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Abstract
Poly(ADP-ribose) polymerase-1 (PARP-1) has a modular domain architecture that couples DNA
damage detection to poly(ADP-ribosyl)ation activity through a poorly understood mechanism.
Here we report the crystal structure of a DNA double-strand break in complex with human
PARP-1 domains essential for activation (Zn1, Zn3, WGR-CAT). PARP-1 engages DNA as a
monomer, and the interaction with DNA damage organizes PARP-1 domains into a collapsed
conformation that can explain the strong preference for automodification. The Zn1, Zn3, and
WGR domains collectively bind to DNA, forming a network of interdomain contacts that links the
DNA damage interface to the catalytic domain (CAT). The DNA damage-induced conformation
of PARP-1 results in structural distortions that destabilize the CAT. Our results suggest that an
increase in CAT protein dynamics underlies the DNA-dependent activation mechanism of
PARP-1.

PARP-1 creates poly(ADP-ribose) (PAR) covalently attached onto target proteins that
mediate gene transcription, DNA damage repair, and cell death signaling (1, 2), and it has
emerged as a promising drug target for the treatment of cancer due to its role in maintaining
genome stability (3, 4). The primary target for PARP-1 mediated poly(ADP-ribosyl)ation is
PARP-1 itself (1). PARP-1 binding to DNA strand breaks dramatically elevates PAR
synthesis activity over a low basal level (1). The modular architecture of PARP-1 contains
six domains (Fig. 1A). Two zinc-binding domains, Zn1 and Zn2, enable PARP-1 to
recognize particular DNA structures (5–9). A third zinc-binding domain, Zn3, has a distinct
structure and function from that of Zn1 and Zn2 (10, 11). The automodification domain
(AD) bears the major sites of automodification and contains a BRCT (BRCA1 C–terminus)
fold (1). The WGR is an essential domain of unknown function (12). The CAT is composed
of two subdomains, the helical subdomain (HD) and the ART subdomain, which is
conserved in other ADP-ribosyl transferases (ARTs), and includes the amino acids involved
in catalysis and binding of NAD+ (13, 14).

We determined the x-ray crystal structure of human PARP-1 domains Zn1, Zn3, and WGR-
CAT bound to a DNA double-strand break. These domains are essential for PARP-1 activity
in the presence of DNA double-strand breaks (5, 10–12), and represent the minimal
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assembly of domains that supports DNA-dependent PARP-1 activity. Indeed, the Zn1 and
Zn3 domains stimulate PAR synthesis of the WGR-CAT fragment in the presence of DNA
(Fig. 1B). The Zn2 and BRCT domains are dispensable for PARP-1 activity in the presence
of DNA double-strand breaks (Fig. S1)(5, 12, 15). Crystals of the PARP-1/DNA complex
diffract anisotropically to 3.25 Å and the structure was determined by molecular
replacement (Table S1, Fig. S2).

The PARP-1/DNA structure reveals the assembly of PARP-1 domains on DNA damage.
The WGR domain is a central component of the complex, interacting with Zn1, Zn3, CAT,
and the DNA (Fig. 1C, D). Zn1 and Zn3 rest next to each other on the DNA, both domains
interacting with one face of WGR. The opposite face of WGR contacts the HD of the CAT.
PARP-1 contacts with the DNA break are transmitted to the CAT through a network of
interdomain communication that acts on the HD. In contrast, the ART subdomain is not
involved in direct contacts with DNA or PARP-1 regulatory domains.

A model of full-length PARP-1 (including Zn2 and BRCT) was constructed based on the
relative locations of the N- and C-termini of domains present in the structure (Fig. 1E)
[Supplementary Online Material (SOM) text]. In the model, the AD is anchored between
Zn3 and WGR in close proximity to the CAT and available for in cis modification,
explaining the strong preference of PARP-1 to perform automodification over
heteromodification of target proteins (16). The PARP-1/DNA complex contains a single
copy of each domain, and the model for full-length PARP-1 indicates that a monomeric
PARP-1 polypeptide can assume the active conformation. A monomeric mode of DNA
binding has been reported recently for PARP-1 (5, 6, 17, 18); however, an earlier study
reported that the Zn1-Zn2 fragment binds to DNA as a dimer under certain conditions (8)
(SOM text). Our sedimentation analysis indicates that full-length PARP-1 exists as a highly
extended monomer in solution in the absence of DNA, and that PARP-1 domains compact
upon binding to DNA as a monomer with a 1:1 stoichiometry (Fig. S3), consistent with the
PARP-1/DNA structure.

The PARP-1/DNA structure and biochemical experiments demonstrate that the Zn1, Zn3,
and WGR domains collaboratively bind to DNA damage (Fig. 2, Fig S4, and Table S2).
PARP-1 domains primarily contact the ribose-phosphate backbone of the DNA and
therefore mediate sequence-independent interactions. PARP-1 engages the break in the
DNA through hydrophobic contacts with exposed nucleotide bases (Fig. 2A, B), a common
feature of damaged DNA structures (Fig. S5). Zn1 binds to DNA using two conserved
regions termed the backbone grip and the base-stacking loop (Fig. 2A, B), as observed
previously (5). Zn3 binds to DNA adjacent to Zn1 using its N-terminal α-helical region to
span the minor groove (Fig. 2A). WGR binds to the 5'-terminus of one DNA strand, holding
the DNA backbone between the central β-sheet and the α-helix of WGR (Fig. 2A). WGR
residue Trp589 stacks against the ribose sugars of nucleotides located at the end of the 5'-
terminated DNA strand (Fig. 2A, B).

The PARP-1/DNA structure reveals a network of interdomain contacts formed upon DNA
binding. The Zn1 base-stacking loop and the Zn3 extended loop provide a two-point contact
surface with the appropriate orientation and spacing for engaging WGR (Fig. 3A, B). A key
Zn1-WGR contact is a salt bridge formed between Asp45 of Zn1 and Arg591 of WGR (Fig.
3C). Arg591 also interacts with HD; thus WGR provides a bridge between the Zn1 DNA
damage interface and the CAT. Zn3 contacts WGR and HD using the extended loop of its
zinc ribbon fold, with residue Trp318 occupying a central location at this interface (Fig. 3D).
Zn3 forms a second interface in the PARP-1/DNA complex, using its N-terminal helical
region to interact with Zn1, near their points of contact with the DNA duplex (Fig. 3E).
Mutation of full-length PARP-1 at residues located at domain interfaces resulted in severe to
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moderate defects in DNA-dependent activity relative to wild-type (WT) PARP-1 (Fig. 3F)
(5, 19, 20). These biochemical results confirm that the interdomain contacts observed in the
PARP-1/DNA structure are critical for DNA-dependent activation of full-length PARP-1.

The PARP-1/DNA structure reveals that the HD is distorted when compared to structures of
isolated CAT domains (Fig. 4A, B, Fig. S6). The HD region surrounding αC is remodeled
and moved away from αF and αB and toward the WGR interface, displacing conserved
residues Leu698 and Leu701 from the HD hydrophobic core (Fig. 4B). In contrast, the ART
is similar to isolated CAT domain structures (Fig. 4A and Fig. S6). Thus, the DNA-
dependent regulatory domains of PARP-1 act to distort the HD hydrophobic core,
suggesting that HD distortion underlies DNA-dependent activation. We tested whether
mutagenesis of the HD could simulate the observed HD distortions and thereby mimic the
effect of PARP-1 interaction with DNA. Indeed, an increase in DNA-independent PARP-1
activity was observed for mutations that targeted the HD hydrophobic core (Fig. 4C–E, Fig.
S7). In contrast, mutation of HD residues facing away from the hydrophobic interior had no
effect on DNA-independent activity (Fig. 4C–E, Fig. S7). Random mutagenesis identified a
hydrophobic core mutant L713F that activated PARP-1 in the absence of DNA (21),
consistent with our biochemical analysis. HD hydrophobic core mutants mimic the effect of
DNA-damage induced HD distortions, increasing PARP-1 DNA-independent activity up to
~20-fold, and elevating the efficiency of poly(ADP-ribosyl)ation (VMAX) while not
affecting affinity for NAD+ (KM) (Fig. S8, S9).

A strong anticorrelation exists between catalytic activity and relative thermal stability of HD
mutants. HD hydrophobic core mutants exhibit increased DNA-independent activity and
decreased thermal stability relative to WT PARP-1, while mutants that face the exterior of
the HD hydrophobic core have the same activity and stability as WT (Fig. 4E, F). The HD
mutations that elevate DNA-independent activity act solely through alterations to CAT, and
do not depend on the regulatory domains. Indeed, the isolated CAT bearing HD hydrophobic
core mutation L713F exhibited elevated DNA-independent activity and decreased thermal
stability relative to WT CAT (Fig. S10). Consistent with the mutational analysis, full-length
PARP-1 in the presence of DNA exhibited a decrease in thermal stability that depended on
the presence of the CAT domain, and residues mediating interdomain contacts in the
PARP-1/DNA structure (Fig. 4G). As a control, the catalytic ART mutant E988Q (22, 23),
expected to form all interdomain contacts observed in the PARP-1/DNA structure, showed
the same decrease in thermal stability as WT (Fig. 4G). Collectively, our results demonstrate
that the stability of the CAT decreases upon PARP-1 binding to DNA damage, and the
change in stability depends on the interdomain contacts that mediate HD distortion in the
PARP-1/DNA structure.

PARP-1 binding to DNA damage organizes the Zn1, Zn3, and WGR domains into a
conformation that distorts the hydrophobic core of the HD, and thereby decreases the
thermal stability of CAT (Fig. S11). The observed HD distortions are unlikely to have a
significant influence on active site access to NAD+ substrate or target protein substrate
(SOM text). Rather, we propose that distortions to the structure and stability of HD are
linked to the stability of ART, and that changes in the stability and conformational dynamics
of ART underlie the DNA-dependent activation mechanism of PARP-1 (Fig. S11). The
positioning of the AD in close proximity to the CAT could also contribute to PARP-1 DNA-
dependent activity by increasing CAT domain exposure to protein substrate. Our study
illustrates a DNA damage-dependent intramolecular mechanism for rapidly elevating the
low basal level of PARP-1 activity, and suggests the structural basis for PARP-1 preference
for automodification. The critical requirement of domain interfaces for PARP-1 DNA-
dependent activity suggests that these domain interfaces represent targets for the design of
novel PARP-1 inhibitors.
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Fig. 1. Overview of the PARP-1/DNA crystal structure
(A) Modular domain architecture of human PARP-1. (B) Colorimetric assay of PARP-1
DNA-dependent automodification using the indicated domain combinations (see also Fig.
S1 A,B). (C) Surface representation of the PARP-1/DNA structure. (D) A 90° rotation was
applied to the view in C. (E) The Zn2 and BRCT domains (light grey) were manually
positioned on the PARP-1/DNA structure using the structures of Zn2 and BRCT (PDB
codes 3odc 2cok, respectively). The arrow accents the close proximity of AD and CAT.
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Fig. 2. PARP-1 forms a multi-domain DNA binding interface
Zn1, Zn3, and WGR collectively form an interface with DNA. (A) Key Zn1–, Zn3–, and
WGR–DNA contacts are highlighted. (B) Schematic representation of PARP-1 contacts with
DNA.
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Fig. 3. DNA-induced interdomain contacts are critical for DNA-dependent PARP-1 activation
(A) Surface representation of Zn1 and Zn3 bound to DNA. WGR and CAT have been
omitted for clarity. (B) The Zn1 base-stacking loop, the Zn3 extended loop, and the 5'-
terminated DNA strand form a binding site for WGR. (C) The Zn1–WGR–HD interface. (D)
The HD-WGR–Zn3 interface. (E) The Zn3–Zn1 interface. Residues targeted for
mutagenesis are labeled (yellow). Residues identified in a random screen for inactive
mutants (20) are labeled (green). (F) SDS-PAGE assay of DNA-dependent PARP-1
automodification activity. WT and the indicated mutants were monitored for a shift in
migration due to the covalent addition of PAR.
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Fig. 4. Distortion of the HD structure modulates PARP-1 catalytic activity
(A) Cα trace of CAT structure in the absence of DNA and regulatory domains (PDB code
1a26; blue), and CAT in the PARP-1/DNA structure (yellow/brown). (B) Detailed view of
Leu698 and Leu701 contributions to the HD hydrophobic interior of the isolated CAT
(blue), and their re-positioning in the PARP-1/DNA structure (yellow with green side
chains). (C) Ribbon representation of CAT in the PARP-1/DNA complex. Residues mutated
are drawn in pink and labeled: HD interior hydrophobic core (white), HD exterior (black).
The position of NAD+ was modeled for reference. (D) Radioactive assay of DNA-
independent PARP-1 automodification using 32P-NAD+. (E) Colorimetric assay of DNA-
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independent PARP-1 automodification. Values represent quantification of the 90-minute
time point of a time course experiment (Fig. S7) and are an average of three independent
experiments with associated standard deviations. (F) Relative thermal stability of PARP-1
mutants obtained by differential scanning fluorimetry. Changes in thermal stability (ΔTM)
were calculated as shown. (G) Relative change in thermal stability upon DNA binding. ΔTM
were calculated as shown.
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