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Abstract—Poly(ADP-ribose) polymerase 1 (PARP-1) is a key DNA repair enzyme and an important target in cancer treat-
ment. Conventional methods of studying the reaction mechanism of PARP-1 have limitations because of the complex struc-
ture of PARP-1 substrates; however, the necessary data can be obtained by molecular modeling. In this work, a molecular
dynamics model for the PARP-1 enzyme—substrate complex containing NAD™ molecule and the end of the poly(ADP-
ribose) chain in the form of ADP molecule was obtained for the first time. Interactions with the active site residues have
been characterized where Gly863, Lys903, Glu988 play a crucial role, and the Sy1-like mechanism for the enzymatic ADP-
ribosylation reaction has been proposed. Models of PARP-1 complexes with more sophisticated two-unit fragments of the
growing polymer chain as well as competitive inhibitors 3-aminobenzamide and 7-methylguanine have been obtained by

molecular docking.
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Human poly(ADP-ribose) polymerase 1 (PARP-1;
EC 2.4.2.30) is an ADP-ribosyltransferase superfamily
enzyme which has the DNA-dependent activity and cat-
alyzes the synthesis of poly(ADP-ribose) (PAR; Fig. 1)
from NAD™ molecules [1-5]. PARP-1 transfers ADP-
ribose to an acceptor protein with the release of nicotin-
amide (side chains of glutamate and aspartate residues, as
well as lysine residues, may undergo modification) [6, 7].
Next, PAR polyanion is synthesized through sequential
attachment of new ADP-ribose units with the formation
of a(1—2) glycosidic bonds [8, 9].

The binding of PARP-1 to DNA breaks results in the
modification of proteins involved in DNA metabolism, as
well as in the enzyme automodification [11, 12].
Poly(ADP-ribosyl)ation leads to the reorganization of
chromatin structure and mobilization of DNA repair pro-

Abbreviations: MD, molecular dynamics; PAR, poly(ADP-
ribose); PARP-1, poly(ADP-ribose) polymerase 1.
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teins to eliminate the damage [13-16]. In particular, auto-
modified PARP-1 forms a complex with the excision
repair protein XRCC1 which, in turn, interacts with
DNA polymerase 3 and DNA ligase III [17, 18]. Since
PARP-1 is a key DNA repair enzyme in tumor cells, great
attention has been given to the search for its inhibitors
exhibiting the anti-proliferative effect by themselves or
acting in a combination with DNA-damaging agents [19-
22]. Three synthetic inhibitors of PARP-1 have been
recently approved for the treatment of breast and ovarian
cancer: olaparib, rucaparib, and niraparib [23-25]. The
cellular functions of PARP-1, as well as its suppression,
have been analyzed in detail in many reviews [26-31].
Less is known about the molecular mechanism of the
ADP-ribosylation reaction. The active site of PARP-1
catalytic domain includes the donor (NAD") binding site
and the acceptor (PAR) binding site [32]. The NAD"
molecule supposedly forms hydrogen bonds with Gly863
and a hydrophobic contact with Tyr907 (similar to the
nicotinamide fragment mimics for which the structures of
the enzyme—inhibitor complex have been determined
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Fig. 1. Chemical structure of PAR. The first ADP-ribose unit attached to the acceptor protein is shown in blue. Polymer branching takes place
when the “nicotinamide” ribose of PAR gets involved in the nucleophilic substitution reaction. The ratio between the ADP-ribose units
attached via the elongation and branching reactions is 41 : 1 [10]. (Colored versions of Figs. 1, 2, 3, 4, 6 are available in electronic version of

the article on the site http://sciencejournals.ru/journal/biokhsm/)
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Fig. 2. Multidomain organization of the obtained human PARP-1 model with bound DNA, NAD*, and ADP molecules.

[33, 34]). Some assumptions on the acceptor substrate
binding can be made based on the PARP-1 crystal struc-
ture with an inactive structural analogue, whose adeno-
sine diphosphate fragment forms a hydrophobic contact
with Met890 and hydrogen bonds with Lys903 and
Glu988 [35]. The carboxyl group of Glu988 is located
near the scissile N-glycosidic bond of NAD™ and presum-
ably acts as a general base that activates the nucleophilic
group of the acceptor substrate and/or participates in the
transition state stabilization [33, 35, 36].

So far, there is no reliable information on the relative
orientation of PARP-1 substrates required for the reac-
tion, as well as on the structure of transition states and
intermediates. Therefore, an immediate challenge is to
model the enzyme—substrate complexes on the basis of
the available crystallographic data. A detailed study of
PARP-1 molecular interactions with the substrates is not
only of fundamental interest but may also create a basis
for the rational design of effective competitive inhibitors.
Successful solution of this task is now possible due to the
following factors: the availability of the multidomain

structure of the apo form (PDB ID 4dqy) [37, 38], the
structure of the catalytic domain with the bound acceptor
substrate analogue (1a26) [35], and recently released
structure of the PARP-1 catalytic domain with the bound
donor substrate analogue (6bhv) [39].

MATERIALS AND METHODS

The molecular model of human PARP-1 was con-
structed based on the 4dqy crystal structure (chains A, B,
C, M, and N). The coordinates of the missing loop 576-
583 in the WGR domain were transferred from the 2cr9
structure. The coordinates of the loop 645-661 between
the WGR and catalytic domains were predicted with the
Modeller 9.20 program (Fig. 2) [40]. The coordinates of
the NAD" analogue were transferred from the 6bhv struc-
ture, after which its benzamide fragment was converted to
nicotinamide by replacement of the corresponding car-
bon atom with nitrogen. The coordinates of the Arg878
side chain, which interacts with the NAD™ adenine group
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and displays significant conformational mobility, were
also taken from 6bhv. The coordinates of ADP as a struc-
tural analogue of the acceptor substrate were transferred
from the 1a26 structure. Matt 1.00 was used for the super-
imposition of structures [41].

Next, the structure was optimized and studied by
molecular dynamics (MD) simulation using AmberTools
15 and Amber 14 [42, 43] installed on the Moscow State
University supercomputer [44]. Hydrogen atoms were
added considering the ionization properties of residues;
in particular, the imidazole ring of the active site residue
His862 was modeled with protonated N°' atom. The
structure was surrounded by a layer (12 A) of TIP3P
water, and sodium ions were added to neutralize the neg-
ative net charge. At the first stage of energy minimization
of the obtained system (2500 steps of the steepest descent
algorithm + 2500 steps of the conjugate gradient algo-
rithm), the coordinates of the protein, DNA, and sub-
strates were kept fixed by the positional restraints of
2 kcal/(mol-f\z) on heavy atoms. The second minimiza-
tion stage (5000 steepest descent steps + 5000 conjugate
gradient steps) was carried out without restraints. The
system was then heated up from 0 to 300 K with posi-
tional restraints of 1 kcal/(mol-f‘f) on the protein, DNA,
and substrate atoms (250 ps, constant volume) and equil-
ibrated at 300 K (500 ps, constant pressure). The acqui-
sition of the equilibrium conformation of the substrates
was confirmed by analyzing the root-mean-square devi-
ation of their atoms from the initial positions.
Subsequently, using the prepared structure, a 5000-ps
trajectory of the equilibrium MD simulation was calcu-
lated and analyzed. The integration step was 0.002 ps,
taking into account the use of the SHAKE algorithm.
The non-bonded cut-off distance was 10 A. The temper-
ature and pressure were controlled using the Langevin
and Berendsen algorithms. The ff14SB force field [45]
was used to describe the protein and DNA with molecu-
lar mechanics, and parameters from the Amber
Parameter Database [46-48] were used to describe NAD*
and ADP molecules.

A structure with the relative orientation of the sub-
strates close to the reactive configuration was selected
from the equilibrium simulation frames and subjected to
energy minimization (5000 steepest descent steps + 5000
conjugate gradient steps). The obtained structure was
used in covalent docking calculations with the Lead
Finder 1.1.15 program [49, 50]: the ADP molecule was
built up to the PAR fragments composed of two ADP-
ribose units. The missing groups of atoms were attached
to the C5' atom (elongation, branching) and C1' atom
(branching). In addition, conventional docking of 3-
aminobenzamide and 7-methylguanine inhibitors into
the active site was performed with Lead Finder (substrate
molecules were preliminary removed from the PARP-1
structure). VMD 1.9.2 was used for the visualization of
the structures [51].
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RESULTS AND DISCUSSION

Based on the available set of PARP-1 crystal struc-
tures, we constructed for the first time the MD model of
the enzyme—substrate complex with NAD™ and PAR ter-
minal fragment in the form of ADP molecule [Fig. S1 in
Supplement to this paper on the web site of the journal
(http://protein.bio.msu.ru/biokhimiya) and Springer site
(Link.springer.com)]. The obtained solvated system
included, besides the substrates, 703 amino acid residues,
52 nucleotides, 2 Zn?" ions, 49 Na' ions, and 73,281
water molecules. Analysis of the PARP-1 equilibrium
simulation trajectory has revealed the following impor-
tant intermolecular interactions. NAD" nicotinamide
group forms two hydrogen bonds with Gly863 (table and
Fig. S2 in the Supplement) and =w-stacking with Tyr907
side chain, which is consistent with the results of homol-
ogy modeling obtained using the structures of other
superfamily members (diphtheria toxin and exotoxin A)
[34, 52]. The adenine ribose of NAD™ interacts via a
hydrogen bond with the N** atom of His862 imidazole
ring. The adenine substituent of the PAR terminal ribose
forms persistent hydrophobic contact with the Met890
side chain, and the pyrophosphate group forms a hydro-
gen bond with the Lys903 amino group which, in turn,
stabilizes the position of GIlu988 residue crucial for catal-
ysis. The carboxyl group of Glu988 forms hydrogen bonds
with the 24-hydroxyl group of NAD* and the 3-hydrox-
yl group of the PAR fragment, providing the required rel-
ative orientation of the donor and acceptor substrates
(Fig. 3a; subscripts N and A denote nicotinamide and
adenine ribose, respectively).

Here we should mention that some authors consider
that Glu988 also forms a hydrogen bond with the 2'-
hydroxyl group of PAR and acts as a proton acceptor
upon the nucleophilic attack by the Sy2 mechanism [35,

Key interactions in the PARP-1 active site revealed by
the equilibrium MD simulation. Mean distances are pre-
sented with standard deviations

Interaction Distance, A
Glu988:0E1 -- NAD*:2y-OH:H 1.7£0.1
Glu988:0E2 -- ADP:3,-OH:H 1.7£0.2
Gly863:H - NAD":CONH,:0 20+02
Gly863:0 - NAD":CONH,:H 24104
Lys903:NH;:H* --- ADP:P,0,:0 1.9+0.3
Lys903:NH;:H* - Glu988:0E2 20+0.2
NAD":CONH,:H -- NAD*:P,0,:0%* 1.9+0.2

* For each frame from the trajectory, the minimum of the distances to
the hydrogen atoms of Lys903 amino group was taken into account
because of the ability of this group to undergo rotation.

** Intramolecular hydrogen bond of NAD".
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Fig. 3. Relative positions of NAD" and PAR in the models of PARP-1 enzyme—substrate complexes obtained by MD and docking methods:
a, b) elongation; c, d) branching. It can be seen that the pyrophosphate group attached to the attacking PAR ribose occupies very similar posi-

tions.

36, 53, 54]. However, during the simulation, we failed to
observe the formation of the above-mentioned hydrogen
bond or the reactive in-line configuration of the
ADP:02,, NAD":Cl{, and NAD*:N1y atoms, typical
for the S\2 mechanism. The mean distance 02} --- C1y
was 4.2 A; the angle 02} - C1{ - N1y was 135° (Fig. 4),
whereas the distance required for the nucleophilic attack
is ~3 A, and the angle should not deviate significantly
from 180° [55]. This suggests that the PARP-1-catalyzed
reaction of ADP-ribosylation may have an alternative

Sy1-like mechanism (Fig. 5). Apparently, an oxocarbeni-
um ion intermediate is formed first and stabilized due to
the negative charge of the Glu988 carboxyl group. The
reactive center proceeds to the planar configuration,
which facilitates subsequent attack by the 2'-hydroxyl
group of the acceptor. In view of the fact that PAR is a
negatively charged biopolymer, its binding in the PARP-1
active site as an acceptor substrate may also contribute to
the formation of the oxocarbenium ion. Interestingly, a
similar mechanism was established for other ADP-ribo-
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Fig. 4. Angle vs. distance distribution for the PARP-1 reactive
center atoms obtained by the equilibrium MD simulation. Each
point corresponds to a frame from the trajectory; the structure
used for docking (# = 3234 ps) is marked in green.

syltransferase superfamily members such as PARP-10
[56], diphtheria toxin [57, 58], exotoxin A [59, 60], and
iota toxin [61, 62].

Considering possible formation of the oxocarbenium
ion in the PARP-1 active site, we can also propose a
mechanism for the initiation of PAR synthesis, when the
ADP-ribose acceptor is a glutamate or aspartate residue
on the protein surface subjected to modification. In this
case, one of the oxygen atoms of the modified carboxyl
group may occupy the position of the PAR 2’-hydroxyl
group near the scissile glycosidic bond. The negative
charge on the carboxyl group of the acceptor protein pro-

Ade

Gluoss

Glu988

motes NAD" cleavage with the oxocarbenium ion forma-
tion, followed by the nucleophilic attack. This explains
the fact that the E988Q and E988A mutations significant-
ly reduce the ability of PARP-1 to catalyze the elongation
reaction but have little effect on the initiation stage [36].
G1u988 provides the reactive orientation of the substrates
(NAD" and PAR) and stabilizes the intermediate during
the PAR chain growth. However, this residue plays less
important role at the initiation stage, when its stabilizing
function is performed by the carboxyl group of the accep-
tor protein.

The obtained MD structure of PARP-1 characterizes
the relative orientation of NAD™ and attacking PAR
ribose in the case of the model ADP molecule, but does
not provide information on the position of the growing
polymer chain. Construction of more complex PAR frag-
ments consisting of two ADP-ribose units was carried out
by covalent docking. For this purpose, we selected a frame
from the MD simulation trajectory in which the relative
positions of the substrates were close to the reactive con-
figuration (Fig. 4), and the NAD" nicotinamide ribose
was in the 3'-exo conformation. In this conformation, the
C24, Cly, 04y, and C4y atoms are all in the same plane
(as in the oxocarbenium ion), which should facilitate for-
mation of the reaction intermediate. Then, the missing
groups of atoms were attached to the ADP molecule, pro-
ducing coordinates of the acceptor substrate (PAR) for
the elongation and branching reactions. In elongation, a
new unit is transferred to the terminal adenine ribose of
PAR; the reactive orientation of the substrates is shown in
Fig. 3, a and b. Polymer branching occurs periodically,
when a new unit is transferred to the “nicotinamide”
ribose (Fig. 1) [10, 63, 64]. To undergo this reaction, PAR
is considered to be rotated 180°, which allows the 2,-OH
group to occupy the reactive position of 2,-OH (Fig. S3
in the Supplement). The position of the pyrophosphate
group attached to the attacking ribose, meanwhile, does
not undergo significant changes [35]. To model the PAR

Ade

OH [¢]

Fig. 5. Proposed Sy1-like mechanism of ADP-ribosylation catalyzed by PARP-1. The negatively charged carboxyl group of Glu988 stabilizes

the intermediate (oxocarbenium ion).
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Fig. 6. Docking poses of 3-aminobenzamide (a) and 7-methylguanine (b) in the PARP-1 active site. The phenyl group of Tyr907 (shown in
yellow) forms mt-stacking interactions with the inhibitors; coordinates of NAD™ nicotinamide group in the PARP-1 MD structure are shown

in gray.

position corresponding to the branching reaction, ADP
adenine group was replaced by the ADP-ribose moiety
with inversion of the C1' atom configuration (Fig. 3, ¢
and d). One can compare the orientations of the growing
polymer chain for the elongation and branching reactions
shown in Fig. 3, b and d.

The relevance of the obtained model of the enzyme—
substrate complex and the importance of the established
interactions in the active site of the MD structure were
confirmed by docking of two known PARP-1 inhibitors
proposed to be competitive. The first compound, 3-
aminobenzamide, is a well-studied structural analogue of
NAD™ nicotinamide group [65-67]. The second com-
pound, 7-methylguanine, is a new PARP inhibitor with
promising pharmacokinetics and toxicity profiles. This
nucleic acid metabolite was found to accelerate apoptot-
ic death of cancer cells in combination with cisplatin and
doxorubicin in vitro and to exert no significant adverse
effects on the organism in preliminary in vivo tests [68-
70]. Molecular docking has shown that 3-aminobenz-
amide and 7-methylguanine occupy the binding site of
the NAD™ nicotinamide group, forming substrate-specif-
ic interactions with the Gly863 and Tyr907 residues (Fig. 6).
In the case of 7-methylguanine, the functional amide
group is built in the fused-ring system, but it does not pre-
vent formation of hydrogen bonds with Gly863 (Fig. 6b).

This research has resulted in the development of the
enzyme—substrate complex model of human PARP-1.
Analysis of the MD trajectory of the complex allowed us
to describe the relative orientation of the donor substrate
(NAD™ molecule) and the acceptor substrate (PAR frag-
ment), as well as their interactions with the active site
residues, where Gly863, Lys903, and Glu988 play a cru-

cial role. This led us to conclude that the PARP-1-cat-
alyzed synthesis of PAR may have the Sy1-like mecha-
nism involving formation of oxocarbenium ions. Docking
methods showed that the binding site of the NAD*
nicotinamide group is a target for 3-aminobenzamide and
7-methylguanine inhibitors. The obtained model of the
enzyme—substrate complex could be used in further
design of the next-generation PARP inhibitors. In partic-
ular, it might serve as a basis for hybrid quantum mechan-
ics/molecular mechanics modeling of the PARP-1 inter-
mediate structure for screening of molecules complemen-
tary to the corresponding conformational state of the
active site.
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