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We explored the mechanisms of chromatin compaction and transcriptional regulation by poly(ADP-ribose)
polymerase 1 (PARP-1), a nucleosome-binding protein with an NAD*-dependent enzymatic activity. By using
atomic force microscopy and a complementary set of biochemical assays with reconstituted chromatin, we
showed that PARP-1 promotes the localized compaction of chromatin into supranucleosomal structures in a
manner independent of the amino-terminal tails of core histones. In addition, we defined the domains of
PARP-1 required for nucleosome binding, chromatin compaction, and transcriptional repression. Our results
indicate that the DNA binding domain (DBD) of PARP-1 is necessary and sufficient for binding to nucleo-
somes, yet the DBD alone is unable to promote chromatin compaction and only partially represses RNA
polymerase II-dependent transcription in an in vitro assay with chromatin templates (~50% of the repression
observed with wild-type PARP-1). Furthermore, our results show that the catalytic domain of PARP-1, which
does not bind nucleosomes on its own, cooperates with the DBD to promote chromatin compaction and efficient
transcriptional repression in a manner independent of its enzymatic activity. Collectively, our results have
revealed a novel function for the catalytic domain in chromatin compaction. In addition, they show that the
DBD and catalytic domain cooperate to regulate chromatin structure and chromatin-dependent transcription,
providing mechanistic insights into how these domains contribute to the chromatin-dependent functions of

PARP-1.

Chromatin is the physiological template for nuclear pro-
cesses involving genomic DNA, including transcription, repli-
cation, recombination, and repair. Nucleosomes, the funda-
mental repeating units of chromatin, are protein-DNA
complexes containing 146 bp of DNA wrapped around a pro-
tein core containing two copies each of four core histone pro-
teins (H2A, H2B, H3, and H4) (22). Chromatin exists in var-
ious conformations, including open conformations where
individual nucleosomes are separated, freely accessible, and
mobile, as well as compact conformations where nucleosomes
are juxtaposed and partially occluded in higher-order struc-
tures (6, 11, 37). The extent of nucleosome mobility and chro-
matin compaction are two determinants of the activity of chro-
matin-dependent processes, such as transcription by RNA
polymerase II (Pol II) (11, 25, 33).

A variety of chromatin “architectural” proteins are known to
bind to nucleosomes, promote chromatin compaction, and
modulate transcriptional responses (23, 28). For example, the
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linker histone H1 binds at or near the dyad axis of nucleosomes
and promotes the formation of a higher-order structure known
as the 30-nm fiber (28, 38). In the 30-nm fiber, nucleosomes are
tightly packed, and the nucleosomal DNA is less accessible and
more refractory to transcription (28). We have recently shown
that poly(ADP-ribose) polymerase 1 (PARP-1) is a nucleo-
some binding protein with linker histone-like properties. Like
H1, PARP-1 binds at or near the dyad axis of the nucleosome
and promotes the compaction of chromatin into higher-order
structures (15). In biochemical assays, these PARP-1-depen-
dent structures are refractory to transcription (15). The under-
lying mechanisms of PARP-1-dependent chromatin compac-
tion and transcriptional repression are not clear.

PARP-1, the founding member of a superfamily of PARP
proteins, is an abundant nuclear protein (~1.5 to 2 million
molecules per cell) involved in a variety of nuclear processes,
including the regulation of chromatin structure and transcrip-
tion (1, 5, 16, 19). PARP-1 contains an amino-terminal zinc
finger DNA binding domain (DBD) and a carboxyl-terminal
allosterically regulated catalytic domain (CAT) with low basal
activity (5, 29). This enzymatic activity allows PARP-1 to po-
lymerize ADP-ribose monomers from donor NAD ™ molecules
into poly(ADP-ribose) chains on target proteins (5, 16). In
vivo, PARP-1 is the major target for poly(ADP-ribo-
syl)ation (PARylation) through an automodification reaction
(5). AutoPARylation of PARP-1 in the presence of NAD™
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FIG. 1. PARP-1 compacts in vitro-assembled chromatin. (A) Overview of the preparation of S190-assembled chromatin samples for AFM
imaging (see Materials and Methods). (B) (Left) Agarose gel electrophoresis of MNase-digested chromatin assembled using S190 and pFASTbac1-
cDNA before and after purification by glycerol gradient and size exclusion chromatography (see Materials and Methods). M, 123-base pair ladder.
(Right) SDS-PAGE analysis of purified baculovirus-expressed FLAG-tagged PARP-1 visualized by staining with Coomassie brilliant blue R-250.
(C) AFM images of S190-assembled pFASTbacl-cDNA chromatin with increasing amounts of PARP-1, a saturating amount of PARP-1 plus 300
uM NAD™, or a saturating amount of H1. The amount of PARP-1 or HI required to saturate compaction was determined empirically (see
Materials and Methods). (Top) Scan probe oscillation amplitude images. The length scale is indicated by the white bars. (Bottom) Topographical
images. The height scale is shown along the bottom of each image. (D) Quantification of AFM images like those shown in panel C. (Left) Average
minimum radius of the circle needed to enclose an entire molecule of chromatin (black bars) and average number of discernible particles per
molecule of chromatin (gray bars) under the conditions indicated. The values are plotted as percentages of chromatin with no PARP-1 or H1
added. (Right) Average height of nucleosomal arrays with or without saturating amounts of PARP-1 or H1. All determinations for PARP-1 are
averages of at least 20 individual molecules of chromatin derived from three independently prepared batches of chromatin. All determinations for
H1 are averages of at least 15 molecules of chromatin derived from two independent preparations of chromatin. Each bar is the mean plus standard
error of the mean.
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inhibits PARP-1’s DNA binding, nucleosome binding, chroma-
tin compaction, and transcriptional repression activities (15).
In addition to the DBD and CAT, PARP-1 contains a number
of other less well-characterized structural and functional do-
mains that likely play important roles in its activity. These
include a central automodification domain containing a
BRCA1 C terminus (BRCT) motif and an NAD™"-binding
domain (NBD) comprising the carboxyl-terminal-most module
of the CAT (29, 30). The roles played by the individual
PARP-1 domains in the regulation of chromatin structure and
transcription by PARP-1 have not been determined.

In the current study, we explored the mechanisms of chro-

matin compaction and transcriptional regulation by PARP-1
by using a complementary set of biochemical and single-mol-
ecule biophysical techniques, including in vitro chromatin as-
sembly, binding, and transcription assays, as well as atomic
force microscopy (AFM). Using these approaches, we have
defined the domains of PARP-1 required for nucleosome bind-
ing, chromatin compaction, and transcriptional repression.
Our results suggest key roles for the DBD and CAT of
PARP-1 in the regulation of chromatin structure and chroma-
tin-dependent transcription. In addition, they provide mecha-
nistic insights into how these domains contribute to the chro-
matin-dependent functions of PARP-1.
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MATERIALS AND METHODS

Purification of recombinant and native proteins. A set of bacterial constructs
for expressing Hisq-tagged wild-type and deletion mutant human PARP-1 pro-
teins were made by PCR and assembled in pET19b. The PARP-1 proteins were
expressed in Escherichia coli and purified using standard nickel-nitrilotriacetic
acid (NTA) affinity chromatography with a 1 M NaCl wash to remove contam-
inating low-molecular-weight DNA fragments, as described previously (15). The
proteins comprising the recombinant ACF chromatin assembly system (i.e., Dro-
sophila NAP-1, Acfl, and ISWI) were expressed in Sf9 insect cells using recom-
binant baculoviruses and purified as described previously (13). Recombinant
estrogen receptor alpha (ERa) was expressed in Sf9 insect cells and purified as
described previously (17). Native Drosophila core histones were purified as
described previously (2). Native calf thymus histone H1 was purchased from
Calbiochem. The purities and concentrations of the purified proteins were
determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), followed by staining with Coomassie brilliant blue R-250. All
experiments were run with a minimum of two independent preparations of
protein.

Assembly and purification of chromatin templates. In vitro chromatin assem-
bly was carried out with two different plasmid DNAs, an ~10.5-kb plasmid (a
pFastbacl derivative containing a large cDNA insert) (27), which can accommo-
date ~64 physiologically spaced nucleosomes, and an ~3.2- kb plasmid (pERE,
containing four estrogen response elements (EREs) upstream of the adenovirus
E4 core promoter) (18), which can accommodate ~19 physiologically spaced
nucleosomes.

Chromatin assembly was performed using two different methods: (i) Drosoph-
ila embryo extract (S190) (2) and (ii) recombinant ACF (13). The S190-based
chromatin assembly reactions were set up as described previously (2, 18). Briefly,
$190 extract was incubated with purified core histones, DNA plasmid template,
and an ATP-regenerating system for 4 to 5 h at 27°C. RNase (Roche) was added
during the last half hour of the incubation to degrade the RNA in the S190
extract. Assembled chromatin was purified from the extract by two sequential
chromatography steps: fractionation through a 4-ml, 15% to 40% sucrose gra-
dient (10 mM HEPES, pH 7.6, 200 mM NaCl, 1 mM EDTA, 0.01% NP-40, 0.2
mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol), followed by size exclu-
sion using a 4-ml Sepharose CL-4B column with elution in a buffered solution
containing 5 mM triethanolamine-HCI (pH 7.0) and 0.2 mM EDTA (14, 34).
Fractions were analyzed for DNA content by phenol-chloroform extraction,
followed by agarose gel electrophoresis with ethidium bromide staining, and for
protein content by SDS-PAGE with silver staining.

The recombinant ACF-based chromatin assembly reactions were set up using
recombinant dACF-1, dISWI, and dNAP-1 as described previously (8, 13, 15). To
generate “tailless” chromatin (or mock-trypsinized control chromatin), ACF-
assembled chromatin was incubated with (or without) trypsin (Worthington
Biochemicals) under conditions determined empirically to efficiently cleave the
amino-terminal tails of the core histones (i.e., 2.8 pg trypsin/ug DNA; 27°C for
25 min). Digestion with 50% more trypsin generated histone fragments of similar
sizes, indicating formation of a stably protected octamer core (see Fig. 3C).
Trypsinization (or mock-trypsinization) reactions were stopped by the addition
of a 10-fold molar excess of soybean trypsin inhibitor (Sigma), followed by
purification of the chromatin by size exclusion chromatography, as described
above. Any potential residual trypsin was removed by affinity chromatography
with immobilized trypsin inhibitor (Pierce).

Limited digestion with micrococcal nuclease (MNase) was used to assess the
assembly of chromatin using either S190 or ACF. Aliquots of the assembled
chromatin were digested with increasing amounts of MNase (Sigma) as described
previously (2, 13). The samples were deproteinized by digestion with proteinase
K and phenol-chloroform extraction and then analyzed by agarose gel electro-
phoresis with ethidium bromide staining.

AFM. Purified chromatin was diluted to a DNA concentration of ~0.5 ng/pl
and then incubated alone, with PARP-1, or with histone H1 for 30 min at
27°C. Typical PARP-1/nucleosome and H1/nucleosome ratios used for satu-
rating binding were ~2:1. When used, NAD™" was added at a concentration
of 300 wM after the binding of PARP-1, with continued incubation at 27°C for
an additional 30 min. Samples were fixed for 2 to 4 h at 4°C with 0.5%
glutaraldehyde. Magnesium acetate was added to each sample at a concen-
tration of 2 mM, and the samples were applied to freshly cleaved mica,
incubated at room temperature for 2 min, rinsed with double-distilled H,O,
and dried under nitrogen (3). Imaging was performed in AC mode (tapping
mode) on a PicoPlus atomic force microscope (Molecular Imaging) using
silicon AC160TS cantilevers (Asylum Research) at Cornell University’s
Nanobiotechnology Center. The typical driving frequency was 300 kHz, and
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FIG. 2. PARP-1 promotes the localized compaction of chromatin,
but not naked DNA. (A) AFM topographical images, as described for
Fig. 1C, of naked pFastbacl-cDNA plasmid DNA (left) purified
recombinant PARP-1 protein (center), and PARP-1 plus naked
pFastbacl-cDNA plasmid DNA (right). (B) (i) Enlargement of a scan
probe oscillation amplitude AFM image from Fig. 1C showing an
ACF-assembled chromatin array with a subsaturating amount (33%)
of PARP-1 added. In ii through iv, the same image is marked with
white circles to highlight unbound nucleosomes (ii) and supranu-
cleosomal structures of increasing size, representing localized com-
paction (iii and iv).

the scan speeds were ~2 pm/s. The digitized images were used to extract the
following quantitative information about the chromatin molecules using
Scion Image (Scion Corp., Frederick, MD): (i) the average minimum radius
of a circle needed to enclose an entire molecule of chromatin, (ii) the average
number of discernible particles per molecule of chromatin, and (iii) the
average height of the chromatin molecules. For each condition tested and
quantified, at least 15 molecules of chromatin (but typically 20 to 30 mole-
cules) derived from two independent preparations were analyzed.

Chromatin binding assays. Chromatin was assembled using recombinant ACF
(and trypsinized, in some cases) as described above, but purification by Sepha-
rose CL-4B size exclusion was omitted. The chromatin was centrifuged for 1 min
at 3,000 rpm in a microcentrifuge to remove any aggregated material prior to the
binding assay. Wild-type or mutant PARP-1 protein was added to aliquots of
chromatin at a PARP-1/nucleosome ratio of 1:2, and the samples were incubated
for 30 min at 27°C. When used, NAD ™ was added at a concentration of 300 uM
after the binding of PARP-1, with continued incubation at 27°C for an additional
30 min. The binding reaction mixtures were fractionated using spin columns with
a0.75-ml bed volume of Sepharose CL-4B resin. The input and flowthrough (FT)
fractions were analyzed for DNA content by phenol-chloroform extraction, fol-
lowed by agarose gel electrophoresis with ethidium bromide staining, and for
PARP-1 content by Western blotting with antibodies recognizing the DBD or
NBD of PARP-1.

In vitro transcription assays. ERa-dependent transcription with ACF-assem-
bled pERE chromatin templates and HeLa cell nuclear extract was performed as
described previously (15, 17). Briefly, pERE was assembled into chromatin using
recombinant ACF. After assembly, aliquots of chromatin were incubated with or
without 10 nM ERq, 100 nM 17B-estradiol (E2), and 50 nM of PARP-1 (wild
type or mutant) at 27°C for an additional 30 min. Fifteen-microliter aliquots of
chromatin containing 75 ng of DNA were then transcribed using a HeLa cell
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FIG. 3. Histone tails are dispensable for PARP-1-mediated chromatin compaction. (A) Overview of the preparation of ACF-assembled
tailless chromatin samples for AFM imaging (see Materials and Methods). (B) Agarose gel electrophoresis of MNase-digested chromatin
assembled using recombinant ACF and pERE (see Materials and Methods). M, 123-base pair ladder. (C) Western blot for H2A and H2B
illustrating the effective removal of histone tails by trypsin treatment. The digestion condition shown in lane 2 (i.e., complete, not excessive,
digestion) was used for all studies with tailless chromatin. gH2A/B, globular (i.e., tailless) H2A and H2B. (D) PARP-1 chromatin binding
assays. (Lanes 1 to 6) PARP-1 was subjected to small-scale size exclusion chromatography in the absence or presence of intact or tailless
chromatin to assess its chromatin binding ability (see Materials and Methods). Two percent of the input (I) and 10% of the FT were analyzed
by Western blotting for PARP-1. In this assay, unbound PARP-1 has a high residence time on the resin and thus is not evident in the FT.
In contrast, chromatin-bound PARP-1 passes through the column with the FT. (Lanes 7 to 10) The effect of NAD" on PARP-1 binding to
chromatin was assayed in a similar manner. (E) AFM images of intact and tailless pFASTbacl-cDNA chromatin molecules alone, with a
saturating amount of PARP-1, or with a saturating amount of PARP-1 plus NAD™, as indicated. Scan probe oscillation amplitude images
(top) and topographical images (bottom) are as described for Fig. 1C. (F) Quantification of AFM images like those shown in panel E, as
described in the legend to Fig. 1D. All determinations are based on at least 25 molecules derived from two independent preparations of
chromatin. Each bar is the mean plus standard error of the mean.

nuclear extract as a source of the Pol II transcriptional machinery. The RNA
products from the transcription reactions were analyzed by primer extension
(17), and the data were quantified using a PhosphorImager (Molecular Dynam-
ics). All reactions were performed in duplicate, and each experiment was run
more than four times to ensure reproducibility.

PARP-1 auto(ADP-ribosyl)ation assays. PARP-1 automodification assays

RESULTS

Imaging PARP-1-dependent chromatin compaction by
AFM. To explore the mechanisms of PARP-1-dependent chro-
matin compaction, we used AFM to image single molecules of

were performed as described previously (15). Briefly, 2.5 pmol of purified
PARP-1 protein (wild type or mutant) was incubated with 0.67 uM [*?P]NAD*
in a 15-pl reaction mixture containing 30 mM HEPES, pH 7.4, and 12.5 mM
MgCl,. Sheared salmon sperm DNA was added as an allosteric activator of
PARP-1 enzymatic activity. The reaction mixtures were incubated at room tem-
perature for 20 min and then analyzed on 6% polyacrylamide-SDS gels with
subsequent autoradiography.

chromatin in the absence or presence of PARP-1. In our initial
studies, chromatin assembled on an ~10.5-kb plasmid by using
an extract-based in vitro chromatin assembly system (i.e., S190)
(2) was purified, incubated with various amounts of purified
recombinant PARP-1, and prepared for AFM imaging (Fig.
1A and B). Purified chromatin in the absence of PARP-1
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FIG. 4. The CAT is required for chromatin compaction by PARP-1. (A) Schematic diagram of the PARP-1 deletion mutants used in these
studies. (B) PARP-1 chromatin binding assays as described in the legend to Fig. 3D using the PARP-1 mutants shown in panel A. (C) AFM images
of ACF-assembled pFASTbacl-cDNA chromatin alone or with the addition of wild-type or mutant PARP-1, as indicated. Scan probe oscillation
amplitude images (top) and topographical images (bottom) are as described for Fig. 1C. (D) Quantification of AFM images like those shown in
panel C, as described in the legend to Fig. 1D. All determinations are based on at least 30 molecules derived from two independent preparations

of chromatin. Each bar is the mean plus standard error of the mean.

presented an open beads-on-a-string conformation with clearly
visible nucleosomes and linker DNA (Fig. 1C), similar to the
conformation observed for histone H1-depleted native chro-
matin (21). The addition of increasing amounts of PARP-1,
however, promoted a dose-dependent compaction of the chro-
matin, resulting in a well-condensed, torus-shaped structure with
multiple subdomains but no resolvable individual nucleosomes
(Fig. 1C; see also Fig. S1 and S2 at http://www.mbg.cornell.edu
/cals/mbg/research/kraus-lab/sm.cfm). (Note that for the stud-
ies described here, chromatin “compaction” refers to intrafiber
chromatin folding. See below for a description of localized
compaction by PARP-1.) This structure is similar to the struc-
ture observed upon addition of histone H1 to chromatin as-
sembled in vitro using either S190 extract (as in Fig. 1C) or salt
dialysis (12). Similar effects of PARP-1 were observed with
linearized chromatin molecules, although the torus-shaped
structures seen with circular chromatin molecules were not

observed, as expected (see Fig. S3 at http://www.mbg.cornell
.edu/cals/mbg/research/kraus-lab/sm.cfm).

The compacting activity of PARP-1 was specific to chroma-
tin and did not promote the formation of similarly compacted
structures on naked DNA templates (Fig. 2A). PARP-1, how-
ever, did show dispersed binding to naked plasmid DNA, es-
pecially at crossovers (Fig. 2A), as previously described (29).
The addition of NAD™ to PARP-1-bound chromatin reversed
the compaction induced by PARP-1, resulting again in an
open, beads-on-a-string structure (Fig. 1C), as previously
noted (15). NAD *-mediated decondensation also resulted in
an increase in the apparent particle size, possibly due to in-
complete release of PARP-1 from nucleosomes, as well as
littering of the sample surface with globular structures, possibly
representing automodified PARP-1 molecules.

The AFM images were used to extract quantitative informa-
tion about the chromatin molecules, including (i) the average
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minimum radius of a circle required to encompass an entire
molecule of chromatin, (ii) the average number of discernible
particles per molecule of chromatin, and (iii) the average
height of the chromatin molecules (Fig. 1D). The average
minimum radius of a circle required to enclose an entire chro-
matin molecule decreased in a dose-dependent manner as
more PARP-1 was added, as did the average number of dis-
crete particles per molecule. Furthermore, the average height
of the chromatin molecules increased by nearly threefold in the
presence of saturating amounts of PARP-1, indicating the for-
mation of supranucleosomal structures. The addition of H1
induced similar changes in these parameters (Fig. 1D); com-
parable results have been observed for the heterochromatin-
associated Polycomb group protein complex (7). Our direct
observations by AFM imaging of chromatin compaction by
PARP-1 provide strong support for our conclusions drawn
from previous biochemical assays (15).

PARP-1 promotes the localized compaction of chromatin.
To explore the underlying mechanisms of PARP-1-dependent
chromatin compaction in more detail, we examined more
closely AFM images of chromatin molecules containing sub-
saturating amounts of PARP-1. At 33% saturation, the chro-
matin was organized into supranucleosomal particles inter-
spersed with free nucleosomes (Fig. 1C). At 66% saturation,
the chromatin was organized into a chain of adjacent supranu-
cleosomal particles (Fig. 1C). Under both of these conditions,
the chromatin molecules were well spread and the individual
particles were well dispersed (Fig. 1C). Higher magnification
of chromatin with subsaturating amounts of PARP-1 revealed
more clearly the “neighborhoods” of supranucleosomal parti-
cles interspersed with free nucleosomes at 33% saturation
(Fig. 2B). Taken together, these images suggest that (i)
PARP-1 brings together groups of local, possibly adjacent,
nucleosomes to form supranucleosomal structures (as opposed
to bridging between nucleosomes located at a distance on the
same molecule of chromatin [7] or on adjacent molecules of
chromatin, i.e., interfiber interactions), and (ii) these PARP-
1-bound supranucleosomal structures organize along the linear
path of the DNA into higher-order structures. In this regard,
note that at 100% saturation, the chromatin molecules contain
a series of subdomains organized in a torus-shaped structure,
which is expected from the topological constraints imposed
by using circular plasmid DNA to assemble the chromatin
(Fig. 1C; see also Fig. S1 at http://www.mbg.cornell.edu/cals
/mbg/research/kraus-lab/sm.cfm).

Histone tails are dispensable for PARP-1-dependent chro-
matin compaction. Having developed a system for directly
visualizing chromatin compaction by PARP-1, we proceeded to
investigate the structural aspects of nucleosomes and PARP-1
required for this activity. We began by assessing the require-
ment for the amino-terminal tails of the core histones. To do
so, we generated “tailless” chromatin by digesting ACF-assem-
bled chromatin with trypsin until a minimal, but stable, nucleo-
somal protein core remained (Fig. 3A through C). The chro-
matin was then purified to fully remove tryptic activity (data
not shown).

To determine if PARP-1 binds tailless chromatin as effec-
tively as intact chromatin, we devised a chromatin binding
assay based on size exclusion chromatography using Sepharose
CL-4B resin (see Materials and Methods). In this assay, free
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FIG. 5. Purification and enzymatic activities of PARP-1 mutants.
The PARP-1 mutants shown in Fig. 4A and 6A were expressed in E.
coli and purified by nickel-NTA affinity chromatography (see Materials
and Methods). (A) Purified wild-type and mutant PARP-1 proteins
were analyzed by SDS-PAGE with staining by Coomassie brilliant blue
R-250. Molecular mass markers are shown. (B) Automodification ac-
tivities of wild-type and mutant PARP-1 proteins. The automodifica-
tion activities of the indicated PARP-1 proteins were determined in
the presence of [**P][NAD™, as described in Materials and Methods.
Sheared DNA was added as an allosteric activator of PARP-1. The
samples were analyzed by SDS-PAGE with detection of the **P signal
by phosphorimager analysis.

PARP-1 remained with the resin in the column and thus was
not evident in the FT (Fig. 3D, lanes 1 and 2). In contrast,
chromatin-bound PARP-1 passed through the column and ap-
peared in the FT (Fig. 3D, lanes 3 and 4). Interestingly, PARP-1
bound to intact (i.e., mock-trypsinized) and tailless chromatin
equally well (Fig. 3D, compare lanes 4 and 6), suggesting that
PARP-1’s major contacts with nucleosomes occur via the DNA
(15) or the globular domains of the core histones, not the amino-
terminal tails. The addition of NAD" promoted the auto-
PARylation of PARP-1 and its release from both intact and
tailless chromatin, as indicated by the higher-molecular-weight
smearing of the PARP-1 signal in the input and a reduced level of
PARP-1 in the FT (Fig. 3D, lanes 7 through 10).

In AFM imaging experiments, tailless chromatin exhibited a
beads-on-a-string conformation in the absence of PARP-1 and
a compact conformation in the presence of PARP-1, similar to
what was observed with intact control chromatin (Fig. 3E). The
addition of NAD " promoted the reversal of compaction with
the tailless chromatin, again similar to what was observed with
intact control chromatin (Fig. 3E). The effects of PARP-1 and
NAD " on tailless chromatin were readily apparent upon quan-
tification of the results (Fig. 3F). Taken together, the results
from the binding assays and AFM imaging experiments indi-
cate that NAD *-dependent modulation of chromatin binding
and compaction by PARP-1 do not require the amino-terminal
tails of the core histones.

The DBD and CAT of PARP-1 cooperate to promote chro-
matin compaction. Next, we sought to determine the structural
and functional domains of PARP-1 required for chromatin



VoL. 27, 2007

REGULATION OF CHROMATIN AND TRANSCRIPTION BY PARP-1

7481

A AMD Catalytic Domain D
DBD BRCT NAD-* Binding W Minimum Radius
wt PAre-1 [ . N ] 1014 [ Number of Particles
120
osoneo [ {0
_ 1001 gmr
oo (MM 3
£ = 804
[— Si
S < 60
B e
Western: anti-DBD anti-CAT 8 2 40-
T 1r 1 5 et
Chromatin: - + + + + 4 + LI
DBD DBD
PARP-1: Wt Wt DBD-NBD DBD + CAT CAT + CAT 0- — Py P 5 “ 7y
L 1 r 11 11 1 ¢ 11 1 ¢ ] PARP-1: <& by v
S & F & I &
s & o
& 9 $
C

Wt PARP-1 DBD-NBD

0nm

8 0nm 25 0nm

25 0nm

8 0nm 8 Onm

FIG. 6. The DBD and CAT are necessary and sufficient for chromatin compaction by PARP-1 but do not function in trans. (A) Schematic
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for Fig. 1C. (D) Quantification of AFM images like those shown in panel C, as described in the legend to Fig. 1D. All determinations are based
on at least 25 molecules derived from two independent preparations of chromatin. Each bar is the mean plus standard error of the mean.

compaction. We showed previously, using point mutants, that
PARP-1’'s DNA binding activity is required for binding to
nucleosomes and, hence, for the compaction of chromatin by
PARP-1 (15). Furthermore, we showed that PARP-1’s cata-
lytic activity is required for the NAD*-dependent release of
PARP-1 from chromatin and subsequent decondensation, al-
though the catalytic activity itself is not required for the bind-
ing and compaction of chromatin by PARP-1 (15). To evaluate
the roles of these and other PARP-1 domains in more detail,
we generated a panel of PARP-1 deletion mutants, including
mutants lacking the BRCT motif (ABRCT) and the CAT
(ACAT) (Fig. 4A and 5A and B). BRCT motifs are protein-
protein interaction modules that can function as phosphopro-
tein binding domains (10, 29). The region of PARP-1 contain-
ing the BRCT motif has been shown previously to mediate
homodimerization of PARP-1 molecules (31). The CAT,
which forms a structured region at the carboxyl terminus of

PARP-1, contains a discrete NBD (29, 30). It mediates the
NAD *-dependent activities of PARP-1 and provides addi-
tional protein-protein interactions that contribute to the ho-
modimerization of PARP-1 molecules (24).

In chromatin binding assays, both the PARP-1 protein with
the BRCT motif deleted and that with the CAT deleted
(ABRCT and ACAT, respectively) bound to chromatin like
wild-type PARP-1 (Fig. 4B, lanes 2 through 4, compare in-
put/FT ratios; see also Fig. S4A at http://www.mbg.cornell.edu
/cals/mbg/research/kraus-lab/sm.cfm). In AFM imaging exper-
iments, ABRCT promoted the compaction of chromatin in a
manner similar to that of wild-type PARP-1 (Fig. 4C and D).
In contrast, ACAT failed to promote the compaction of chro-
matin, as is apparent from both the imaging (Fig. 4C; see also
Fig. S5 at http://www.mbg.cornell.edu/cals/mbg/research/kraus
-lab/sm.cfm) and quantification (Fig. 4D). ACAT, however,
increased the apparent particle size, consistent with its binding
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to nucleosomes (Fig. 4C; see also Fig. S5 at http:/www.mbg
.cornell.edu/cals/mbg/research/kraus-lab/sm.cfm). Interestingly, a
PARP-1 protein containing only the extended DBD plus the
NBD (DBD-NBD) exhibited activities similar to those of wild-
type PARP-1 in both chromatin binding and compaction assays
(Fig. 4B through D). Together, our results indicate that the
DBD and CAT/NBD of PARP-1 are required for chromatin
compaction, while the BRCT motif is dispensable.

To determine the role of the DBD and CAT/NBD in PARP-
1-dependent chromatin compaction in more detail, we performed
a series of experiments with the two domains separated, or linked
as in the DBD-NBD protein (Fig. 5A and B and 6A). In chro-
matin binding assays, the DBD alone and DBD-NBD bound to
chromatin in a manner similar to that of wild-type PARP-1 (Fig.
6B; see also Fig. S4A at http:/www.mbg.cornell.edu/cals/mbg
/research/kraus-lab/sm.cfm). In contrast, the CAT alone or CAT
in the presence of, but physically separated from, DBD did not
bind to chromatin (Fig. 6B). These results indicate that direct
binding to nucleosomes is mediated primarily by the DBD of
PARP-1. In AFM imaging experiments, DBD-NBD promoted
the compaction of chromatin in a manner similar to that of wild-
type PARP-1, while DBD alone, CAT alone, or DBD and CAT
added simultaneously as separate polypeptides did not promote
the compaction of chromatin (Fig. 6C and D; see also Fig. S5 at
http://www.mbg.cornell.edu/cals/mbg/research/kraus-lab/sm.cfm).
Collectively, our results from the chromatin binding and compac-
tion assays indicate that the binding of PARP-1 to chromatin
requires the DBD, while compaction of chromatin by PARP-1
requires both the DBD and the CAT/NBD.

The DBD and CAT of PARP-1 cooperate to promote efficient
transcriptional repression. To explore the relationship be-
tween chromatin compaction and transcriptional repression by
PARP-1, we examined the abilities of the PARP-1 mutants to
repress activator-dependent in vitro transcription by Pol II. In
this case, we used ERa, a ligand-regulated, DNA binding tran-
scription factor, as the activator. We have shown previously
that both PARP-1 and H1 repress ERa-dependent transcrip-
tion from a minimal enhancer-promoter construct assembled
into chromatin (4, 15). We assembled a plasmid DNA template
containing four ERa binding sites (EREs) upstream of the
adenovirus E4 promoter (Fig. 7A) into chromatin by using
ACF and transcribed it by using a HeLa cell nuclear extract as
a source of Pol II transcription machinery. The addition of
ERa and its ligand, E2, stimulated transcription ~20-fold over
the basal level in the absence of PARP-1 (Fig. 7B, compare
lanes 1 and 2). The addition of wild-type PARP-1 reduced
ERa/E2-dependent transcription by about threefold (Fig. 7B,
compare lanes 2 and 3, and C), as we observed previously for
H1 (4). Similar effects of PARP-1 were observed with linearized
chromatin templates (see Fig. S3 at http:/www.mbg.cornell.edu
/cals/mbg/research/kraus-lab/sm.cfm). Of the PARP-1 mutants
tested, only ABRCT and DBD-NBD exhibited abilities to re-
press transcription similar to that of wild-type PARP-1 (Fig.
7D). In contrast, CAT showed no repression, whereas ACAT
and DBD showed about a 50% reduction in repression relative
to wild-type PARP-1 (Fig. 7D; see also Fig. S4B at http:/www
.mbg.cornell.edu/cals/mbg/research/kraus-lab/sm.cfm). Together,
these results indicate that some level of transcriptional repression
is conferred by the DBD alone but the DBD plus the CAT is
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FIG. 7. Both the DBD and the CAT are required for efficient
transcriptional repression by PARP-1. (A) Schematic diagram of chro-
matinized pERE, a plasmid template containing four EREs upstream
of the adenovirus E4 core promoter. (B) Effect of wild-type (Wt)
PARP-1 on ERa-dependent transcription with chromatin templates.
PERE was assembled into chromatin using ACF and transcribed using
a HelLa cell nuclear extract with or without ERa plus E2 and in the
presence or absence of wild-type PARP-1, as indicated. The RNA
products from the in vitro transcription reactions were analyzed by
primer extension, and the data were quantified by phosphorimager
analysis. All reactions were performed in duplicate, and the experi-
ment was run at least four times to ensure reproducibility. (C) Quan-
tification of in vitro transcription experiments like the one shown in
panel B. Each bar is the mean plus standard error of the mean (SEM)
from more than four independent experiments. (D) Effects of PARP-1
mutants on ERa-dependent transcription with chromatin templates.
pERE was assembled into chromatin, transcribed in the presence or
absence of wild-type or mutant PARP-1, and analyzed as described in
the legend to panel B. The PARP-1 mutants are the same as those
shown in Fig. 4, 5, and 6. The data are expressed as percentages of the
transcriptional repression observed with wild-type PARP-1 (i.e., a per-
centage of “no repression” minus “repression by PARP-17; see panel
C). Each bar is the mean plus SEM from more than four independent
experiments. Bars that are marked similarly with asterisks are statisti-
cally the same, while bars that are marked differently with asterisks are
statistically different, as determined by analysis of variance; P < 0.05.

required for maximal transcriptional repression. The implications
of these results are discussed below.

DISCUSSION

A growing body of evidence has highlighted the importance
of PARP-1 as a key regulator of chromatin structure and tran-
scription in a number of cellular and physiological contexts (16,
19). In the studies described here, we examined the molecular
mechanisms underlying PARP-1’s activities with chromatin.
Specifically, we (i) analyzed the compaction of individual chro-
matin molecules by PARP-1 using AFM, (ii) showed that the
amino-terminal tails of the core histones are not required for
nucleosome binding or chromatin compaction by PARP-1, and
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(iii) defined the domains of PARP-1 required for nucleosome
binding, chromatin compaction, and transcriptional repression
(Fig. 8). Taken together, our results indicate that both the
DBD and CAT of PARP-1 are required for efficient chromatin
binding, compaction, and transcriptional modulation. These
results shed new light on the roles of the DBD and CAT in the
chromatin-dependent functions of PARP-1, as well as the un-
derlying mechanisms by which PARP-1 regulates chromatin
structure and transcription.

Role of the DBD in the chromatin-dependent activities of
PARP-1. PARP-1’s DBD is its primary point of contact with
nucleosomal DNA (15, 29). As shown here, the DBD is nec-
essary and sufficient for binding to nucleosomes, yet the DBD
alone is unable to promote chromatin compaction (Fig. 8).
Furthermore, the DBD alone can partially repress transcrip-
tion by Pol II in an in vitro transcription assay with chromatin
templates, but only about half as effectively as wild-type
PARP-1. These results revealed a previously uncharacterized
intrinsic transcriptional repression activity for the PARP-1
DBD that is mediated by nucleosome binding but functions
independently of chromatin compaction. As suggested by pre-
vious studies with linker histones, this may result from the
restriction of nucleosome mobility.

The binding of linker histone to a nucleosome stabilizes the
interaction of an additional ~20 bp of DNA with the periphery
of the nucleosome (32), which acts to reduce nucleosome mo-

bility (26, 35, 36) and repress transcription (4, 20, 36). Like H1,
PARP-1 also binds nucleosomal DNA at or near the dyad axis
of the nucleosome, as well as to linker DNA where it enters
and exits the nucleosome, stabilizing an additional ~10 to 15
bp of DNA with the periphery of the nucleosome (15). Central
to this activity of PARP-1 is its ability to bind simultaneously to
two DNA helices (i.e., the entering and exiting linker DNAs)
(15, 29). The pattern of nucleosome binding by PARP-1 (15),
as well as the activity of the isolated PARP-1 DBD in the
transcription assays, is consistent with restricted nucleosome
mobility and increased nucleosome stability as a means for
transcriptional repression. Additional studies will be required,
however, to show this directly.

Role of the CAT in the chromatin-dependent activities of
PARP-1. Our studies have revealed a novel function for the
CAT, which we have shown to play a critical role in promoting
chromatin compaction. Furthermore, chromatin compaction
mediated by the CAT is required for maximal transcriptional
repression by PARP-1 (Fig. 8). The CAT, which forms a struc-
tured region at the carboxyl terminus of PARP-1 (30), contrib-
utes to PARP-1 activity in two ways. First, it provides the
intrinsic enzymatic activity of PARP-1 and thus mediates the
NAD *-dependent activities of the protein (29). Second, it me-
diates homodimerization of PARP-1 molecules (24). Self-as-
sociation of PARP-1 through the carboxyl-terminal region
could promote the localized compaction of chromatin by bring-
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ing together groups of adjacent nucleosomes, as suggested in
Fig. 1C and 2B. In this regard, note that the abilities of many
chromatin architectural proteins to promote the compaction of
chromatin correlate with their abilities to bind to two or more
sites in chromatin at the same time, either as self-associating
dimers/oligomers (e.g., HP1, Polycomb, Sir3p, and MENT) or
as multivalent monomers (e.g., MeCP2) (23). In this model,
the role of PARP-1’s DBD is to tether the CAT to the nucleo-
some. In fact, as we show in Fig. 6, a PARP-1 molecule con-
sisting only of the DBD and the NBD (i.e., DBD-NBD) ex-
hibits wild-type activity in chromatin binding and compaction
assays, yet the DBD and CAT added in frans result in no
binding of the CAT and, consequently, no compaction. These
results fit well with the fact that the amino-terminal tails of
core histones are dispensable for chromatin compaction by
PARP-1 (Fig. 3E), since the tails are not required by PARP-1
for DNA binding (Fig. 3) or homodimerization (24). One
caveat of our analysis is that we have not shown a role for the
CAT in chromatin compaction independent of the DBD. This,
however, is likely due to the fact that the DBD is required to
tether the CAT to a nucleosome (see below).

Distinct regulatory mechanisms involving the DBD and
CAT of PARP-1. One model that is consistent with our data
suggests that PARP-1 promotes the NAD™-dependent regu-
lation of chromatin structure and transcription through at least
two mechanisms. First, PARP-1 acts on individual nucleo-
somes to repress transcription, an activity that is mediated by
the DBD but is inefficient in the absence of the carboxyl-
terminal region of PARP-1. Second, PARP-1 acts to promote
the localized compaction of groups of adjacent nucleosomes,
an activity that (i) requires both the CAT and the DBD and (ii)
contributes an additional level of transcriptional repression. In
this scenario, the DBD acts to tether the CAT to nucleosomes,
while the CAT (perhaps more specifically the NBD [see the
results with DBD-NBD]) drives the compaction of adjacent
nucleosomes, possibly through self-association. A detailed test
of this hypothesis will require more information about the
specific residues in PARP-1 mediating dimerization, as well as
mutants with alterations in these residues. NAD™ has the po-
tential to regulate both activities of PARP-1. AutoPARylation
of PARP-1 in the presence of NAD™ reverses the binding of
PARP-1 to nucleosomes, which in turn leads to the reversal of
both transcriptional repression and chromatin compaction
(Fig. 3) (15). In addition, allosteric effects of NAD™ on the
structure of the CAT, as suggested by previous structural stud-
ies (30), might also block PARP-1 self-association through
the CAT.

Collectively, our results indicate that the independent activ-
ities provided by the DBD and CAT cooperate to regulate
chromatin structure and transcription. Interestingly, the dual
mechanism for PARP-1 action is similar to the dual effects on
chromatin noted for linker histones, which also act at the levels
of both individual nucleosomes and higher-order chromatin
structures (9). These dual actions for PARP-1 and linker his-
tones should provide multiple opportunities for the regulation
of chromatin structure and function in vivo, as well as a means
by which gene-specific transcriptional regulation by these fac-
tors can be achieved (9).
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