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ABSTRACT

Poly polymerase 1, a protein of the PARP family, is involved in the cellular processes of DNA damage repair
and apoptosis. Disabilities within the work of this protein can lead to distinctive illnesses, including cancer.
E7449 is a novel PARP inhibitor with great potential as a cancer therapeutic. The point of this study is to
investigate the interaction between E7449 and the PARPI1 protein. In this study, a model of PARPI protein
was created with Modeller 9.16 software. First, we chose a model of PARP1 with a high degree of similarity
to the Protein Data Bank, and introduction of this model into the simulation stage was based on energy.
Simulation of its molecular dynamics was performed via GROMACS, after which its connection areas with
E7449 were ascertained by AutoDock 4.2 software. The stability of the root mean square deviation diagram
and energy indicated that the three-dimensional structural model was stable and closely approximated natural
PARPI. Docking studies also showed that this protein has an attachment site for E7449. Given the biological
importance of PARPI, the findings of this study suggest that its simulation in an in silico environment could

be used to design inhibitory ligands for eventual therapeutic purposes.
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1. INTRODUCTION

Poly (ADP-ribose) polymerases (PARPs) are enzymes involved in several reparative activities in response to
DNA damage. PARPs constitute a different bunch of 18 proteins coded by different genes, all of them have a
preserved catalytic domain. Among these, PARP1, the founding member, and PARPZ2 are the select proteins
whose catalytic capacities are specifically activated by DNA strand breaks (1). These specific isoforms are
involved in cell proliferation and death, preservation of chromatin structure, transcription, replication,
recombination, cancer cell repair, and DNA repair processes (2). It has been detailed that radiation and agents
that cause DNA damage increase PARPs activity. Some cellular substrates for PARP have been determined,
most of which are nuclear proteins involved in nucleic acid metabolism. PARPI is the first and most well-
described member of the PARP family, while PARP2 has been described as expressing a catalytic domain with
69% similarity compared to PARPI (1, 3, 4). PARPI and PARP?2 also cooperate with proteins involved in cell
division and the mitotic spindle checkpoint (5-7). Hyperactivation of the PARP pathway may selectively cause
the death of cancer cells, and hence cancer patients may be treated with small molecule inhibitors of PARPs
as chemotherapy sensitizers (4, 8). New mechanisms known for cellular resistance to PARP inhibitors may
indicate how these drugs can be best used in the clinic (9).

Structurally, PARP1 composed of four distinct functional domains: an (N)-terminal DNA-binding domain
(DBD); an automodification domain (AD) containing a BRCT motif, which constitutes the main protein
coupled with different nuclear partners; a tryptophan-glycine—arginine-rich (WGR) domain; and a carboxy
catalytic domain (C)-terminal (CAT) (10, 11). The DBD is equipped with two zinc fingers (ZF1 and ZF2) that
facilitate the binding of PARPI to DNA single-strand breaks (SSBs) and DNA double-strand breaks (DSBs),
thereby enhancing enzymatic activity (8, 12). When bound in response to DNA damage, PARPI requires NAD+
to generate a radiating polymer of ADP ribose on different nuclear protein acceptors, typically associated with
chromatin or self-bound in an auto modification response. The majority of these structural elements are

illustrated in Figure 1.
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Figl. Structure of PARP1 with its domains and mechanism of action of its inhibitors.

Heteromodification and auto modification have the same role and contribute positively to the survival of
damaged cells in the proliferating stage (13). It has been shown that the short patch repair (SPR; replaces one
nucleotide) and the long patch repair (LPR; resynthesis of 2—6 nucleotides) pathways, which are proliferating
cell nuclear antigen (PCNA)-dependent, were mostly affected in PARPI-deficient cells (14).

PARPI enzyme inhibitors are a new class of anticancer drugs that specifically kill cancer cells by targeting
defects in homologous recombination (HR) repair. Several of these drugs are approved for the treatment of
human malignancies or are currently undergoing clinical investigation. Olaparib (AZD-2281), veliparib (ABT-
888), and rucaparib (AG-014699, PF-01367338) have been used as treatments for ovarian cancer, breast
cancer, prostate cancer, pancreatic cancer, and some solid tumors (15). The novel anticancer drug E7449
(also called 2X-121) is an oral medicine with the ability to permeate the blood-brain barrier (BBB) and is a
potent small-molecule inhibitor of PARP1 and PARP2. In preclinical studies, E7449 has been demonstrated
to augment the antitumor activity of chemotherapy and radiotherapy and has acted as a single agent in BRCA-
deficient and various other tumors. The protein known as Breast Cancer Type 1 susceptibility protein is a
protein encoded by the BRCA gene in humans. Stage 1 research on E7449 as an antitumor agent is in progress
to determine the maximum tolerated dose (MTD), safety, pharmacokinetics, pharmacodynamics, pilot activity,
and investigative biomarker analysis. Moreover, E7449 demonstrates inhibitory effects on Tankyrasel
(TNKS1) and TNKS2. TNKS serves as a crucial modulator of the Wnt/f-catenin signaling pathway, promoting

the proliferation of malignant cells; hence, targeting TNKS could potentially serve as a viable approach in
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cancer treatment. TNKSI and TNKS2 exhibit sequence homologies with PARPI in their PARP catalytic
domain; nevertheless, there are significant disparities between the two proteins. Specifically, TNKSI and
TNKS?2 contain frequent ankyrin repeat clusters for the detection and connection of substrate proteins and a
sterile a-motif that acts as a middle protein-protein interaction and for self-oligomerization (16). Prevention
of DNA repair by PARPI1/2 inhibition in tumor cells sensitive to radiotherapy and cytotoxic compoinds
provides the rationale for administering PARP inhibitors as anticancer agents in combined therapy (17).
E7449-mediated tankyrase inhibition leads to a significant increase in axin2 while reducing active and total
f-catenin in human colon cancer. E7449 shows antitumor activity in several BRCA-deficient xenograft models
as well as other in vivo models. A clinical trial of phase 1 for single-agent E7449 in patients with advanced

malignancies was also promising (18).

Molecular docking is a computational technique utilized for predict interactions between macromolecules at
the atomic level. Applications of molecular docking include the prediction of ligand—receptor interactions and
drug design. In many cases, AutoDock software can be used to detect and identify new drugs (19). In general,
the docking process consists of two main steps. Firstly, the sampling step involves the creation of different
conformations of a ligand and examining their orientations towards the active site of the protein. During the
sampling step, the docking algorithm places various versions of the ligand in the receiver's active position and
ranks them according to the scoring function (20). The second scoring stage then becomes an important
component in docking programs. The scoring stage is used to select the best combination or formulation of a
ligand as a measure of the binding affinity of the ligand to the receptor. This function enables the docking

algorithm to rapidly determine the amount of interaction between the ligand and receptor.

The role of PARPI in various tumors remains obscure. Improving drug efficacy and reducing associated
toxicity is a major concern in the development of new therapeutics or repurposing the current drugs for new
targets or in combinational therapy. Although FDA-approved inhibitors such as olaparib are clinically
available for PARPI, here we examine the effects of E7449 on PARPI as a new inhibitor in an attempt to
improve the effectiveness of this treatment. In this study, we assess the interaction of the anticancer drug E7449
with the PARPI protein precisely determine where E7449 attaches to PARPI1, and elucidate the important

amino acids involved in this connection to shed light on the molecular mechanism of this drug.

2.  Methods

2.1. Structures used

Normal PARP structure with PdbID = 4PJT.pdb was extracted from the PDB Data Bank www.rcsb.org/ PDB
ID: 4zau). The following residues were not present in the structure: GLY 723, SER 724, SER 725, GLY 745,
MET 746, LYS 747, GLY 781, SER 782, ASP 783, ASP 784, and SER 785. The missing residues were added to
the structure and 100 structures were created using Modeller Sofiware Version 9.16. According to PdbID =

4PJT, we selected the best models based on energy. Molecule energy minimization was conducted in a vacuum
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using GROMACS. This step is crucial to eliminate false van der Waals interactions and better conformational

status. The structural topology and protein sequence are shown in Figure 2.
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Fig 2. A) Structural topology and B) protein sequence of PARP-1

The structure of the E7449 drug was extracted from the ChemSpider Data Bank with ChemSpider 1D
35308197.

2.2. Docking

Docking operations of E7449 and PARPI were separately performed using AutoDock software version 4.2.
Docking was performed by the Lamarckian genetic algorithm (LGA) 1000 times for each structure. In all
dockings, a rigid PARPI structure and a flexible drug were considered. The flexibility of the drug and the

number of atoms and bonds allowed to rotate were defined for the software at the highest levels. After docking,
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the best of the thousands of obtained complexes were selected for the PARPI structure based on binding
energy, constant connection, and cluster abundance. At the end of this stage, the best structure was obtained

for further investigation.

2.3. Dynamic molecular simulations

PARPI structures obtained from docking following by a dynamic molecular simulations which placed for 30
nanoseconds as previously described (21-23). Before the simulations, the E7449 drug was also prepared for
detection by the force field of GROMACS. For this, hydrogen was added to the drug using Chimera software.
Then, GAFF topologies were produced for the drug by AmberTools software package version 16, and the
Antechamber and PARMCHECK software. The partial charges were calculated by the restrained electrostatic
potential method. Finally, GAFF topologies were changed to the appropriate format to fit GROMACS by the
ACPYPE tool. Then, dynamic molecular simulations using GROMACS software were performed on the CO-
1686 and PARPI structures for approximately 30 nanoseconds each. Van der Waals forces were managed
with a cutoff of 10 A. The technique of particle mesh Ewald was implemented utilizing a 10 A cut-off threshold.
The frequency was set at 10 during simulation to update the neighbor list. Also, the cutoff value was adjusted
for these items as follows: short-range neighbor list cutoff = 1.2 nm, short-range electrostatic cutoff = 1.2 nm,
and short-range Van der Waals cutoff = 1.2 nm.

To calculate the total load, we used the protonation state complex of the GROMACS software package. Sodium
and potassium ions were used to balance the system. Each simulation consisted of four stages. In the initial
stages, the system underwent minimization by utilizing steepest descent and conjugate gradient algorithms.
Subsequently, in the second equilibration step, the heavy atom motion was constrained by a force constant of
1000 kJ/mol nm, while the solvents, ions, and non-heavy atoms were permitted to move. The operation was
arranged by the NVT and NPT ensemble for 100 picoseconds. The system temperature was set at 298 Kelvin
degrees and the pressure on 1 atmosphere and speed increased according to temperature increases by
Maxwell-Boltzmann distribution. Temperature coupling was set at 0.1 picoseconds and the pressure coupling
at 2 picoseconds. During equilibration for the thermostat and barostat, we used the Berendsen algorithm and
all links were considered constrained by the LINCS algorithm. In the last 30 nanoseconds, a molecular
dynamics simulation was performed using the NPT ensemble, where the Nosé-Hoover thermostat and

Parrinello-Rahman barostat were utilized to maintain constant temperature and pressure conditions.

3. Results and Discussion

3.1 Root-mean-square deviation (RMSD)

During a simulation, the root-mean-square deviation (RMSD) is one of the important indicators in the
trajectory of models. RMSD shows the extent of deviation of the position of particles in relation to the reference
position at each point in time. RMSD is calculated to study atomic fluctuations of proteins and ligands during

Molecular Dynamics (MD) simulation. In the equilibrium state, the extent of changes in RMSD of the carbon
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alpha should be less than 2 A. The larger the RMSD for one or a group of atoms during simulation, the greater
the extent of its structural changes during the simulation. Thus, the slope of RMSD represents the stability of
the model during the simulation. The closer the slope to zero, the more stable the simulated model. On the
other hand, as the slope grows gradually or finds major fluctuations, the model will be less stable (24). The
RMSD between structures generated during the simulation of temporal dynamics serves as a suitable measure
for verifying the stability of a dynamic molecular simulation. Hence, alterations in the RMSD values of the
primary chain atoms (specifically, carbon alpha) of the PARPI molecule were computed and isolated
concerning the initial structure over a simulation period of 30 nanoseconds (Figure 3). As seen in Figure 2,
after approximately 5 nanoseconds, the structure of PARPI1 became relatively stable and stabilized after 15
nanoseconds. The chart clearly demonstrates that the performed stimulations had satisfactory stability and the
structure produced in 30 nanoseconds did not show any significant deviation. An analysis was also conducted
on the variations in potential energy, pressure, temperature, and density in PARP1 during the equilibration
phase to ensure the stability of the simulations. The finding showed that, in all of these cases, there was the

PARPI structures exhibited acceptable stability.

RMSD
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0.25

RMSD (nm)
=3
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O 5000 10000 15000 20000 25000 30000
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Fig 3. RMSD changes for PRP-1 within 30 nanoseconds.

3.2 Root-mean-square fluctuation (RMSF)

The motion of alpha carbon atoms within the structure provides ample data to discern significant protein
movements, reflecting overall structural dynamics. Thus, the root-mean-square fluctuation (RMSF) of an alpha
carbon was considered to evaluate structural movement and flexibility. In this section, we investigated the
flexibility of PARPI. The maximum structural fluctuation occurred in the residue area, between 100 and 200
(Figure 4).
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Fig 4. RMSF changes for PARP-1 within 30 nanoseconds.

3.3 Radius of gyration

In addition, the radius of the gyration is a significant parameter that indicates the amount of folding of a
protein and can be utilized to assess alterations in protein conformation. A stable gyration radius indicates
well-folded protein structure, which provides useful information about the distribution of proteins in a
spherical shape. We calculated the changes in the gyration radius of PARP1 during 30 nanoseconds of dynamic
molecular simulations (Fig. 5). As observed in Figure 5, the gyration radius for PARPI during this time had a
fixed mean, indicating that the structure of PARPI was well-folded and stable.
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Fig 5. The changes in the gyration radius for PARP-1 within 30 nanoseconds.
3.4 Binding energy

To calculate the binding energy, we used the molecular mechanics Poisson-Boltzmann surface area (MM-
PBSA) method. The energy of the tendency of compounds to bind to the target protein was calculated as
kcal/mol, where lower energies suggest an enhanced tendency of the ligand to attach to the site and vice versa.
The binding energy was calculated through the following equation:

The MM-PBSA equation is summarized as follows:

AGbind = G complex — G free-Protein - G free-ligand

G = Egas +G solvation -TS,
Gsolvation = GPB +Gsur,
Gsur = YA +b.

The energy in the Egas gaseous state is obtained by the following equation:
Egas=Ebond+Eangle+Etors+Evdw+Eelec

The terms Ebond, Eangle, and Etors arise from covalent, bending, and torsional bond interactions,
respectively. Evdv and Eelec result from Van der Waals and electrostatic interactions. Note that the total Egas
energy is obtained through the same force field, which had been used to calculate the molecular dynamics.
Gsolvation represents the free energy of solvation and TS is the entropy distribution of the dissolved compound.
Gsolvation consists of two parts: polar solvation energy (GPB) and non-polar solvation energy GPB (Gsur),
which is an outcome of the electrostatic potential between the solvent and solute. APBS software is used to

solve numerical equations associated with the Poisson-Boltzmann equation. The non-polar or superficial
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solvation (Gsur) consists of three factors: an available area (A), and two experimental factors y=0.0072
Kcal/(mol. A2) and b=0.
To calculate the free energy using this method, first we separately investigated the energy values related to the

protein and the ligand. Then, during the simulation operation, their complex energy was examined (Table 1).

Tablel. Summary of connector energies for PARP-1 and E7449

Energy type Calculated energy(kJ/mol)
1 van der Waal energy -153.351 +/- 10.076 -159.447 +/- 9.742
2 Electrostatic energy -111.052 +/- 18.904 8.228 +/- 22.135
3 Polar solvation energy 130.626 +/- 18.808 187.729 +/- 25.974
4 SASA energy -14.305 +/- 0.748 -15.151 +/- 0.950
5 Binding energy (kJ/mol) -148.082 +/- 15.784 21.359 +/- 14.078

From among the design compounds, we chose the best design based on the attachment energy, attachment
constant, and attachment cluster frequency (Table 2).

Table2. Properties of the bests design compounds (structures)

clusters complexes Binding energy
1 99 -9.74
2 72 -9.41
3 11 -8.95
4 13 -8.85

Out of the four selected compounds, cluster 1 with 99 complexes and an attachment energy of -9.74 was chosen

as the most optimal compound. The general characteristics of cluster 1 are reported in (Table 3).

Table3. General characteristics of cluster 1

Binding Energy -9.74
KI 72.35nM
Intermolecular Energy -10.34
Internal Energy -0.23
Torsional Energy 0.6
Unbound Extended -0.23
Energy
Cluster RMS 0
Ref RMS 127.93

To better understand the attachment site as well as the manner of ligation to this site, the interaction between
E7449 and PARPI was tested by LigPlo software and represented as two-dimensional. The catalytic residue
involved with the PARP1-E7449 compound included Arg217, which is involved in the hydrogen bond, as well
as Leu216, His201, 11234, Try235, Gly227, GIn98, and Vall0l, which are involved in unbonded reactions
(Figure 6).
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Fig 6. Interaction between PARP-1 and E7449 by LigPlo.

The design and development of drugs is a costly, time-consuming process that requires extensive laboratory
assessments before a drug can reach the market. Accordingly, developing methods that enable millions of
compounds to be screened within a shorter time and with a decreased cost is crucial. Today, in silico methods
are considered one of the least expensive and most rapid solutions for assessing promising compounds or

drugs (25).

4.  Conclusion

In the present research, we investigated the possible site of the attachment between the E7449 anticancer drug
and the PARPI protein. Inhibiting PARPI in cancers with deficiencies in homologous recombination (HR)
repair, such as those with mutations in BRCAI or BRCA2, results in effective cell death via synthetic lethality.
Furthermore, the impaired DNA repair by the inhibition of PARP1 and PARP2 enhances the susceptibility of
cancerous cells to radiotherapy and cytotoxic agents that disrupt DNA integrity. This emphasizes the
Justification for using PARP inhibitors as anticancer agents in combination therapy. Each PARP protein
consists of a catalytic domain with an ADP-ribosyl transferase domain (ART) that contains the residue of a
conserved glutamic acid. The catalytic domain in the PARP family of proteins plays a very significant role in
the function of these proteins as well as the interaction between these proteins and other proteins (26, 27). The
catalytic domain in the PARPI protein lies in the C-terminal region with 489 amino acids beginning from
amino acid number 525 and continuing until number 1014. The active sites of the PARPI protein are also

located in this region. The N-terminal domain of this protein contains ZF motifs attached to a DNA molecule,
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and it is involved in protein-protein interactions. Impairment in the activity of the PARPI protein, as one of
the factors involved in cellular processes such as DNA repair and apoptosis, leads to diseases such as cancer
(28).

E7449, identified as a robust inhibitor of PARPI and PARP2, is recognized by its alternative nomenclature
TNKS1 and TNKS2, respectively, both serving as pivotal modulators within the canonical Wnt/p-catenin
pathway. E7449 inhibits PARP enzymatic activity and additionally traps PARP1 onto damaged DNA (29, 30).
In conclusion, our data showed the accuracy of the E7449 drug efficiency on PARP1 and provided proof of in

silico molecular dynamics on the interaction between this specific drug and its target.
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