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ABSTRACT: Poly-ADP-ribose polymerases (PARPs) cata-
lyze transfer of ADP-ribose from NAD™ to specific resi-
dues in their substrate proteins or to growing ADP-ribose
chains. PARP activity is involved in processes such as
chromatin remodeling, transcription control, and DNA
repair. Inhibitors of PARP activity may be useful in cancer
therapy. PARP2 is the family member that is most similar
to PARPI1, and the two can act together as heterodimers.
We used X-ray crystallography to determine two structures
of the catalytic domain of human PARP2: the complexes
with PARP inhibitors 3-aminobenzamide and ABT-888.
These results contribute to our understanding of structural
features and compound properties that can be employed to
develop selective inhibitors of human ADP-ribosyltrans-
ferases.

Poly-ADP-ribose polymerases (PARPs) are ADP-ribosyltrans-
ferases; they cleave NAD™ into ADP-ribose and nicotinamide
and transfer the ADP-ribose units onto their substrates (1, 2).
Family members PARP1, PARP2, and PARP3 and the tanky-
rases catalyze ADP-ribosyl transfer and poly-ADP-ribose chain
elongation. PARPI, which is responsible for the majority of
ADP-ribosyltransferase activity in human cells, exerts at least
some of its physiological functions as a heterodimer with either
PARP2 (3—5) or PARP3 (6). PARP1 and PARP2 bind to stalled
replication forks induced by DNA damage and recruit damage
repair machinery to sites of DNA damage and are activated for
DNA base excision repair (3, 7). Thus, inhibition of PARP
activity can affect DNA repair; this is a promising strategy for
cancer therapy, in particular in homologous recombination defi-
cient cancers that rely upon this pathway (8).

The 17 human PARP proteins share only between 18 and 45%
pairwise sequence homology in their catalytic domains, but
crystal structures indicate their structure is conserved and the
mode of NAD" cofactor binding is rather similar. The canonical
PARPs share a H-Y-E sequence motif in their active sites, as
well as a tyrosine side chain that, in analogy with mono-ADP-
ribosyltransferases, presumably stacks with the nicotinamide
moiety of the NAD™ cosubstrate (9). A number of small mole-
cule PARP inhibitors that mimic NAD™ have been developed;
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several (10—12), among them ABT-888, also known as
A-861695 (13), are presently in clinical trials. High-resolution
crystal structures of such inhibitors bound to PARP catalytic
sites are essential for an in-depth understanding of the bind-
ing mode of these compounds, evaluation of the risks and
mechanisms of their potential side effects, and optimization of
compound selectivity and specificity.

Here, we present the structure of the catalytic domain of human
PARP2 in complex with the nicotinamide mimic, 3-amino-
benzamide (3-AB), and with the potent PARP1 and PARP2
inhibitor, ABT-888 (Table 1). The protein shares extensive
structural similarity with PARP1 (/4), PARP3 (/5), and the
mouse ortholog (/6) (Figure 1A). Our two PARP2 structures
show virtually identical arrangements of secondary structural
elements. PARP2 structure 3kjd superimposes to a root-mean-
square deviation (rmsd) of 0.8 A with mouse PARP2 (1gs0, 315
Cocatoms), 1.4 A with human PARPI (2rd6, 313 Cotatoms), and
1.9 A with human PARP3 (3c4h, 300 Co atoms).

All publicly available structures of PARP inhibitor com-
plexes show compound anchoring in the pocket that retains the
nicotinamide moiety after NAD™ cleavage. One of the simplest
such compounds is 3-AB; it resembles nicotinamide and has been
cocrystallized with several PARP proteins. Extension of the
compounds into the donor site and toward the acceptor loops
can then be used to improve affinity and isoform selectivity (7).
The success of this concept is illustrated in the structure of ABT-
888 (18).

Our crystal structures show, not surprisingly, that ABT-888
and 3-AB are anchored in the nicotinamide pocket in a very
similar manner (Figure 1B). The Tyr473 side chain stacks with
the imidazole ring, and the carboxamidyl forms hydrogen bonds
with the Serd470 hydroxyl and with the Gly429 backbone. In
addition, the Glu558 carboxyl makes a water-mediated interac-
tion with the N-3 atom of the benzimidazole of ABT-888 and
with the 3'-substituted amide of 3-AB (Figure 1B,C).

The crystal structure of the ABT-888 complex suggests inter-
actions that may explain the high affinity of PARP2 for the
inhibitor (/8). The Tyr462 side chain interacts with the cyclic
amine (pyrroline) substituent of the benzamidine ring, and the
N-2 atom of the pyrrolidine forms a water-mediated bridge to the
Gly429 backbone (Figure 1C). Notably, the pyrrolidine N-2
atom also connects the inhibitor to a structural element outside
the catalytic site. It forms a water-mediated linkage to the Glu335
carboxyl in a-helix 5 of the N-terminal helix bundle domain that
is present only in PARP1-PARP3 and vPARP/PARP4. The
methyl substituent of the cyclic amide, which was shown to
significantly increase the potency of this compound and similar
compounds (/8), does not interact with any hydrophobic protein
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Table I: Crystal Parameters, Data Collection, and Refinement Statistics
for PARP2—3AB (3kcz) and PARP2—ABT-888 (3kjd) Structures

Data Collection and Phasing

PDB entry 3kez 3kjd
space group P2, P2,
unit cell parameters a=58.28 A, a=58.13 A,
b=13472A, b=13461A,
c=5825A, c=35831A,
o =90°, o =90°,
p=117.67° p=117.68°
y =90° y =90°
synchrotron beamline DIAMOND 104
wavelength (A) 0.9789
resolution range (A) 41.0-2.0 41.0—1.95
no. of unique reflections 53327 57455
Rinerge” (%) 11.2 (54.8)° 9.6 (56.8)"
completeness (%) 99.1 (99.4) 99.3 (99.7)
redundancy 3.1(3.1)° 3.8 (3.8)°
(IYKoT) 10.1 (2.9)° 11.52.7)
Refinement
resolution (A) 41.0—2.00 41.0—1.95
R (%) 18.99 18.16
Riree (%) 23.67 23.19
rmsd for bond lengths (A) 0.014 0.016
rmsd for bond angles (deg) 1.36 1.49
average B factor (Az)
protein 19.5 22.8
ligand 11.6 16.0
solvent 23.5 29.0
Ramachandran plot? (%)
most favored 98.4 97.4
allowed 100 99.8

“Runerge = 2ill; = (DI/>_(I), where I is the intensity measurement for a
given reflection and (/) is the average intensity for multiple measurements of
this reflection. ”Values in parentheses are for the outermost resolution
shell. “Ryyis defined as Y || Fops| — [Featel |/ | Fobsl, Where R is calculated
for a randomly chosen 5% of reflections, which were not used for structure
refinement, and R,y is calculated for all reflections. “The Ramachandran
plot was calculated with Molprobity (20).

side chain. We believe that the methyl group creates an unpolar
environment that significantly strengthens the polar interactions
in the cleft, in particular the z-stacking interaction with Tyr473
and the water-mediated bond with Glu558.

In the initial characterization of ABT-888, a 2-fold selectivity for
PARP2 over PARP1 was reported [Ky4 values of 2.9 and 5.2 nM,
respectively (/9)]. Our crystal structure suggests a mechanism for a
weak bias toward PARP2. a-Helix 5 (in the N-terminal helical
bundle) that contains Glu335 is closer to the active site than in both
PARPI and PARP3 (Figure 1A); these differences in interdomain
angles are supported by the mouse PARP2 structure and by all
published PARP1 structures, indicating they are intrinsic to these
proteins rather than a crystal packing artifact. Moreover, the posi-
tion corresponding to PARP2 Glu335 is occupied by the shorter
aspartate (Asp766) in PARPI (Figure 1C). The crystal structure of
human PARP1 in complex with ABT-888 has been deposited in the
Protein Data Bank (2rd6). However, as no structure factors were
deposited, the quality of the model and of the ligand fitting cannot
be evaluated. Nevertheless, the atomic coordinates suggest that the
interaction between ABT-888 and the helical bundle is weak or
absent in PARPI. Future studies should address other members
of the PARP family and exploit the potential of structure-based
approaches to achieve their selective inhibition by compounds rela-
ted to ABT-888.
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FIGURE 1: (A) Superposition of the catalytic domain structures of the
human PARP2-ABT-888 complex (colored), PARPI (2rd6, light
gray), and PARP3 (3c4h, dark gray). The PARP2-bound inhibitor
is shown, and a-helix 5 of the N-terminal helix bundle domain is
labeled. (B) Superposition of the PARP2 active site with bound 3-AB
(yellow) and ABT-888. The oa-weighted Fps — Feqc electron density
map for ABT-888, rendered at 3.50, is shown. (C) Detail of the
interactions between ABT-888 and PARP2. Selected PARP2 side
chains are colored orange, and PARP1 D766 is colored pink.
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