (Invitrogen) and were transferred to nitrocellulose
membranes. PARP enzymatic activity was visualized by autoradiography.

Preparation of cell lysates. Cells were broken in lysis buffer contain-
ing 100 mM HEPES (pH 7.4), 100 mM NaF, 0.5% NP-40, 40 mM EDTA,
4 mM EGTA, 150 mM NaCl, 10 �M PJ34, 500 nM ADP-HPD, and a
protease inhibitor cocktail for 30 min with vortexing (10 s for every 10
min). The lysates were cleared by centrifugation (12,000 � g, 15 min,
4°C), and the supernatant (S1) was collected. For analysis of histones and
other chromatin-associated proteins, the insoluble pellet (P1) was ex-
tracted with 0.4 N HCl or was solubilized in sodium dodecyl sulfate (SDS)
lysis buffer (1% SDS, 20 mM Tris-HCl [pH 8.0], 2 mM EDTA) by soni-
cation with a Branson sonifier, model 250, equipped with a model 102C
tip (40% output; 4 times for 10 s).

Small-scale biochemical fractionation. Small-scale biochemical frac-
tionation was performed as described previously (61) with some modifi-
cations. Briefly, 107 cells were collected, washed with ice-cold phosphate-
buffered saline (PBS), and resuspended in buffer A containing 10 mM
HEPES (pH 7.4), 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glyc-
erol, 1 mM DTT, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 10 �M
PJ34, 500 nM ADP-HPD, and a protease inhibitor cocktail. Triton X-100
was added (final concentration, 0.1%); the cells were incubated on ice for

5 min; and nuclei (P1) were collected by centrifugation (1,300 � g, 4 min,
4°C). The nuclei were lysed for 10 min on ice in hypotonic buffer B con-
taining 3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 10 �M PJ34, 500 nM
ADP-HPD, and the protease inhibitor cocktail. The chromatin (P3) and
soluble nuclear (S3) fractions were separated by centrifugation (1,700 � g,
4 min, 4°C). The P3 fraction was resuspended in buffer C, containing 10
mM Tris-HCl (pH 7.5), 10 mM KCl, 1 mM CaCl2, 10 �M PJ34, and 500
nM ADP-HPD, and was digested with MNase at a final concentration of
2.5 U/ml for 10 min (for native chromatin) or 40 U/ml (for cross-linked
chromatin) at 37°C for the indicated times (see Fig. 4). The reaction was
stopped by the addition of 1 mM EGTA, and the soluble chromatin frac-
tion (S4) was obtained by centrifugation (1,700 � g, 5 min, 4°C). Alter-
natively, the P3 fraction was resuspended in SDS lysis buffer and was
sonicated with a Branson sonifier, model 250, equipped with a model
102C tip (40% output; 4 times for 10 s). Soluble chromatin was ob-
tained by centrifugation (12,000 � g, 15 min, 4°C).

Real-time reverse transcription-PCR. For gene expression analysis,
RNA was extracted with the RNeasy kit (Qiagen) according to the
manufacturer’s instructions. RNA (1 �g) was reverse transcribed us-
ing TaqMan reverse transcription reagents (Applied Biosystems) ac-
cording to the manufacturer’s instructions. Real-time PCR was per-
formed with SYBR green PCR Master Mix (Applied Biosystems) in an
ABI Prism 7500 real-time system (Applied Biosystems). Primers are
available upon request.

ChIP. Control and LPS-stimulated RAW 264.7 macrophages were
cross-linked with 0.5% formaldehyde in PBS for 8 min at room temper-
ature. The reaction was quenched by addition of 125 mM glycine for 8 min
at room temperature, and the cells were collected by centrifugation
(800 � g, 3 min, 4°C). The cells were subjected to small-scale biochemical
fractionation as described above, except that the final concentration of
MNase was 40 U/ml. The average size of chromatin was 1 to 5 nucleo-
somes. Chromatin was diluted 10-fold in chromatin immunoprecipita-
tion (ChIP) dilution buffer containing 1.1% Triton X-100, 0.1% SDS, 167
mM NaCl, 22.3 mM Tris-HCl (pH 8.0), and 2.2 mM EDTA and pre-
cleared with 30 �l of a 50% protein A/G agarose slurry for 2 h at 4°C.
Immunoprecipitation was performed using 2 �g of anti-PARP-1, anti-
NF-�B p65, and anti-histone H3 antibodies. Isotype-matched IgG and a
mock precipitation without antibodies were used as negative controls for
immunoprecipitation. After isolation of the immune complexes by incu-
bation with protein A/G beads overnight at 4°C, the beads were collected
by centrifugation. The beads were washed 3 times with a wash buffer
containing 1% Triton X-100, 0.1% SDS, 150 mM NaCl, 20 mM Tris-HCl
(pH 8.0), and 2 mM EDTA, once with a wash buffer containing 300 mM
NaCl, and twice with Tris-EDTA (TE) buffer (pH 8.0). Immune com-
plexes were eluted twice with an elution buffer containing 1% SDS and
100 mM sodium acetate (NaOAc) at 37°C. After reversal of cross-links (4
h, 65°C), the samples were treated with proteinase K and RNase A (500
�g/ml each, 1 h, 42°C), and DNA was purified by phenol-chloroform
extraction followed by ethanol (EtOH) precipitation. DNA was resus-
pended in TE, and 1/20 of the recovered DNA was used for PCRs (30 to 32
cycles). For biotinylated-NAD� ChIP experiments, the procedure was
carried out identically except that cells were labeled with 50 �M biotinyl-
ated NAD� as described under “PARP enzymatic activity assay” above,
and ADP-ribosylated complexes were isolated with streptavidin-coupled
agarose beads. Input DNA and PCR products were analyzed in 1.5% Tris-
borate-EDTA (TBE) agarose gels and were visualized by SYBR green
staining. Primers are available upon request.

Sucrose gradient analysis of MNase-digested chromatin. For sucrose
gradient sedimentation analyses, 10-to-40% sucrose gradients were pre-
pared in TE buffer containing 150 mM NaCl. The total volume of the
gradient was 3.5 ml. The S4 fraction (200 �l) from untreated and LPS-
stimulated macrophages was layered carefully on the top of the gradient
and was centrifuged at 32,000 rpm for 16 h at 4°C in an SW50.1 rotor.
Fractions (250 �l) were collected from the bottom of the tube. Fractions
(10%) were directly analyzed by SDS-polyacrylamide gel electrophoresis
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(PAGE). For DNA analysis, 10% of each fraction was aliquoted, and pro-
tein was digested by addition of 10 mg/ml proteinase K (New England
Biolabs [NEB]) for 1 h at 37°C. DNA was purified by phenol-chloroform
extraction and was precipitated with EtOH for 1 h at 	80°C. After cen-
trifugation (30 min, 4°C), the DNA pellet was washed once with 70%
EtOH and was allowed to dry in the fume hood. DNA was analyzed by aga-
rose gel electrophoresis and was visualized by ethidium bromide staining.

Mononucleosome assembly. Mononucleosomes were assembled by
stepwise dilution from 2 M NaCl (36). Briefly, the 168- and 282-bp DNA
fragments of the 601 nucleosome positioning sequence (37) and the
rDNA murine promoter (	232, �16) (32) were amplified by PCR and
were gel purified using the Qiagen gel extraction kit. Purified DNA frag-
ments (5 �g) were incubated with chicken core histones (ratio, 1:1.4 by
weight) in a 100-�l reaction mixture in the presence of 2 M NaCl and 100
ng bovine serum albumin (BSA) for 3 h at 37°C. Low-salt buffer (20 mM
Tris-HCl [pH 7.5], 100 �g/ml BSA, 1 mM EDTA, 0.5 mM PMSF, 5 mM
DTT) was slowly added in volumes of 100, 200, 400, and 600 �l with
60-min incubations after each addition. The assembled nucleosomes were
assessed by native gel electrophoresis by adding 10% glycerol and loading
onto 1% agarose gels prepared in 0.2� TBE and were analyzed at 50 V in
0.2� TBE for 1 h at room temperature. The corresponding DNA frag-
ments were analyzed simultaneously in the gel as a reference. DNA was
stained with SYBR green and was visualized in a UV transilluminator. The
concentration of each nucleosome preparation was determined by com-
paring the SYBR green signal intensities of an aliquot of each preparation
and a known amount of each of the DNA fragments used for assembly.

Generation of pADPr-PARP-1. Recombinant PARP-1 (1 �g) was in-
cubated in 100-�l reaction mixtures containing 0.2, 2, and 20 �M NAD�

and a 1 �M concentration of a 25-base single-stranded oligonucleotide in
the presence of 1.5 mM MgCl2. The reaction was allowed to proceed for 20
min at room temperature and was then stopped with 1 mM PJ34. Poly-
(ADP-ribosyl)ated PARP-1 (pADPr-PARP-1) was purified by centrifuga-
tion in a Microcon concentrator (10,000-Da cutoff; Millipore) according
to the manufacturer’s instructions. Purified pADPr-PARP-1 was diluted
in 10 �l low-salt buffer at a concentration of 100 ng/�l.

Nucleosome-remodeling assay. For poly(ADP-ribosyl)ation-depen-
dent nucleosome-remodeling reactions, recombinant PARP-1 was incu-
bated with assembled nucleosomes (PARP-1/nucleosome molar ratio,
2:1; we typically used 
0.4 to 0.8 pmol nucleosomes) in 20-�l reaction
mixtures in the presence of 1.5 mM MgCl2 and 150 mM NaCl for 5 min at
room temperature. A 100 mM NAD� stock solution was prepared in
low-salt buffer. In order to add the same volume of NAD� to each reac-
tion mixture, we serially diluted NAD� down to 1 �M in low-salt buffer.
NAD� was then added to the concentrations indicated in Fig. 5 and 6 (also
data not shown), and the reactions were allowed to proceed for 20 min at
room temperature. The PARP inhibitor PJ34 was then added to a final
concentration of 1 mM. For PARP-1 binding reactions, the same molar
ratio was maintained, and the reaction was allowed to proceed for 30 min
at room temperature. All reactions were quenched on ice for 5 min prior
to analysis by native agarose gel electrophoresis.

Restriction endonuclease accessibility assay. Nucleosomes were as-
sembled with the 282-bp fragment of the 601 nucleosome positioning
sequence (37) and the 248-bp rDNA promoter DNA fragment (32). Con-
trol nucleosomes and nucleosomes incubated with PARP-1 and NAD� as
described above were digested with 50 U of the StyI or HaeIII enzyme in
their respective NEB buffers for 1.5 h at 37°C. Reactions were analyzed by
electrophoresis in a 1.7% native agarose gel, followed by SYBR green
staining, and products were visualized in a UV transilluminator.

DNase I hypersensitivity and ExoIII mapping of nucleosome posi-
tions. The 601 nucleosome positioning sequence (37) was labeled with 32P
at the 5= end of the sense or antisense strand during the PCR step, and
nucleosomes were reconstituted with the labeled sequence as described
above. Control and remodeled nucleosomes were then digested with 5 U
of DNase I (NEB) in 1� DNase I buffer (NEB) for 30 s at room temper-
ature. Naked DNA was digested with 0.5 U of DNase I. For exonuclease III

(ExoIII) mapping experiments, control and remodeled nucleosomes were
digested with 1,000 U/ml of ExoIII for 15 min at 37°C in NEB buffer 1.
Naked DNA was digested for 1 min. Digestions were quenched by addi-
tion of 10 mM EDTA. Protein was digested by addition of 10 mg/ml
proteinase K (NEB) for 1 h at 37°C. Unlabeled carrier DNA (5 �g) was
then added to the reaction mixtures. DNA was purified by two phenol-
chloroform extractions and was precipitated with EtOH for 1 h at 	80°C.
After centrifugation (30 min, 4°C), the DNA pellet was washed once with
70% EtOH and was allowed to dry in the fume hood. DNA was resus-
pended in formamide buffer (95% [vol/vol] formamide, 10 mM EDTA
[pH 8.0], 0.1% [wt/vol] bromophenol blue, 0.1% [wt/vol] xylene cyanol),
boiled for 5 min at 95°C, and separated in a denaturing sequencing gel
(1� TBE, 8% polyacrylamide, 8 M urea). Gels were visualized by autora-
diography.

RESULTS
LPS stimulation induces poly(ADP-ribosyl)ation of PARP-1. To
better understand the role of ADP-ribose synthesis in inflamma-
tory gene transcription, we sought to characterize the enzymatic
activity of PARP-1 in macrophages. To this end, we performed the
PARP enzyme assay utilizing 32P-NAD� for labeling LPS stimula-
tion-specific de novo ADP-ribose synthesis. Surprisingly, we
found that LPS stimulation increased the level of [32P]pADPr-
PARP-1 over the basal level in a time-dependent manner (Fig. 1A
and B). Consistent with this result, immunoblot analysis with an-
tibodies against poly(ADP-ribose) showed a time-dependent in-
crease in the level of the ADP-ribose polymer, which was synthe-
sized from the endogenous NAD�, in response to LPS stimulation
(Fig. 1C). Furthermore, PARP-1 immunoprecipitated by an anti-
body against PARP-1 from nuclear extracts of 32P-NAD�-labeled
macrophages was modified with LPS stimulation-induced
[32P]poly(ADP-ribose) (Fig. 1D). Together, these results indicate
that LPS stimulation induces PARP-1 enzymatic activity.

PARP-1 is a chromatin-associated protein. We then deter-
mined the regions where PARP-1 enzymatic activity was induced
by LPS stimulation in macrophages. Micrococcal nuclease
(MNase) digestion can reveal nucleosome occupancy and posi-
tion by preferentially cutting linker DNA between nucleosomes
(31). We therefore performed MNase digestion after classical bio-
chemical fractionation (Fig. 1E). DNA analysis showed chroma-
tin-free soluble nuclear (S3), MNase-accessible chromatin (S4),
and MNase-resistant chromatin (P4) fractions (Fig. 1F). Immu-
noblot analysis of these fractions revealed that PARP-1 was dis-
tributed in all three fractions (Fig. 1F). Interestingly, LPS stimu-
lation-induced [32P]pADPr-PARP-1 was enriched in the S3 and
S4 fractions but barely detectable in the P4 fraction, despite simi-
lar PARP-1 protein levels (Fig. 1F). In addition, [32P]pADPr-
PARP-1 was completely absent from the S3 fraction generated
after cross-linking of chromatin from 32P-NAD�-labeled macro-
phages (Fig. 1G), suggesting that the presence of [32P]pADPr-
PARP-1 in the S3 fraction is likely a result of release from chro-
matin or partial association with chromatin. Pretreatment of cells
with the PARP inhibitor PJ34 abrogated the LPS stimulation-in-
duced poly(ADP-ribosyl)ation of PARP-1 (Fig. 1F). Together,
these results suggest that LPS stimulation-induced PARP-1 enzy-
matic activity occurs at chromatin.

LPS stimulation induces histone ADP-ribosylation through
an intracellular signaling pathway. Histone modifications in-
duced by transcriptional stimuli facilitate gene transcription (54,
62), and chromatin-associated PARP-1 may target histones with
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ADP-ribose in LPS-stimulated macrophages. We therefore deter-
mined the level of histone ADP-ribosylation by analyzing acid-
soluble histones prepared from the nuclei of 32P-NAD�-labeled
macrophages (Fig. 1E). LPS stimulation significantly increased the
levels of [32P]ADP-ribosylated histones (ADPr-histones) over the
basal levels in resting cells in a time-dependent manner (Fig. 2A
and B). Pretreatment of macrophages with PJ34 abrogated LPS-
induced histone ADP-ribosylation (Fig. 2A and B). Further anal-
ysis of the H3 and H2B bands revealed that histone H3 was most
extensively modified with ADP-ribose among all four core his-
tones (Fig. 2C). In addition, the level of [32P]ADP-ribose from
histone H3 immunoprecipitated by an antibody to H3 was much
higher than that from histone H2B immunoprecipitated by an
antibody to histone H2B, although the amounts of immunopre-
cipitated histones H3 and H2B were similar (Fig. 2D). The order
of histone ADP-ribosylation levels in LPS-stimulated macro-
phages was as follows, from greatest to least: H3, H4, and H2A/B
(see also Fig. 4). Together, these data demonstrate that LPS stim-
ulation induces histone ADP-ribosylation.

LPS stimulation activates Toll-like receptor 4 (TLR4)-depen-
dent intracellular signaling pathways, including the extracellular
signal-regulated kinase (ERK) (2). Recently, ERKs have been re-
ported to regulate PARP-1 enzymatic activity in neurons, micro-

glia, or macrophages (10, 14). Consistent with this, pretreatment
of macrophages with the MEK1/2 inhibitor UO126 blocked LPS-
induced PARP-1 enzymatic activity and histone ADP-ribosyla-
tion (Fig. 3A). In contrast, UO126 did not inhibit purified
PARP-1 enzymatic activity in vitro (Fig. 3B), and PJ34 did not
inhibit LPS stimulation-induced ERK activation in macro-
phages (Fig. 3C). In addition, although a p38 MAPK inhibitor,
SB203580, and an NF-�B inhibitor, IMD-0354, inhibited LPS
stimulation-induced phosphorylation of p38 and I�B, respec-
tively, these inhibitors did not block LPS stimulation-induced
PARP-1 enzymatic activity (Fig. 3D). Therefore, these data
indicate that UO126 inhibits PARP-1 enzymatic activity spe-
cifically through LPS stimulation-induced intracellular ERK
pathways and suggest that PARP-1 enzymatic activity is a
downstream target of the LPS stimulation-induced ERK path-
way. The levels of LPS stimulation-induced pADPr-PARP-1 or
ADPr-histone were not changed in cells pretreated with an
antioxidant, N-acetylcysteine (NAC) (Fig. 3E). In addition, no
single- or double-strand DNA breaks were detected by the al-
kaline comet assay or �H2AX Western blot analysis, respec-
tively (Fig. 3F and G). Together, our data suggest that LPS
stimulation-induced histone ADP-ribosylation is regulated
through the TLR4-dependent intracellular ERK signaling path-

FIG 1 LPS stimulation induces PARP-1 enzymatic activity. (A) RAW 264.7 macrophages were stimulated with LPS for the indicated times. Immediately after the
PARP enzymatic assay, protein was extracted with a nonionic detergent, separated by NuPAGE gels, and transferred to nitrocellulose membranes. [32P]pADPr-
PARP-1 was detected by autoradiography (A, D, F, and G). (B) Semiquantitative analysis of LPS stimulation-induced PARP-1 enzymatic activity. Fold inductions
were determined as the ratio of the 32P signal over PARP-1 protein levels and are relative to levels in unstimulated cells (0 min). Results are from at least three
independent experiments performed as described for panel A. Data are means � standard errors of the means. (C) The endogenous ADP-ribose polymer was
detected in LPS-stimulated macrophages by Western blot analysis with antibodies to poly(ADP-ribose). (D) PARP-1 was immunoprecipitated with antibodies
against PARP-1 from nuclear extracts from control and LPS-stimulated macrophages. IgG was used as a negative control. (E) Biochemical fractionation scheme.
Fractions analyzed in this study are in boldface. (F) (Left) Cells were stimulated with LPS and were processed as for panel A. Subsequently, cells were subjected
to biochemical fractionation in order to determine the distribution of PARP-1 and pADPr-PARP-1 in the S3, S4, and P4 fractions. PJ34 is a PARP inhibitor.
(Right) DNA analysis shows biochemical fractionation of the S3, S4, and P4 fractions. N, number of nucleosomes. (G) Control and LPS-stimulated macrophages
were fixed with or without formaldehyde immediately after the PARP enzymatic assay. After biochemical fractionation, the S3 fractions were analyzed. LPS and
PJ34 were used at concentrations of 1 �g/ml and 10 �M, respectively, throughout the study.
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ways, rather than resulting from DNA damage, in macro-
phages.

MNase-accessible chromatin regions contain ADPr-his-
tones. We then characterized the chromatin regions containing
ADPr-histones by limited MNase digestion. Four independent
MNase digestions of cross-linked chromatin for 0, 1, 5, and 10 min
generated nucleosome arrays, ranging from poly- to mononucleo-
somes, from control and LPS-stimulated macrophages after label-
ing with 32P-NAD� (Fig. 4A, bottom). Analysis of equal amounts
of digested nucleosomes showed that extensive digestion of chro-
matin did not increase the levels of ADPr-histones (Fig. 4A). In
addition, analysis with successive MNase digestions revealed that
nucleosomes containing most of the ADPr-histones were gener-
ated within 1 min of digestion. In contrast, nucleosomes gener-
ated after a 3-min digestion and the MNase-resistant chromatin
fraction (P4) contained dramatically reduced levels of ADPr-his-
tones (Fig. 4B). Therefore, both independent chromatin digestion
and successive chromatin digestion suggest that most of the chro-

matin that is hypersensitive to nuclease digestion contains ADPr-
histones. We then further analyzed nucleosome arrays generated
by MNase digestion of native chromatin by sucrose gradient sed-
imentation. Surprisingly, gradient density analyses of nucleosome
arrays revealed significant enrichment of both basal and LPS stim-
ulation-induced ADPr-histones in the mono- and dinucleosome
fractions (Fig. 4C). Together, our data demonstrate that highly
accessible chromatin regions contain ADPr-histones in LPS-stim-
ulated macrophages.

Histone ADP-ribosylation destabilizes histone-DNA inter-
actions in the 601 nucleosome. Nucleosomes create barriers to
transcription factors requiring access to DNA, and nucleosome
remodeling is essential for alleviating these structural constraints
so as to facilitate transcription (35, 38, 40). Given that ADP-ribose
is a negatively charged molecule, histone ADP-ribosylation in
mononucleosomes from LPS-stimulated macrophages (Fig. 4C)
may alter local electrostatic charge density and therefore affect
electrostatic interactions in the nucleosome (7). We therefore de-
termined the effect of histone ADP-ribosylation on mononucleo-
some structure in vitro. Native gel electrophoresis showed that
nucleosomes were reconstituted with the high-affinity 601
nucleosome positioning sequence and the nucleosome-bound
PARP-1 complex (Fig. 5A). In addition, the naked DNA-bound
PARP-1 complex was also detected with smeared bands, suggest-
ing that the affinity of PARP-1 for naked DNA is much weaker
than that for nucleosomes (Fig. 5A). Autoradiography of a
NuPAGE gel revealed that all core histones were modified with
ADP-ribose when PARP-1 and 32P-NAD� were added to nucleo-
somes (Fig. 5B; also data not shown).

DNase I footprinting provides high-resolution information re-
garding the interaction of the DNA backbone with the core his-
tone octamer or alterations of nucleosome structure (59). We
therefore characterized the 601 nucleosome structure using
DNase I digestion in the absence or presence of PARP-1 with
various NAD� concentrations. The addition of PARP-1, pADPr-
PARP-1, or NAD� alone to nucleosomes or naked DNA (data not
shown) did not alter the DNase I digestion pattern (Fig. 5C, lane
6). However, we found that the addition of PARP-1 together with
NAD� consistently altered the DNase I digestion pattern, increas-
ing digestion in the nucleosome core particle (NCP) region spe-
cifically at positions �90, �110, �120, �140, �150, and �160
(labeled on the sense strand, relative to the 10-bp DNA ladder)
(Fig. 5C, lanes 7 to 10). Importantly, the increase in DNase I sen-
sitivity was correlated with the NAD� concentration and there-
fore with the extent of histone ADP-ribosylation. These data in-
dicate that histone ADP-ribosylation perturbs histone-DNA
interactions and alters the DNA path over the histone octamer.

Histone ADP-ribosylation increases the accessibility of
nucleosomal DNA to nucleases. We then investigated whether
changes in histone-DNA interactions by histone ADP-ribosyla-
tion could increase the accessibility of nucleosomal DNA. We
therefore performed a restriction endonuclease accessibility assay
using nucleosomes reconstituted with the rDNA promoter se-
quence, which contains two HaeIII sites (Fig. 6A, top). A small
amount of cleavage products was detected in control nucleo-
somes, indicating that nucleosomes limit the access of HaeIII (Fig.
6A, lane 3). Surprisingly, the addition of PARP-1 and NAD� to
nucleosomes increased the amount of expected cleavage products
in an NAD� concentration-dependent manner (Fig. 6A, lanes 4 to
11). In contrast, the addition of PARP-1 or NAD� alone did not

FIG 2 LPS stimulation induces histone ADP-ribosylation. (A) Macrophages
were stimulated with LPS, and acid-extracted histones were processed in
NuPAGE gels. [32P]ADPr-histones were detected by autoradiography (A, C,
and D). Ponc, Ponceau S. (B) Semiquantitative analysis of LPS stimulation-
induced histone ADP-ribosylation. Fold inductions were determined as the
ratio of the 32P signal over histone H3 protein levels and are relative to levels in
unstimulated cells (0 min). Results are from at least three independent exper-
iments performed as described for panel A. Data are means � standard errors
of the means. (C) Acid-extracted histones from control and LPS-stimulated
macrophages were separated in 16% Tris-glycine gels. Histones H3 and H2B
were detected with specific antibodies. Note that H2B* in the third panel is a
residual signal from the previous Western blot with an antibody to H2B. (D)
Histones H3 and H2B were immunoprecipitated (IP) with antibodies to H3 or
H2B from nuclear extracts of LPS-stimulated and 32P-NAD�-labeled macro-
phages.
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increase the amount of cleavage products, indicating that in-
creased accessibility of nucleosomes was dependent on the
NAD�-dependent PARP-1 enzymatic activity (Fig. 6B). Similarly,
increased accessibility to StyI was also observed for the 601
nucleosomes (Fig. 6C). Importantly, increased DNA accessibility
persisted after PARP-1 was displaced from nucleosomes (Fig. 6C,
lanes 9 and 10).

In addition to cleavage products, the addition of PARP-1 and
NAD� generated naked DNA. Previously, pADPr-PARP-1 was
shown to release a histone from a single histone-DNA complex
(53). We therefore wanted to determine whether pADPr-PARP-1
or ADPr-histone is responsible for generating naked DNA. To this
end, pADPr-PARP-1 was first prepared by incubating PARP-1
with DNA fragments and various concentrations of NAD�. The
addition of pADPr-PARP-1 to nucleosomes did not generate na-
ked DNA, whereas the addition of PARP-1 with NAD�, at the
same concentrations used for the automodification of PARP-1,
generated naked DNA (Fig. 6D). Furthermore, a highly auto-
modified PARP-1 was unable to associate with nucleosomes (Fig.
6D). Together, these data indicate that histone ADP-ribosylation
by PARP-1 is responsible for increasing the accessibility of nucleo-

somal DNA and altering nucleosome stability, with potential
nucleosome loss.

Furthermore, the pause positions of ExoIII digestion reveal the
boundary of the nucleosome position established by histone-
DNA interactions at the edge of the NCP region (19). Consistent
with the crystal structure of the 601 NCP (39, 58) and previous
boundary mapping studies (3), ExoIII digestion revealed that the
boundary of the 601 nucleosome was at positions 220 and 230
(labeled on the sense strand), approximately 73 bp away from the
dyad axis. The addition of PARP-1 or NAD� alone to the nucleo-
some did not affect the nucleosome boundary position (Fig. 6E,
lanes 3 and 4). Interestingly, we found that this boundary re-
mained at NAD� concentrations where increased accessibility oc-
curs (Fig. 6E), suggesting that the increased accessibility of nucleo-
somal DNA due to PARP-1-mediated histone ADP-ribosylation
does not result from sliding of the histone octamer to a new posi-
tion along the DNA. As expected, no nucleosome boundary was
detected in the absence of a histone octamer (Fig. 6E, lane 9).

LPS stimulation-induced ADP-ribosylation facilitates
NF-�B recruitment to the promoters and enhances transcrip-
tion. To investigate the role of histone ADP-ribosylation in gene

FIG 3 LPS stimulation induces histone ADP-ribosylation through an intracellular signaling pathway. (A) Cells were pretreated for 1 h with the MEK1/2 inhibitor
UO126 (10 �M) (lane 5) and were then stimulated with LPS for the indicated times. ERK activation was determined by Western blot analysis with antibodies
specific to phospho-ERK1/2 (A and C). Western blot analysis with antibodies to PARP-1 and total ERK1/2 shows equal protein loading (A to D). (B)
Recombinant PARP-1 (100 ng) was preincubated with the MEK1/2 inhibitor UO126 (10 �M) (lane 2) and the PARP inhibitor PJ34 (lane 3) for 30 min at room
temperature before the addition of 32P-NAD� (100 nM). Reactions were analyzed by NuPAGE gels, autoradiography, and Western blotting. (C) Cells were
pretreated with PJ34 (lane 5) for 1 h prior to LPS stimulation and were analyzed as described above. (D) RAW 264.7 macrophages were pretreated with UO126
(10 �M) (lane 3), SB203580 (10 �M) (lane 4), IMD-0354 (1 �M) (lane 5), or PJ34 (lane 6) 1 h prior to stimulation with LPS for 40 min. Activation of ERK and
p38 MAPK was monitored by Western blot analysis with phospho-specific antibodies to ERK and p38 MAPK. Activation of I�K was monitored by Western blot
analysis with phospho-specific antibodies to I�B�. (E) RAW 264.7 macrophages were pretreated with 1 mM N-acetylcysteine (NAC) for 1 h before LPS
stimulation for 40 min. (F) RAW 264.7 macrophages were either left untreated (panel 1), treated with the DNA-alkylating agent N-methyl-N=-nitro-N-
nitrosoguanidine (MNNG; 25 �M) (panel 2), or stimulated with LPS for 40 min (panel 3). Results were analyzed by the alkaline comet assay. Bars, 200 �m. (G)
RAW 264.7 macrophages were either stimulated with LPS for the indicated times or treated with bleomycin (50 �g/ml) for 30 min. Acid-extracted histones were
analyzed. �H2AX (top) is shown as a marker for DNA double-strand breaks. Ponc,; Ponceau S.
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transcription, we first determined the nucleosome occupancy of
the promoters of a subset of inflammatory genes based on our
previous study (16) and the promoters with nucleosome occu-
pancy and the NF-�B binding site (15). Given that nucleosome
occupancy and the nucleosome position can be measured by
MNase digestion (31), we performed chromatin immunoprecipi-
tation (ChIP) on MNase-digested chromatin. ChIP with antibod-
ies to histone H3 showed that the proximal promoters of il-1�,
mip-2, csf2, and rDNA were highly enriched with histone H3 rel-
ative to those of �-actin and brca1 in both resting and LPS-stim-
ulated macrophages, indicating that nucleosomes occupy these
regions (Fig. 7A). Recently, PARP-1 has been suggested to pro-
mote transcription by binding at the promoters of genes (25, 29).
Consistent with this, ChIP with an antibody to PARP-1 showed
enrichment at the proximal promoters of il-1�, mip-2, and csf2
(Fig. 7B), suggesting that PARP-1 is associated with nucleosomes
at these promoters. Interestingly, PARP-1 was not detected, and
the level of histone H3 was reduced, at the promoter of csf2 after
LPS stimulation (Fig. 7B), suggesting that highly automodified
PARP-1 could be displaced from this promoter region, with pos-

sible nucleosome loss, in response to LPS stimulation (Fig. 1G).
We then determined the levels of local ADP-ribosylation at these
promoters after LPS stimulation. Biotin-conjugated NAD� was
previously shown to detect pADPr-protein(s) in polytene chro-
mosome regions in Drosophila larval salivary glands (57). Consis-
tent with the results from limited MNase digestions (Fig. 4B), we
found that pADPr-PARP-1 and ADPr-histones were the major
species selectively and specifically purified by streptavidin agarose
beads from the chromatin of macrophages colabeled with biotin-
ylated NAD� and 32P-NAD� (data not shown). Further ChIP
analyses revealed that ADP-ribose was synthesized at the promot-
ers of il-1�, mip-2, and csf2 in an LPS stimulation-dependent
manner, and the level of ADP-ribose was increased in a time-
dependent manner (Fig. 7C). In contrast, ADP-ribose synthesis
was not detected at the promoters of brca1 and �-actin (Fig. 7C).
In addition, despite the presence of nucleosomes at the rDNA
promoter (33, 65), ADP-ribose synthesis was not detected at this
promoter. As expected, the addition of PJ34 abrogated ADP-ri-
bose synthesis at the il-1�, mip-2, and csf2 promoters (Fig. 7C).

Regulation of promoter chromatin structure was recently

FIG 4 MNase-accessible chromatin contains ADPr-histones. (A) Control and LPS-stimulated macrophages were subjected to the PARP-1 enzymatic assay and
were then immediately fixed with formaldehyde. (Top and center) Chromatin was isolated and independently digested with MNase for the indicated times, and
equal amounts of protein in the solubilized chromatin fraction (S4) were analyzed. (Bottom) DNA was purified and analyzed by agarose gel electrophoresis. N,
number of nucleosomes. (B) Fixed chromatin from LPS-stimulated RAW 264.7 macrophages was successively digested with MNase for the indicated times, and
the soluble (S4) (lanes 2 and 3) and insoluble (P4) (lanes 4 and 5) fractions were analyzed. Equal amounts of histones from S4 and P4 fractions were analyzed.
An equal amount of protein from the soluble nuclear fraction (S3) (lane 1) is shown as a specificity control for the digestion. Data in panels A and B are
representative of at least three experiments. (C) Sucrose gradient analysis of nucleosomes (Nucl) containing ADPr-histones. Native chromatin was digested with
MNase for 10 min, and subsequent nucleosomes were analyzed in 10-to-40% sucrose gradients in the presence of 150 mM NaCl. Equal volumes of each fraction
were analyzed. Fraction numbers from the top to the bottom of the gradient (lanes 1 to 14) are given. Lane 15 contains input. Analyses of protein (top and center)
and DNA (bottom) fractions are shown. N, number of nucleosomes.
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shown to be important for promoting NF-�B-dependent inflam-
matory gene transcription (13, 43, 44, 54), and our data showed
that histone ADP-ribosylation increased the accessibility of
nucleosomal DNA. We therefore hypothesized that histone ADP-
ribosylation might enhance the recruitment of NF-�B to nucleo-
some-occupied promoters of these genes. We therefore deter-
mined the effect of LPS stimulation-induced ADP-ribose on
NF-�B recruitment by performing ChIP with an antibody to the
p65 subunit of NF-�B in macrophages. We found that p65 was
recruited to the promoters of il-1�, mip-2, and csf2 in an LPS
stimulation-dependent manner (Fig. 7D). Surprisingly, pretreat-
ment of cells with PJ34 significantly reduced the LPS stimulation-
induced recruitment of p65 to these promoters (Fig. 7D), suggest-
ing that changes in DNA accessibility due to a PARP inhibitor
limit the interaction between p65 and its binding sites. Together,
these data suggest that LPS stimulation-induced ADP-ribosyla-
tion at the promoter facilitates the recruitment of p65 to its con-
sensus site.

To assess the effect of reduced p65 recruitment due to a PARP
inhibitor, we determined the transcription of these inflammatory
genes. Quantitative real-time PCR analyses revealed that LPS
stimulation induced the expression of il-1�, mip-2, and csf2 in a
time-dependent manner in macrophages. Consistent with re-
duced p65 recruitment, pretreatment of macrophages with PJ34
showed that LPS stimulation-induced expression of these genes
was impaired (Fig. 7E). Furthermore, LPS stimulation-induced

expression of interleukin 1� (IL-1�) was impaired in PARP-1-
deficient cells (Fig. 7F), suggesting that the transcriptional out-
come of these genes is directly mediated by PARP-1. Together,
these data suggest that LPS stimulation-induced ADP-ribosyla-
tion facilitates p65 recruitment to its consensus site at the promot-
ers of il-1�, mip-2, and csf2, as well as the transcription of these
genes.

DISCUSSION

Since its initial discovery in 1963 (9), the ADP-ribose polymer has
been firmly established as a posttranslational protein modifier.
Here we showed for the first time that LPS stimulation induced
PARP-1 enzymatic activity and histone ADP-ribosylation
through a TLR4-dependent intracellular signaling pathway. Im-
portantly, histone ADP-ribosylation increased DNA accessibility
and facilitated efficient transcription of a subset of LPS stimula-
tion-inducible genes in macrophages.

Previous studies have shown that inhibition of PARP-1 enzy-
matic activity or deletion of PARP-1 impairs the expression of
NF-�B-dependent inflammatory cytokines in response to various
inflammatory stimuli (17, 20, 24, 42, 45). Notably, PARP inhibi-
tors have been shown to reduce the LPS stimulation-induced ex-
pression of macrophage inflammatory protein 1� (MIP-1�) and
MIP-2 in murine macrophages (20) and of tumor necrosis factor
alpha (TNF-�), IL-6, IL-1�, and inducible nitric oxide synthase
(iNOS) in primary glial cells (17, 42). Furthermore, PARP-1 en-

FIG 5 Histone ADP-ribosylation directly alters nucleosome structure. (A) PARP-1 was incubated in the presence of equal molar amounts of naked DNA (lane
3) or reconstituted 601 nucleosomes (lane 5), and the binding complex was analyzed by native agarose gel electrophoresis followed by visualization in a UV
transilluminator after SYBR green staining of DNA. Naked DNA (lane 2), naked DNA with PARP-1 (lane 3), reconstituted nucleosomes (lane 4), and the
PARP-1/nucleosome complex (lane 5) are shown. nucl, nucleosomes. (B) The 601 nucleosomes were incubated with PARP-1 in the presence or absence of 100
nM 32P-NAD�, and protein was analyzed by NuPAGE gels, autoradiography, and Western blotting. (C) The 601 nucleosomes labeled with 32P at the 5= end of
the sense strand were incubated with PARP-1 and with NAD� at the indicated concentrations (lanes 6 to 10). Reactions were analyzed in 8% denaturing
polyacrylamide gels followed by autoradiography. �, DNase I-hypersensitive sites. Lane 1, DNA marker; lane 2, empty; lanes 3 and 4, undigested and digested
DNA controls; lane 5, control nucleosomes.
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zymatic activity has been suggested to exchange repression com-
plexes containing histone H1 for activation complexes containing
HMGB1/2 by the ADP-ribosylation of H1, causing H1 release
from the nucleosome positioned in the pS2 promoter region (25).
A PARP inhibitor has been shown to block this exchange of H1
with HMGB1/2 and, in turn, inhibits pS2 gene transcription (25).
In addition, the ADP-ribose polymer has been shown to accumu-
late at puffing sites and the Hsp70 locus in Drosophila melanogaster
(57). Furthermore, puffing is absent, and the level of Hsp70 gene
transcription is reduced, in cells treated with a PARP inhibitor or
expressing a mutant PARP, suggesting that synthesis of the ADP-

ribose polymer is required for puff formation and the full tran-
scription of the Hsp70 gene (57). In addition, ADP-ribosylation
was recently implicated in nucleosome loss in the Hsp70 locus
independently of gene transcription, since a PARP inhibitor or
deletion of PARP by RNA interference (RNAi) blocked nucleo-
some loss and reduced Hsp70 gene transcription in Drosophila
(49). The ADP-ribosylation of nucleosomal histones and/or the
pADPr-PARP-1 associated with the nucleosomes positioned at
the Hsp70 gene are conjectured to be associated with nucleosome
loss (49). Furthermore, biochemical and electron microscopy
studies with isolated polynucleosomes suggest that PARP-1 may

FIG 6 Histone ADP-ribosylation increases the accessibility of nucleosomal DNA. (A to C) Nucleosomes assembled with the rDNA promoter sequence (A and
B) or the 601 nucleosomes (C) were incubated with PARP-1 and the indicated NAD� concentrations (A to C) or 200 �M NAD� alone (B, lane 8) as indicated.
Subsequent nucleosomes were digested with HaeIII (A and B) or StyI (C) for 1.5 h at 37°C. Reactions were analyzed in 1.7% agarose gels. Schematic represen-
tations of the HaeIII and StyI sites in the assembled nucleosomes are shown at the tops of panels A and C. (D) (Top) The addition of purified pADPr-PARP-1,
automodified with 0.2, 2, or 20 �M NAD� (lanes 5 to 7, respectively), to nucleosomes did not generate naked DNA, whereas the addition of PARP-1 with 0.2,
2, or 20 �M NAD� (lanes 8 to 10) to nucleosomes did generate naked DNA. The addition of PARP-1 without NAD� is shown in lane 4. (Bottom) The extent of
poly(ADP-ribosyl)ation of PARP-1 was determined by autoradiography. Lanes 2 to 4, pADPr-PARP-1 before any addition to nucleosomes; lanes 5 to 7,
pADPr-PARP-1 during incubation of PARP-1 and NAD� with nucleosomes. (E) The nucleosome position boundary (relative to the sense strand) was mapped
by ExoIII digestion. Nucleosomes in the absence of PARP-1 (lane 2) and in the presence of 200 �M NAD� alone (lane 3) are shown. Data in all panels are
representative of at least three experiments.
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decondense chromatin structure by the poly(ADP-ribosyl)ation
of histone H1 (50). In addition, pADPr-PARP-1 or ADP-ribose
polymer has been shown to interact strongly with individual his-
tones and to disrupt the interaction of a single histone with
nucleosomal DNA (47, 53). Although PARP inhibitors implicate
PARP enzymatic activity in gene transcription, its targets, includ-
ing ADP-ribosylation of histones, have not been identified.

In this report, we showed that the primary targets of ADP-
ribosylation in LPS-stimulated macrophages were PARP-1 itself,
but not PARP-2, and all four core histones. Activation of the
PARP enzyme is indicated by automodification (24), and there-
fore, our data suggest that within the PARP family, LPS stimula-
tion-induced PARP-1 is the enzyme that targets histones. In line
with these data, we found that purified PARP-1, rather than
PARP-2, mainly modified histones of reconstituted nucleosomes
in vitro (data not shown), indicating that PARP-1 may be the main
cellular enzyme that targets chromatin. Therefore, although
PARP inhibitors lack the specificity to determine which PARP
enzyme is relevant to facilitating gene expression, studies on
PARP-1-deficient cells (Fig. 7F) and on mice (17, 46), and our
data on LPS stimulation-induced PARP-1 enzymatic activity (Fig.
1), suggest that PARP-1 enzymatic activity is the most relevant
target of PJ34 in LPS-stimulated macrophages. Even though we
did not detect other ADPr-chromatin-related proteins in re-
sponse to LPS stimulation, we cannot rule out the possibility that
other proteins could be also modified with ADP-ribose. Notably,
basal PARP-1 enzymatic activity was detected in macrophages.
Given that PARP-1 is also shown to regulate LPS-independent
gene transcription (10, 25), including basal gene transcription (29,
30), it is possible that histone ADP-ribosylation can also occur at

the promoter regions of genes to regulate basal gene transcription
independently of LPS stimulation in macrophages.

Our ChIP analyses with MNase-digested chromatin showed
that promoter regions of il-1�, mip-2, and csf2, containing the p65
binding site, were occupied with nucleosomes, although the pre-
cise nucleosome positions in these promoters have not yet been
determined. Furthermore, ChIP analyses revealed that PARP-1
was constitutively associated with these regions, suggesting that
PARP-1 could facilitate gene transcription epigenetically in re-
sponse to environmental cues. Importantly, LPS stimulation-in-
duced ADP-ribosylation at these promoters is closely correlated
with enhanced recruitment of the p65 subunit of NF-�B and in-
creased transcription. Given that the nucleosome is the primary
determinant of DNA accessibility (6), these data suggest that
nucleosomes at these promoters could limit the access of p65, and
possibly other transcription factors and regulators, to its consen-
sus site and that histone ADP-ribosylation could alleviate these
obstacles so as to facilitate transcription. Both PARP-1 and
nucleosomal histones were likely ADP-ribosylated at these pro-
moters in macrophages. It is currently unknown whether PARP-1
at these promoters has additional roles besides histone ADP-ribo-
sylation. However, we cannot rule out the possibility that other
targets, including the recruitment of transcription regulators, are
equally important for facilitating gene transcription, since
PARP-1 is known to interact with other factors, such as ATP-
dependent chromatin-remodeling factors (1, 41) (in a PARP-1
enzymatic activity-dependent manner) or NF-�B (21) (in a
PARP-1 enzymatic activity-independent manner). In this report,
in vitro DNase I digestion and restriction endonuclease accessibil-
ity studies suggest that histone ADP-ribosylation is responsible for

FIG 7 LPS stimulation-induced ADP-ribosylation facilitates gene transcription in macrophages. (A to D) ChIP analyses of histone H3 (A), PARP-1 (B),
ADP-ribose (C), and NF-�B p65 (D) at the promoters of the indicated genes in control and LPS-stimulated macrophages with or without pretreatment with PJ34.
(E) Macrophages either were left untreated or were treated with PJ34; then they were stimulated with LPS. Total RNA was extracted, and the mRNA levels of the
indicated genes were measured by quantitative real-time PCR. Relative expression was determined as the ratio of the mRNA levels of genes to the mRNA levels
of �-actin and is relative to expression in unstimulated cells (0 h). Data are means � standard errors of the means. (F) The expression of IL-1� was measured in
PARP-1-deficient and normal cells stimulated with LPS for 3 h.
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increasing the accessibility of nucleosomal DNA by modulating
histone-DNA interactions in the nucleosome. Therefore, histone
ADP-ribosylation could facilitate enhanced p65 binding to the
promoters of il-1�, mip-2, and csf2 and the transcription of these
genes in LPS-stimulated macrophages.

ChIP analyses showed that LPS stimulation-induced ADP-ri-
bose synthesis correlated with a reduction in nucleosome occu-
pancy and PARP-1 levels in the csf2 promoter but not in the il-1�
or mip-2 promoter. The generation of naked DNA in the in vitro
nucleosome-remodeling assay (Fig. 6) suggests that the increased
levels and/or sites of histone ADP-ribosylation, i.e., the size of the
ADP-ribose polymer and the total number of ADP-ribosylated
sites within the nucleosome, could have a cumulative structural
effect on the nucleosome. Accumulation of a negative charge
could drastically alter the electrostatic interactions of histones and
DNA, leading to nucleosome loss by the displacement of ADPr-
histones from DNA through the repulsive electrostatic force at the
promoter regions. Consistent with this notion, we also found that
a highly automodified PARP-1 enzyme was displaced from
nucleosomes (Fig. 6). Alternatively, nucleosomes in the il-1� and
mip-2 promoters may be more stable than those in the csf-2 pro-
moter, since nucleosome stability can be regulated by the relative
affinity of promoter sequences for the histone octamer (51). In
addition, the extent of nucleosome remodeling could be affected
by the rotational and translational positions of the NF-�B site in
the nucleosome (44). Further studies mapping the precise nucleo-
some positions at these promoters will provide the extent of
nucleosome remodeling required for efficient gene transcription.

Interestingly, the ExoIII digestion study showed that
nucleosome remodeling by histone ADP-ribosylation did not
involve histone octamer sliding along DNA. This indicates that
NAD�-dependent nucleosome remodeling is mechanistically
distinct from ATP-dependent chromatin-remodeling com-
plexes, which slide the histone octamer along DNA after mod-
ulating histone-DNA interactions (8). Furthermore, DNase I-
hypersensitive sites in the nucleosome were consistent in a
number of repeated experiments, suggesting that specific sites
of histone ADP-ribosylation lead to specific nucleosome struc-
ture changes. Therefore, identification of the target amino ac-
ids of histone ADP-ribosylation in the nucleosome will further
illuminate the molecular mechanisms by which histone ADP-
ribosylation alters histone-DNA interactions. Based on its abil-
ity to alter histone-DNA interactions in the NCP region, the
modification site(s) is likely located in the globular region of
histone, since the acetylation of N-terminal tails does not alter
individual nucleosome structure (5).

The precise size of ADP-ribose has yet to be determined in
LPS-stimulated cells. However, the mobility of ADPr-histones in
our gel analyses suggests that histone ADP-ribosylation consists
mostly of mono(ADP-ribose), with some oligo(ADP-ribose),
whereas PARP-1 ADP-ribosylation consists mainly of poly(ADP-
ribose), which was also detected by antibodies to poly(ADP-ri-
bose) with the specificity range of 6 to 100 ADPr units (Fig. 1C). In
contrast to the findings for cellular ADP-ribosylation, an in vitro
PARP assay showed that histone ADP-ribosylation was mostly
polymeric, since the concentration of NAD� was increased, and
the mobility of ADPr-histones was greatly reduced, with smeared
bands, reflecting the heterogeneity of the ADP-ribose polymer.
Under these conditions, histone poly(ADP-ribosyl)ation could
lead to a more drastic change in nucleosome structure.

Interestingly, our data show that LPS stimulation-induced his-
tone ADP-ribosylation is enriched in the chromatin regions that
are highly sensitive to MNase digestion. Furthermore, sucrose
gradient analyses of nucleosome arrays generated by MNase di-
gestion showed that mono- and dinucleosome fractions were en-
riched with ADPr-histones but not with the linker histone H1.
The linker histone H1 is known to be a main target of ADP-ribo-
sylation in response to DNA damage (12, 28). However, our data
showed that the linker histone H1 was not targeted by ADP-ribo-
sylation in LPS-stimulated cells. Together, these data suggest that
LPS stimulation-induced histone ADP-ribosylation occurs read-
ily at MNase-accessible chromatin regions where histone H1 is not
enriched. These data are in line with a recent analysis of the
genomewide distribution of PARP-1 (29), which shows that the
chromatin occupancy of PARP-1 is mutually exclusive with that of
histone H1. Further study is required to determine whether
PARP-1 is mutually exclusive with H1 throughout the whole ge-
nome in macrophages, including MNase-inaccessible chromatin
regions where H1 modulates the higher-order chromatin struc-
ture.

Inhibition of PARP enzymatic activity did not affect LPS stim-
ulation-induced activation of ERK. In addition, activation of NF-
�B, including phosphorylation and degradation of I�B and sub-
sequent p65 nuclear translocation, has been shown to be normal
in PARP-1-deficient animals (46). Together, these data indicate
that the repressive effect of a PARP inhibitor on transcription
likely occurs at the chromatin level rather than affecting TLR4-
dependent intracellular signaling in the cytoplasm. In addition,
our data are consistent with recently emerging evidence that reg-
ulation of chromatin structure is an important determinant of
NF-�B-mediated inflammatory gene expression (43, 44). Distinct
patterns of TLR4-induced chromatin modifications have been
shown to occur in the tolerizable and nontolerizable gene classes
in macrophages (15). Furthermore, chromatin modifications at
the promoter region have been shown to provide an additional
regulatory mechanism for the gene-specific inflammatory re-
sponse in macrophages, including the phosphorylation of histone
H3S10 (54), the demethylation of trimethylated H3K27 (13), and
the ubiquitylation of histone H2AK119 (64).

Collectively, our findings identify and establish PARP-1 as a
poly(ADP-ribose)-dependent chromatin-modifying and -re-
modeling enzyme, functionally and mechanistically different
from any known histone modifications or ATP-dependent chro-
matin -remodeling for regulating gene transcription. Given that
PARP-1 enzymatic activity is also regulated by other transcrip-
tional stimuli (10, 14, 25, 26), our findings suggest that histone
ADP-ribosylation-dependent nucleosome remodeling may be a
widely used mechanism to facilitate inducible gene transcription.
Furthermore, our data suggest that histone ADP-ribosylation-de-
pendent nucleosome remodeling may also play roles in other
chromatin-dependent processes, including DNA replication and
repair, where PARP enzymatic activity has been known to occur
(22).
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