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ABSTRACT: Inhibitors of poly(ADP-ribose) polymerase (PARP, EC 2.4.2.30) are of clinical interest because
they have potential for improving radiation therapy and chemotherapy of cancer. The refined binding
structures of four such inhibitors are reported together with the refined structure of the unligated catalytic
fragment of the enzyme. Following their design, all inhibitors bind at the position of the nicotinamide
moiety of the substrate NAD+. The observed binding mode suggests inhibitor improvements that avoid
other NAD+-binding enzymes. Because the binding pocket of NAD+ has been strongly conserved during
evolution, the homology with ADP-ribosylating bacterial toxins could be used to extend the bound
nicotinamide, which is marked by the inhibitors, to the full NAD+ molecule.

Poly(ADP-ribose) polymerase (PARP,1 EC 2.4.2.30) is
located in the nucleus of most eukaryotes and helps to
maintain genomic integrity in base excision repair (1), in
DNA recombination (2), and in cellular differentiation (3).
Moreover, it participates in chromatin organization (4).
PARP is activated by binding to DNA strand breaks (5). It
modifies numerous nuclear proteins such as histones, proteins
of the replication machinery, and also PARP itself by initial
ADP-ribosylation as well as subsequent elongation and
branching (every 40-50 units) of the protein-attached ADP-
ribose chain. The catalyzed reaction is NAD+ + X f ADP-
5′-ribose-1′-X + nicotinamide, where the acceptor X is a
glutamate of a protein (initiation), the 2′-hydroxyl of the
terminal adenine ribose of poly(ADP-ribose) (elongation),
or the 2′-hydroxyl of a nicotinamide ribose of the polymer
(branching). The modified proteins lose their affinity to
DNA and provide space for DNA repair. PARP is a potential
antitumor drug target because its inhibitors potentiate the
cytotoxic effects of radiation and of monofunctional alkyla-
ting agents used in cancer therapy (6, 7).
Human PARP consists of 1014 residues organized in three

functionally distinct parts: an N-terminal DNA-binding
region, a central regulatory region, and a C-terminal region

carrying the ADP ribosyltransferase (ARTase) activity (5).
The C-terminal region keeps the basal activity of nonacti-
vated PARP, which is 0.2% of the maximum (8). The
structure of a C-terminal catalytic fragment of the PARP from
chicken (PARP-CF) is known (9). It is structurally homolo-
gous to the catalytic domains of bacterial ADP-ribosylating
toxins (9). Presumably, the family also comprises other
known ARTases (10). Here we report the refined crystal
structure of unligated PARP-CF from chicken at 2.3 Å
resolution together with the structures of four specific PARP
inhibitor complexes at resolutions of 2.4-2.8 Å. Further-
more, the binding mode of NAD+ is deduced from the
nicotinamide position marked by the inhibitors in conjunction
with homology modeling based on a toxin complex (11).

MATERIALS AND METHODS

Crystal Production and Data Collection.PARP-CF was
produced and crystallized as described (12). The structure
of the unligated enzyme was established by multiple iso-
morphous replacement at 2.5 Å resolution (9). A new data
set was then collected to 2.3 Å resolution using synchrotron
radiation (beamlines X11 and BW7B with image plates;
EMBL outstation, Hamburg) and processed with MOSFLM
(13) and SCALA (14). Furthermore, three crystals of
inhibitor complexes were produced by cocrystallizing with
0.03 mM 4-amino-1,8-naphthalimide (4ANI), 5 mM 3-meth-
oxybenzamide (3MBA), and 10 mM 8-hydroxy-2-methyl-
3-hydroquinazolin-4-one (NU1025), respectively. The X-ray
data from these crystals were collected at a synchrotron
(beamline X31 with image plate; EMBL outstation, Ham-
burg) and processed with DENZO and SCALEPACK (15).
The data from a fourth inhibitor complex [cocrystals with
1.8 mM 3,4-dihydro-5-methylisoquinolinone, PD128763 (9)]
were refined. The inhibitor structures are depicted in
Figure 1.

† This work was supported by the Deutsche Forschungsgemeinschaft
under SFB-388 and by the Association pour la Recherche contre le
Cancer.

‡ The coordinates and structure factors are deposited in the Protein
Data Bank under codes 2PAW, 1PAX, 2PAX, 3PAX, and 4PAX.
* Corresponding author: Phone:+49-761-203-6058. Fax:+49-

761-203-6161. E-mail: schulz@bio5.chemie.uni-freiburg.de.
§ Institut für Organische Chemie und Biochemie.
| EÄ cole Supe´rieure de Biotechnologie de Strasbourg.
1 Abbreviations: 3MBA, 3-methoxybenzamide; 4ANI, 4-amino-1,8-

naphthalimide; ARTase, adenosine 5′-diphosphate ribosyltransferase;
DT, diphtheria toxin; NMN, nicotinamide mononucleotide (â-nicoti-
namide ribose 5′-phosphate); NU1025, 8-hydroxy-2-methyl-3-hydro-
quinazolin-4-one; PARP, poly(ADP-ribose) polymerase; PARP-CF,
catalytic fragment of PARP; PD128763, 3,4-dihydro-5-methylisoquino-
linone.

3893Biochemistry1998,37, 3893-3900

S0006-2960(97)02383-0 CCC: $15.00 © 1998 American Chemical Society
Published on Web 02/26/1998



Structure Determination and Refinement.The structure
of complex PARP-CF:PD128763 (9) was refined to comple-
tion, using X-PLOR with bulk solvent correction (16, 17)
and adding further water molecules. The resulting peptide
structure was taken as the starting model for all other
structures reported here.
For the refinement of the three other inhibitor complexes,

we started with the polypeptide and the water molecules of
complex PARP-CF:PD128763 and added the respective
inhibitor. Topology and parameter files of the inhibitors
were produced with XPLO2D (18) from models created with
SYBYL (19). The resulting models were then subjected to
positional andB-factor refinements in X-PLOR using the
bulk solvent correction. For complex PARP-CF:NU1025
only an overallB-factor was refined.
For the refinement of unligated PARP-CF, we started with

the polypeptide of PARP-CF:PD128763 and used X-PLOR
with the bulk solvent correction (16, 17). Water molecules
were added according to the emerging electron densities.Rfree
was used throughout as a guide (20). The last refinement
round included all measured reflections. Although the
backbone electron density remained discontinuous for resi-
dues 783-786, 824-825, and 827, all of them were included
with high B-factors.
Modeling of Bound NAD+. Two rotation/translation opera-

tors were obtained by superimposing residues involved in
NAD+ binding in diphtheria toxin (11) onto the correspond-
ing residues of PARP-CF. For this purpose NAD+ was
subdivided into the nicotinamide (NMN) and adenine (AMP)
moieties, both including the phosphate-bridging O3 atom.
The first operator was based on the CR atoms of the 7
residues with atoms closer than 4 Å toNMN, and the second
operator, on the respective 12 CR atoms at the AMP moiety.
Using these operators, NAD+ as bound to diphtheria toxin
was transferred in two pieces to PARP-CF and there
reconnected by placing a new O3 atom at the center of the
two O3 positions of the pieces. This model was then relaxed
by 200 cycles of conjugate gradient energy minimization
using X-PLOR (16) and keeping the polypeptide fixed. The
nicotinamide was positionally restrained to the corresponding
atoms of the inhibitors (average of three inhibitors; NU1025
was omitted because of inferior resolution), and the ribose
puckers were restrained to those observed in the diphtheria
toxin complex (11).

RESULTS AND DISCUSSION

Structure Analysis.All crystals were isomorphous with
those analyzed before (9, 12). The reported structure of
PARP-CF is from chicken, but it shows 87% sequence
identity with the respective human fragment that is the drug
target. All stated sequence numbers are for the human
enzyme (subtract 3 to obtain chicken numbers). All crystal-
lized peptides comprise residues 654-1014, whereas the

reported structures include only residues 662-1009 for
unligated PARP-CF and residues 662-1011 for the inhibitor
complexes. The first eight and the last three (unligated: five)
residues could not be located in the electron density and are
most likely mobile. An overview of the structure is given
in Figure 2.
Using the newly collected X-ray data (Table 1), the

structure of the unligated enzyme was improved in detail
when compared to the published model (9). With higher
resolution, theB-factor distribution became more pronounced
and the number of water molecules doubled (Table 2). The
largest shifts of CR atoms were 1.5 Å, but all shifts above
0.5 Å occurred in regions with highB-factors. TheR-factor
andRfree dropped, and more indicative, the Ramachandran
quality (21) improved from 87% to 92% of the residues being
in most favored regions.
The structure of complex PARP-CF:PD128763 was im-

proved by refinement. TheR-factor andRfree dropped from
21.2% and 31.2% (9) to the rather low values of 16.9% and
24.4%, respectively. The Ramachandran quality (21) in-
creased from 89% to 92% of the residues being in most
favored regions.
The resultingB-factor distributions are depicted in Figure

3 together with the CR distances between unligated PARP-
CF and its complex with inhibitor PD128763. The CR shifts
are below 1.1 Å and occur mostly in the mobile regions and
not around the inhibitor. Remarkable is the structural
solidification around residue 908 at the bound inhibitor. The
respective data of the other inhibitors are similar.
At the packing contacts, crystal structures tend to deviate

slightly from the structure in solution. Therefore, we listed
all of these contacts in Table 3. On crystallization, 25% of
the surface area of PARP-CF is buried in the contacts.
Domain Organization.PARP-CF is monomeric and can

be subdivided into two domains (Figure 2). The N-terminal
domain (residues 662-784) consists of fiveR-helixes and
one 310-helix (Figure 3). A search with program DALI (22)
failed to show a significant structural similarity with other
domains in the Protein Data Bank. The C-terminal domain
(residues 785-1014) belongs to the family of ARTases as
derived from chain fold similarities (9). PARP is a special
family member because it mono-ADP-ribosylates a protein
(initiation) like the other ARTases, but it then elongates this
modification to a polymer. All other structurally known
family members are bacterial toxins (23-27).
Although the C-terminal domain of PARP-CF is homolo-

gous to the toxins, it cannot be expressed in a functional
form. The smallest fragment that retains the basal activity
of the nonactivated full enzyme has been found to start at
residue 654, comprising both domains (28). This observation
finds an explanation in the structure, because there is a
hydrophobic core shared between the C-terminal domain and
helix A (residues 667-676) of the N-terminal domain. The
C-terminal domain is destabilized by removing helix A
because this core is broken up and numerous hydrophobic
residues are exposed to the solvent.
Inhibitor Binding. PARP inhibitors are of clinical interest

(see above). Most of them are isosteric to the nicotinamide
moiety of NAD+ (Figure 1). We established the interactions
of three such nicotinamide analogues with PARP-CF.
Moreover, the complex structure of a fourth inhibitor,
PD128763, was improved. The data on the inhibitor

FIGURE 1: Covalent structures of the four applied inhibitors. See
Figure 4 for details.
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complexes are given in Tables 1 and 2. The electron
densities are depicted in Figure 4.
In all cases the ligated polypeptides do not differ substan-

tially from the unligated structure. The rms deviations of
the CR atoms range between 0.22 and 0.27 Å. Only the
surface loop (residues 823-827) between helix H and
â-strand b moves significantly, by about 1 Å (Figure 3),
toward the protein center, packing more tightly against helix
L (Figure 2). Two segments of PARP-CF become more

ordered upon inhibitor binding: a segment including helix
L (residues 901-910) that carries the inhibitor binding
residues Ser904 and Tyr907, and the surface loop 823-827
mentioned above (Figure 3).
As designed, all inhibitors bind to the well-defined

nicotinamide subsite of the NAD+-binding pocket (Figure
4). Common to all inhibitor complexes are the hydrogen
bonds between Gly863-N, Gly863-O, and Ser904-OG on
one side and the inhibitor amide or lactame group on the

FIGURE 2: Ribbon representation of PARP-CF(36). Secondary structure elements are labeled according to Ruf et al.(9). A sequence motif
strongly conserved within all PARP species (residues 859-908) is marked in gray. It participates in NAD+ binding as demonstrated by the
modeled NAD+ (black).

Table 1: Data Collection with Unligated and Ligated PARP-CF (Last Shell Values in Parentheses)

data set unligated PD128763a 4ANI 3MBA NU1025

resolution (Å) 28-2.3 (2.36-2.30) 12-2.4 (2.44-2.40) 15-2.4 (2.44-2.40) 20-2.4 (2.42-2.40) 15-2.8 (2.89-2.80)
wavelength (Å) 0.87/0.93 0.92 0.92 0.98 0.92
completeness (%) 94 (98) 99 (94) 95 (73) 99 (100) 100 (100)
Rmerge(%)b 12.8c (28.2)c 7.3 (28.2) 7.3 (23.2) 7.2 (39.4) 7.5 (26.8)
redundancy 4.1 (3.9) 4.5 (2.8) 3.7 (2.7) 3.7 (3.7) 4.4 (4.4)
averageI/σ 4.6c (2.5)c 11.5 (4.2) 13.8 (7.3) 9.7 (3.2) 10.5 (7.7)
collected data 63555 (4665) 68037 (1936) 49815 (1411) 56084 (2729) 40520 (3180)
unique data 15604 (1194) 14941 (692) 13590 (530) 15091 (730) 9296 (724)
B-factor (Å2)d 32 40 40 37 39
a The data are given for reference; they have already been published(9). b Rmerge ) ∑h∑i|I(h)i - 〈I(h)〉|/∑h∑i I(h)i. c The native data set was

collected from two isomorphous crystals at two different wavelengths. Merging and scaling these sets resulted in a rather low averageI/σ value,
although the respective individual values were high. We suggest that merging such data is still the best procedure to diminish the systematic errors,
despite its adverse effects on the averageI/σ and onRmerge. dDerived from Wilson plots.

Table 2: Refinement Statisticsa

structure unligated PD128763 4ANI 3MBA NU1025

resolution range (Å) 28-2.3 12-2.4 15-2.4 20-2.4 15-2.8
no. of reflections 15604 14941 13590 15091 9296
R-factor (%) 19.4 16.9 16.7 17.1 16.7
Rfree (%)b 26.8 24.4
no. of atoms, total 2842 2858 2853 2850 2830

protein 2747c 2763 2763 2763 2763
inhibitor 12 16 11 13
water 95 83 74 76 54

coordinate error (Å)d 0.29 0.29 0.30 0.29 0.32
meanB-factors, protein 35 35 36 35 31e

ligand 19 40 22 18e

water 43 42 41 40 35e

Ramachandran quality (%)f 92 92 92 92 92
a All measured reflections were used, giving rise to a variety of low-resolution limits. The X-PLOR bulk solvent correction(17)was applied. For

all structures the rms deviations from standard geometry are 0.010 Å for bond lengths and 1.5° for bond angles. The rms deviations ofB-factors
along a bond are in the range 2.3-2.8 Å2 (4.2-4.8 Å2) for main (side) chain atoms. Those along an angle are 3.7-4.4 Å2 (6.6-7.3 Å2). b Rfree was
calculated for a 10% random subset of the data(20). cResidues 1010-1011 are missing when compared with the others.d According to(35), using
data from 5.0 Å to the resolution limit.eTheB-factor distribution was taken from the PD128763 model, and only the overallB-factor was refined.
f Residues located in most favored regions(21). There is no residue in a disallowed region.
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other. The more potent inhibitors PD128763, 4ANI, and
NU1025 have the amide group fixed in a heteroring (Figure
1). A superposition of the polypeptides in Figure 5
demonstrates that the positional differences between the
inhibitors are small. Omitting NU1025 because of inferior
resolution, the respective atoms have been averaged to yield
the nicotinamide position. The nicotinamide-binding pocket
is lined by residues 862-863, 896-898, 903-904, 907, and
988 (at least one atom at a distance below 4 Å).
3MBA and 3-aminobenzamide are widely used inhibitors

in PARP research and serve as references for new inhibitors.
Both have a rotable amide group lowering their affinity for
entropic reasons. Moreover, 3MBA does not interact as
extensively as the bi- and tricyclic inhibitors with Tyr896

and Tyr907 forming the walls of the nicotinamide-binding
pocket. The latter inhibitors have lower IC50 values, but they
also show low solubility (especially PD128763 and 4ANI),
limiting their usefulness. The solvent-accessible protein
surfaces covered by PD128763, 4ANI, 3MBA, NU1025 and
nicotinamide are 119, 144, 115, 127, and 96 Å2, respectively.
Although not designed to do so, 4ANI and NU1025 form

additional hydrogen bonds to the polar side chain atoms of
Glu988 and Tyr907, respectively. On the basis of the
observed structures, inhibitors can now be modified to
interact even more favorably with the polypeptide. A
carboxamide group, for instance, could be attached to the
5-methyl group of PD128763 (Figure 1) for hydrogen
bonding to Lys903-NZ, Tyr907-OH, and Glu988-OE2. This
should increase the specificity as well as the solubility of
this inhibitor.
NAD+ Binding. In numerous experiments we tried to bind

NAD+ and analogues in PARP-CF crystals by soaking with
and without subsequent flash freezing and by cocrystalliza-
tions. In none of our attempts did we find a bound ADP-
ribose moiety of NAD+. Fortunately, there are two ligated
homologous structures, from which the location of this part
can be deduced. The binding site of the NAD+ analogue
â-methylenethiazole-4-carboxamide adenine dinucleotide is
known for exotoxin A fromPseudomonas aeruginosa(27),
and two crystallographically independent NAD+ sites are
known for diphtheria toxin (DT) (11). The two binding
structures resemble each other closely. We used only the
structure of complex DT:NAD+ because it appears to be
closer to the natural situation.
The cores of the catalytic domains of four ADP-ribosy-

lating bacterial toxins (23-25, 27) have previously been
superimposed on PARP-CF, aligning 44-59 residues within
a 3.0-Å cutoff (9). For DT this alignment left the residues
binding to the adenine moiety of NAD+ outside the 3-Å
cutoff. Therefore, we did a local structural alignment based
on the 17 residues with one atom closer than 4 Å to the
NAD+ molecule in complex DT:NAD+ (11), seven of which
are conserved in PARP (Figure 6). For modeling NAD+

bound to PARP-CF, we split NAD+ into two parts and
transferred them separately as described in the Materials and

FIGURE 3: Chain mobilities and shifts. Top:B-factor distributions of unligated (s) and PD128763-ligated (- - -) PARP-CF. The secondary
structures depicted in Figure 2 are specified. Bottom: Distribution of CR atom shifts on binding inhibitor PD128763. The respective plots
for the three other inhibitor complexes are similar. The residues with atoms closer than 4 Å to theinhibitor are marked as black bars.

Table 3: Crystal Contacts of PARP-CF

contact
contact
areaa (Å2)

involved
residuesb

no. of
hydrogen bonds

I 910 a-b1 7
910 b-a2 7

II 480 c-d3 4
480 d-c4 4

III 380 e-f5 3
380 f-e6 3

IV 280 g-h7 3
280 h-g8 3

a The solvent-accessible area of the reference molecule buried in
the crystal contact as calculated with X-PLOR (probe radius 1.4 Å).
The total solvent-accessible surface of PARP-CF is 16278 Å2. bResi-
dues whose solvent-accessible surface decreases by more than 1 Å2 on
packing. A minor contact between residues 667 and 722 has been
neglected. The reference molecule at [x, y, z] is in contact with eight
symmetry-related molecules: 1, S4+ (0, 0, 0); 2, S4+ (-1, 0, 0); 3,
S2+ (1, 1, 0); 4, S2+ (1, 1,-1); 5, S3+ (2, 0, 0); 6, S3+ (2, -1,
0); 7, S3+ (1, 0, 0); and 8, S3+ (1,-1, 0), where S2) [1/2 - x, -y,
1/2 + z], S3) [-x, 1/2 + y, 1/2 - z], and S4) [1/2 + x, 1/2 - y, -z]
are the symmetry operators. Residue lists: a) 692, 695, 700, 725-
727, 730, 734, 737-738, 741-751, 753; b) 668, 671, 675, 678, 680-
681, 683-684, 687-688, 690, 693-694, 743, 745, 834, 866, 911-
916, 1004, 1006, 1008-1012; c) 679, 683, 693-695, 697-700, 775,
779, 782-785; d) 852-857, 928, 931, 933, 951, 958, 961, 963, 965-
966, 968, 977-979; e) 819, 822, 827, 830, 832, 957, 959, 973, 975,
1008-1012; f) 664, 787, 800, 802, 809-810, 813, 838, 840, 849,
962-966; g) 720-724, 726, 729, 753, 755, 980-981; h) 707, 846,
849, 850, 852-853, 883.
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FIGURE 4: Inhibitor binding to PARP-CF. For each structure the observed (2Fo - Fc) electron density of the inhibitor was contoured at 1σ.
All inhibitors mimick nicotinamide and actually bind in the nicotinamide-binding pocket of the enzyme. A: PD128763 (IC50 ) 0.16µM)
(37). B: 4ANI (IC50 ) 0.18µM) (38). C: 3MBA (IC50 ) 10 µM) (38). D: NU1025 (IC50 ) 0.4 µM) (39).
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Methods. In the subsequent conformational refinement we
applied the experimental information on the nicotinamide
position marked by the inhibitors (Figure 5). The final model
is depicted in Figures 7 and 8. The putative interactions
are listed in Table 4. The adenine moiety is deeply buried
and fixed by specific hydrogen bonds and by hydrophobic
interactions. The pocket leaves some space for water
molecules.
The resulting model shows internal steric strain at the

adenosine ribose that appears to be more serious than the
strain observed in DT:NAD+ (11). This additional strain is
in agreement with our failure to bind NAD+ in crystallized
PARP-CF. Because the strain is relieved on ADP-ribose
transfer, it has been suggested that this strain helps in driving

the reaction (11). The modeled NAD+ conformation is more
compact than in DT:NAD+ (the C1′-C1′ distance is 9.6 Å,
versus 11.0 Å at an rms deviation of 1.4 Å for all atoms). It
is much more compact than in dehydrogenases and related
enzymes (29).
The NAD+ model is further supported by random mu-

tagenesis studies searching for PARP with reduced activity.
Among the observed mutants, five showed exchanges at the
modeled NAD+ (one atom closer than 4 Å), namely, N868S,
L877P, F897S, F897Y, and E988K, with 4, 2.5, 10, 25, and
1.3% of wild-type activity, respectively (30). Four further
mutations concerned nearby residues, namely, F869S, G871R,
C908R and Y989H, with 25, 18, 0.5, and 65%, respectively
(30).

FIGURE 5: Superposition of all four inhibitors as based on the polypeptide. The neighboring residues of unligated (thin lines) and 4ANI-
ligated (thick lines) PARP-CF are given. The average position of nicotinamide is marked (dashed lines). NU1025 was excluded from
averaging because of inferior resolution. The resulting nicotinamide was used in homology modeling of bound NAD+.

FIGURE 6: Sequence alignment of DT with PARP-CF. Conserved residues are marked by vertical bars. The underlined residues are within
the 3-Å cutoff of the homologous chain folds(9). For the transfer to PARP-CF, the 17 residues involved in NAD+-binding in DT (*) were
separated into 7 at the NMN moiety and 12 at the AMP moiety of NAD+.

FIGURE 7: Stereoview of modeled NAD+ as bound to PARP-CF. Putative hydrogen bonds are given (dashed lines). The NAD+ model is
based on the nicotinamide position marked by the inhibitors and on homologous binding of the ADP-ribose moiety to diphtheria toxin(11),
which corresponds to the ADP-ribose moiety binding toPseudomonas aeruginosaexotoxin A (27). The water molecule is also present in
complex DT:NAD+. See Figure 8 for the residue types. CR atoms are marked by dots.
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It should be noted that in both known complexes of
ARTases with NAD+ or analogues the so-called “active site
loop” becomes labile on NAD+ binding (11, 27). The
equivalent loop of PARP was not used in homology
modeling (Figure 6). It consists of residues 881-888 that
have low mobility and contact the N-terminal domain of
PARP-CF (Figure 1). This correlates well with our failure
to bind NAD+ in the crystals. Furthermore, it agrees with
the observation that the random mutant L713F of the
N-terminal domain increases the PARP activity by a factor
of 9 (31), because position 713 is near this loop and is likely
to disturb its conformation. Taking these data together, we
suggest that the N-terminal domain participates in PARP
activity modulation.
Our proposed NAD+ model is consistent with photo-

labeling studies demonstrating that 2-azido-NAD+ (azido
group at C2A) labels Lys893 and Trp1014 of human PARP-
CF (32). Lys893 is located in a loop shielding the adenine
moiety of NAD+ against the solvent (Figure 7).The distance
between C2A and Lys893-O, which had been suggested as
the labeled atom (32), is 10 Å. The conformation of this
loop most likely changes when accommodating the additional
azido group such that any atom of Lys893 could come close
to C2A, explaining the observed label. Trp1014 is the mobile
chain end of PARP-CF that clearly cannot be reached by a
2-azido-NAD+ molecule bound to the modeled NAD+ site,
because the azido group is buried and at a distance of about
30 Å. Here we suggest that labeling occurs at a subsite of
poly(ADP-ribose), which is possible because the photolabel
is incorporated in the polymer (33). The polymer subsites
should be at the surface around the nicotinamide not far from
the C-terminus (Figure 2), and it is quite conceivable that

the occupant of a subsite can be reached and possibly covered
by the mobile Trp1014, explaining its label.
NAD+ Conformation and Catalysis.A survey of nicoti-

namide riboses of NAD(P) in the Protein Data Bank yielded
26 independent examples that split nearly equally (11:15)
into the two major conformations around 3′-endoand around
2′-endo, respectively. In the two known cases with ARTases
(11, 27), the NMN moiety of NAD+ binds with a ribose
pucker close to 3′-endoand the nicotinamide in syn position
with angleø[O4′-C1′-N1-C2] between-20° and+50°.
The 3′-endopucker leaves the C1′N atom well accessible,
whereas 2′-endoshields it (11). In our NAD+ model we
kept the 3′-endopucker of DT:NAD+.
Presumably, ARTases operate via a transition state with

substantial oxocarbenium ion character, similar to the reac-
tion mechanism of inverting glycosidases (7, 34). The
oxocarbenium forces the four ribose atoms C2′, C1′, O4′,
and C4′ into a plane, which is already assumed in the 3′-
endopucker but strongly violated in 2′-endo. We therefore
suggest that all ARTases bind NAD+ with the nicotinamide
ribose close to the 3′-endo pucker and thus close to the
transition state, reminiscent of lysozyme binding the reacting
pyranose in a suitably deformed conformation.
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