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ABSTRACT The crystal structures of the catalytic frag-
ment of chicken poly(ADP-ribose) polymerase [NAD* ADP-
ribosyltransferase; NAD*:poly(adenosine-diphosphate-D-
ribosyl)-acceptor ADP-D-ribosyltransferase, EC 2.4.2.30] with
and without a nicotinamide-analogue inhibitor have been
elucidated. Because this enzyme is involved in the regulation
of DNA repair, its inhibitors are of interest for cancer therapy.
The inhibitor shows the nicotinamide site and also suggests
the adenosine site. The enzyme is structurally related to
bacterial ADP-ribosylating toxins but contains an additional
a-helical domain that is suggested to relay the activation
signal issued on binding to damaged DNA.

DNA strand breaks introduced by DNA damaging agents
trigger the endogenous synthesis of poly(ADP-ribose) by the
enzyme poly(ADP-ribose) polymerase (PARP, NAD*: ADP-
ribosyltransferase; NAD*:poly(adenosine-diphosphate-D-
ribosyl)-acceptor ADP-D-ribosyltransferase, EC 2.4.2.30). In
response to a break, PARP catalyzes the covalent attachment
of ADP-ribose units from NAD™ to itself (automodification)
and to a limited number of nuclear DNA-binding proteins
(heteromodification), thus decreasing their affinity for DNA
(1, 2). The reaction is NAD* + X — X-1'-ribose-5'-ADP +
nicotinamide, where X is a side chain of a protein to be
modified (generally a glutamate, chain initiation), or the 2'- or
3’-OH group of the ADP moiety of monomeric or polymeric
ADP-ribose (chain elongation or branching), or water (hydro-
lysis). PARP has emerged in the last decade as a critical
regulatory component of the immediate cellular response to
DNA damage; in particular, it affects base excision repair
(3-5). When bound to nicked DNA and activated, PARP is a
homodimer of M; 2 X 113,000. The polypeptide has a highly
conserved modular organization consisting of an N-terminal
DNA-binding domain (apparent M; 46,000), a central regu-
lating segment (apparent M, 22,000), and a C-terminal region
(apparent M, 54,000) accommodating the catalytic center (6).
The N-terminal domain acts as a DNA nick sensor, encom-
passing two zinc-finger motifs and a bipartite nuclear location
signal. The central segment carries ADP-ribosylation sites
modulating the interaction of PARP with DNA. The C-
terminal region is the most strictly conserved part of the
enzyme. It can be cut down to a 40-kDa C-terminal polypep-
tide without losing the basal catalytic activity (7). The structure
of this catalytically competent 40-kDa fragment of PARP from
chicken (PARP-CF, corresponding to functional region F of
ref. 6) is here reported.

METHODS

The 40-kDa C-terminal catalytic fragment of PARP from
chicken, PARP-CF, was expressed in insect cells (Spodoptera
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frugiperda, Sf9). PARP-CF comprises residues 654-1014. Be-
cause most of the literature refers to human PARP, we use
human numbering throughout the text (subtract 3 for the
respective chicken numbers in PARP-CF). PARP-CF was then
purified and crystallized as described (8). Macroseeding in
hanging drops yielded crystals suitable for x-ray analysis. The
crystals belong to space group P2;2,2; with unit cell dimen-
sions 59.3 X 65.0 X 96.7 A3 and one molecule PARP-CF in the
asymmetric unit.

The structure was solved by multiple isomorphous replace-
ment based on three heavy atom derivatives (Table 1). All data
except for the inhibitor complex were collected with a multi-
wire area detector (model X-1000; Siemens, Karlsruhe, Ger-
many) by using Cu K, radiation from a rotating anode
generator (model RU200B, Rigaku, Tokyo; model M18XHF,
Siemens). The mercury sites were determined by difference
Patterson maps, whereas iridium was located by a difference
Fourier map. The heavy atom parameters were refined with
program ML-PHARE (9), and phases were improved by solvent
flattening and histogram matching in program pM (10). For
this analysis, we took data set Native-1. The resulting electron
density map was used to build a poly-alanine model consisting
of numerous short fragments covering 264 of the 361 residues
of PARP-CF. The model was completed by manual model
building in program o (11) by using oa-weighted MIR maps at
2.9-A resolution together with positional refinement in X-PLOR
(12). Simulated annealing refinement (12) was continued with
data set Native-2 (Table 2). The present model incorporates
residues 662-1010 of PARP-CF together with 50 solvent
molecules. The first eight and the last four residues of the
polypeptide could not be located. Apart from other indices, the
good quality of the resulting model is best demonstrated by the
Ramachandran quality (14) stated in Table 2.

The x-ray diffraction data set of the enzyme/inhibitor
complex was collected on an image plate (MAR Research,
Hamburg, Germany) with synchrotron radiation (European
Molecular Biology Laboratory outstation, Deutsches Elek-
tronen Synchrotron, Hamburg) using a crystal produced by
cocrystallization of PARP-CF with 1.8 mM of the NAD*
analogue inhibitor PD128763 (see Fig. 3). The crystals were
isomorphous with the native enzyme crystals. The inhibitor
was clearly visible in the initial (F, — F) electron density map
at 2.4-A resolution. The structure was refined with X-PLOR
(12).

Abbreviations: PARP, poly(ADP-ribose)polymerase; PARP-CF,
PARP catalytic fragment (residues 655-1014, human numbering).
Data deposition: The atomic coordinates and structure factors have
been deposited in the Protein Data Bank, Chemistry Department,
Brookhaven National Laboratory, Upton, NY 11973 (reference
1PAW, 1PAX). This information is embargoed for 1 year (coordi-
nates) and 1 year (structure factors) from the date of publication.
#To whom reprint requests should be addressed. e-mail: schulz@
bio5.chemie.uni-freiburg.de.
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Table 1. Structure determination
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Table 2. Refinement and model statistics

Heavy atom derivatives

Native-1 =~ NapHgly4 MMA* Na3lrCls
Resolution, A 20-2.7  20-29 20-3.5 20-3.3
Completeness, % 83.1 75.9 80.2 78.8
Rym," % 6.1 5.1 9.3 4.2
Reflections 9154 6605 3872 4493
Riso, % — 12.3 12.5 11.2
Site x/y/z — 0.69/0.64/ 0.65/0.66/ 0.12/0.28/

0.67 0.67 0.23

Phasing power — 1.05 1.00 0.57

*MMA, methylmercury acetate.
TRym = EnZill(h)i — <I (h) > |/ZpZi(h);.
iRiso = 2’Eleer - Fnatl/E(Fder+Fnat)-

RESULTS AND DISCUSSION

Description of the Structure. PARP-CF is composed of two
parts: a purely a-helical N-terminal domain of residues 662—
784, and a C-terminal domain of residues 785-1010 bearing the
putative NAD* binding site (Fig. 1). The N-terminal domain
consists of an up-up-down-up-down-down motif of helices
(Fig. 2), in which the connections B-C, E-F, and F-G are 9 to
14 residues long. The core of the C-terminal domain is formed
by a five-stranded antiparallel B-sheet and a four-stranded
mixed B-sheet. These two sheets are connected via a single pair
of hydrogen bonds between strands ¢ and d. Strands c and d run
at an angle of 90°. The sheets are consecutive as sketched in

Inhibitor
Native-2 complex
Resolution, A 10-2.5 10-2.4
Completeness, % 93.6 99.3
Rym, % . 6.3 6.5
Unique reflections : 12,355 14,847
No. of located atoms 2755 2767
No. of water molecules 50 70
R-factor, % 214 21.2
Free R-factor,* % 327 31.2
Overall B-factor, A2 16 24
B-factor of inhibitor, A2 — 10
rms bond length deviation, A 0.012 0.013
rms bond angle deviation, ° 1.6 1.7
rms B-factor difference’ ’
Along a bond, A2 1.0 (1.3) 1.1 (1.6)
Along an angle, A2 - 17 (22) 19 (2.7)
Ramachandran quality,} % 87 89

*The fraction of reflections was 10% (13).

tValues for main chain atoms; in parentheses, values for side chains.

1Defined as the fraction of nonglycine nonproline residues with (¢,
¢)-angles in the “most favored regions” according to ref. 14. The only
residue in a “disallowed region” is Met-746 in structure Native-2.

Fig. 2. The central B-sheets are surrounded by five a-helices,
three 3;o-helices, and by a three- and a two-stranded B-sheet
in a 37-residue excursion between the two central B-strands g
and m.

Fig. 1. Catalytic fragment of PARP-CF. (4) Stereoview of the C* backbone of PARP-CF (residues 662-1010, human numbering). The
crystallized polypeptide contains eight more N-terminal and four more C-terminal residues. The orientation of the inhibitor PD128763 (see Fig.
3) can be recognized by the puckered lactame ring. (B) Stereoview of PARP-CF as ribbon; the inhibitor PD128763 is shown in yellow. The dotted

sphere represents the putative adenine binding site.
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FiG. 2. Topology sketch of PARP-CF showing B-strands a-n and
helices A-N. a-Helices are depicted as circles, 31o-helices are hexa-
gons, and B-strands are squares. Concentric squares indicate B-strands
running into the paper plane. Some residue numbers are given.
Hydrogen bonds in B-sheets are indicated by dots. B-strands ¢ and d
run at an angle of 90° and merely form two hydrogen bonds with each
other. These connect residues 861 and 898.

Two very different models have been proposed for PARP-
CF. One is based on weak sequence similarities with ADP-
ribosylating toxins (15), and the other on sequence similarities
to NAD(P)-dependent leucine and glutamate dehydrogenases
(16). Both models were compatible with site-directed mu-
tagenesis experiments hitting presumed active site residues
(16, 17). Now the presented x-ray structure decides this riddle
in favor of the toxins. The chain fold of PARP-CF is similar to
the folds of the catalytic domains of diphtheria toxin from
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FI1G. 3. Covalent structure of inhibitor PD128763 that mimics the
nicotinamide moiety of NAD* (31).
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Corynebacterium diphtheriae (18-21), exotoxin A from Pseudo-
monas aeruginosa (22, 23), heat-labile enterotoxin from Esch-
erichia coli (24), pertussis toxin from Bordetella pertussis (25),
and cholera toxin from Vibrio cholerae (26). It differs grossly
from the Rossmann fold of a glutamate dehydrogenase (27).

Inhibitor Binding. Specific inhibitors of PARP are of par-
ticular clinical interest because they potentiate the cytotoxic
effects of radiation and alkylating agents by inhibiting DNA
repair (28-30). The nicotinamide analogue inhibitor PD128763
(3,4-dihydro-5-methyl-isoquinolinone; Parke-Davis/Warner—
Lambert) (31) (Fig. 3) could be cocrystallized with PARP-CF
and structurally analyzed at 2.4-A resolution. The model of the
complex is of good quality (Table 2).

The inhibitor is bound to PARP-CF by two hydrogen bonds
from its lactame group to the peptide backbone of Gly-863 and
by an additional hydrogen bond of its oxygen atom to the side
chain of Ser-904 (Fig. 4). We assume that PD128763 binds to
PARP-CF in the same manner as the nicotinamide moiety of
NAD™. It binds much better than free nicotinamide, the ICsg
value being by a factor of 200 lower (32). The fixed carbamoyl
function of PD128763 and the nonpolar interactions with
Tyr-907 may account for this difference. This observation
agrees with a report stating that the carbamoyl orientation in
nicotinamide analogue inhibitors is critical for PARP inhibi-
tion (33).

The carboxylate group of Glu-988, which has been shown to
be important for catalytic activity (17), is at a distance of only

4 A to the C® atom of PD128763 that is structurally equivalent
to the anomeric Cly atom of the nicotinamide ribose of
NAD™*. At this location, Glu-988 could either function as a
general base activating the second substrate for a nucleophilic
attack an the Cly atom of the bound NAD* (17) or by
stabilizing an intermediate oxocarbenium ion at Cly (21). This

Tyr896 Glu9ss

Tyr907

F1G.4. Stereoview of the nicotinamide binding region of PARP-CF with the bound inhibitor PD128763. Hydrogen bonds are indicated by dashed
lines. The initial (F, — F¢) electron density is contoured at the 3o level. At the 20 level, all inhibitor atoms are in density.
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Sec.str. 4] % ] [ e | [£ g m ] [ n |
857 86? 89? 90? 91? 925 92:7 932 94§ 95} 98.4 99.3 99:1 IOQS
PARP-CF  RQLELWHGSRT QRG] SKSPNVICH  ADHTGLILLGEVR  GNMY HSVKGL LLYNEYIVYD VNLKYLLKL
1.6 2:5 59 67 .8 B:" 8? 13.4 13? 146 152 159 163
DT NFSSYHGTKP WKGFVISTIDNKYDAAGYSV GGVVKVTY T VVLSL  SVEYINN LSVEL
43? 44.4 46§ 4 ?. 49'7 50? 51? 51§ 5.40 5:14 . 55]: 558'
ETA GYHGTFL WRGFY[IAGDPALAYGY, ALLRVY GFYRTSL DAITH  RLETILGW
? 1? 4? S:I B? 9.4 9.8 10.1 ]:26 13'3 140 147
PT ATVYRYDS AFVSTSSSR GHHFIGYIYEVRAD YGAA  YQS| NIRRVTRV
‘4 1? 5.8 6§ 8.4 9} 9.5 9.8 10.8 123 129
LT ROYRADS GYVSTSLSL IATH FNVN PYE QIYGWYR

FiG. 5. Alignment of PARP-CF with bacterial toxins based on structural superpositions. The respective toxin residues are given as far as they
deviate by less than 3.0 A (cut-off) from their equivalents in PARP-CF. Conserved residues are boxed. See Fig. 2 for secondary structures. PARP-CF
is given with human numbers; DT, dimeric diphtheria toxin; ETA, exotoxin A from Pseudomonas aeruginosa (23); PT, pertussis toxin (25); LT,
heat-labile enterotoxin from E. coli (24). The superpositions of DT, ETA, PT, and LT with PARP-CF yield 59, 49, 50, and 44 aligned residues within

the 3.0-A cut-off, respectively. The corresponding rms C* deviations were 1.4 A, 1.3 &, 1.5

question is not decided by the virtually zero elongation and
branching activities of mutants Glu-988 — Gin(Ala, Lys) (17,
34) because the replacements are neither general bases nor can
they stabilize an oxocarbenium ion. It is also not decided by
mutant Glu-988 — Asp showing moderately reduced elonga-
tion, branching, and initiation activities (17) because the
displaced carboxylate explains the effect for both cases. More-
over, the merely moderately reduced initiation activities of
mutants Glu-988 — Gin(Ala, Lys) provide no clue because
initiation is generally started by a glutamate (from the regu-
lating segment of PARP or from another protein) that needs
no deprotonation and can also stabilize an oxocarbenium ion.

The Putative NAD* Binding Site. Given the inhibitor site
(Fig. 4) and the observation that His-862 on B-strand c as well
as Glu-988 on B-strand m are involved in NAD*-binding or
catalysis (17, 34), the adenosine site can be modeled. We
suggest that NAD™ binds in the cleft at the contact of the two
central B-sheets, where it is lined by chain segment c-J-K-d-L
as well as by segment m (Figs. 1 and 2). Segment c-J-K-d-L
contains a block of 50 amino acids (residues 859-908) that are
identical in all PARP sequences of vertebrates (6).

The NAD*-binding chain fold motif is also present in all
ADP-ribosylating toxins (35). Therefore, the NAD*-binding
site can also be deduced from the inhibitor adenylyl-3',5'-
uridine-3'-phosphate (ApUp) and from NAD™* as bound to the
catalytic domain of diphtheria toxin (19-21) or from AMP and
nicotinamide as bound to Pseudomonas exotoxin A. A chain
superposition based on the identical parts of the chain folds
(Fig. 5) shows that the nicotinamide sites in exotoxin A (23)
and diphtheria toxin (21) are in agreement with the PD128763
site in PARP-CF. Accordingly, the nicotinamide subsites are
very similar in these three enzymes; moreover the involved
residues Gly-863, Tyr-907, and Glu-988 are conserved (Fig. 5).
In contrast, the environments of the adenosine subsites differ
markedly. This site is shallow and solvent exposed in the
bacterial toxins, whereas the putative adenosine site of
PARP-CF is in a pocket lined by helix F of the additional
N-terminal domain (Fig. 1B). We suggest that this N-terminal
domain relays the signal of “PARP binding to nicked DNA”
to the catalytic C-terminal domain by a relative rearrange-
ment, giving rise to an NAD binding mode more favorable for
catalysis.

A Superfamily of ADP-Ribosyl-Transferases. The superpo-
sition of ADP-ribosylating toxins and PARP-CF shows that the
“inner” B-strands c, d, e, g, m, n of the central sheets as well
as helix L are strongly conserved in all structures despite poor
sequence similarity (Fig. 5). Moreover, the conserved active
site glutamate (Glu-988 in PARP-CF) superimposes in all
structures (Fig. 5). This striking similarity between eukaryotic
PARP and prokaryotic toxins indicates that these enzymes are
evolutionarily related. It is most unlikely that the rather

A, and 15 A.

complex topology of the NAD*-binding fold (Fig. 2) has
evolved independently. We therefore conclude that PARP-CF
and the enzymatic fractions of the toxins constitute a super-
family of ADP-ribosyl-transferases with a common character-
istic NAD*-binding fold. This family is enlarged by mamma-
lian mono(ADP-ribose) transferases as these show sequence-
and thus certainly structural similarity with the ADP-
ribosylating toxins (36).
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