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ABSTRACT

Poly (ADP-ribose) polymerase-1 (PARP1) is involved in DNA repair, its inhibition can potentiate cell killing by
different agents. When used in conjunction, inhibitors of PARP1 can sensitize the action of chemotherapeutic
agents thus making PARP1 an attractive target for therapeutic intervention in cancer. Docking of 9-phenyl
acridine (ACPH) with human PARP1 (hPARP1) revealed that ACPH could bind by interacting with the
catalytically important amino acids at its NAD™ binding pocket. Its binding free energy was also determined to
compare with that of other known inhibitors. Molecular dynamic simulation also established the binding of
ACPH at the NAD™ binding pocket and also revealed its interaction with the catalytically important residues.
These findings indicated that ACPH can be a potent hPARP1 inhibitor. In cultured A375 cells, post treatment
with ACPH could sensitize cells to killing in both exponential and quiescent cells. NAD™ is the substrate for
hPARP1 in DNA damaged cells; hence depletion of NAD™ indicates hPARP1 activity. The NAD™ content of
treated cells were determined biochemically. Post treatment with ACPH prevented NAD™ depletion in the DNA
damaged cells confirming its hPARP1 inhibitory activity. Considering the significance of hPARP1 inhibitors not
only in cancer therapeutics but in various pathological conditions, the findings could be noteworthy for new
drug development.
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INTRODUCTION

Acridines are well known for their role in a wide range of biological functions. They have been used for
treatment of different diseases arising from viral, bacterial and protozoal infections [1-3] and are also known to
exhibit anticancer activities [4]. Acridines generally bind to DNA and interfere with its metabolism to exert its
action in cells. The cytotoxic actions of some derivatives are mediated either through its intercalation or groove
binding in DNA [5-7] while some other acridine derivatives act by inducing unusual structural changes in DNA
[8]. Apart from its interaction with DNA, the acridine moiety can also act on different vital cellular enzymes
like telomerase, topoisomerase, cyclin dependent protein kinase, polymerase etc. to exercise its action [9-12].
Although, acridines are known to interact with varied enzymes to exert their inhibitory action, none were known
to act on poly ADP ribose polymerases. We found for the first time from preliminary molecular docking studies
that 9- phenyl acridine and its derivatives may bind to chicken poly (ADP-ribose) polymerase-1 [13].

Poly (ADP-ribose) polymerase-1 (PARP1) is a 116 KDa conserved protein that constitutes about 85% of the
total PARP activity found in cells [14]. Its involvement in different cellular functions is responsible for its role
in the physiology of inflammation, stroke, cardiac activity, diabetes and cancer [15]. Therefore, inhibition of its
activity finds importance in the therapeutic management for these patho-physiological conditions [15]. The
DNA binding domain of PARP1 is about 46 KDa, which is present at its N-terminal end. This is followed by a
22 KDa long auto-modification domain, where the enzyme can form AD- ribosyl polymers onto itself. The
catalytic domain of this enzyme stretches over 56 KDa and is located at the C-terminal end. The active site
within the catalytic domain contains the NAD" binding site [14].

The pivotal role of PARPL is in DNA damage-repair; its activity is triggered when the cell senses DNA breaks;
so it acts as a nick sensor to initiate the synthesis of long, linear and branched, negatively charged poly (ADP-
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ribose) (PAR) chains on different nucleosomal proteins and also onto itself, by utilizing cellular NAD™ as
substrate [14]. The process of ADP ribosylation attracts the nucleosomal proteins from the DNA to facilitate
repair activity in the cells [14]. Inhibition of PARP1 activity can potentiate cell killing by different damaging
agents [16]. Human PARP1 (hPARP1) inhibitors are therefore, important in cancer therapy as it facilitates cell
killing.

We have shown earlier that 9-phenyl acridine (ACPH) has anticancer activity in different human cancer cell
lines [17]; we therefore, wanted to study thoroughly the interaction of ACPH with hPARPL1 to investigate
whether its action in cancer cells could be through inhibition of this enzyme. In this report, we present our
findings on the binding of ACPH to hPARP1 through molecular docking and molecular simulation studies.
Different ligands that bind to PARP1 can either activate or inhibit its action [16,18]. We have shown that ACPH
can potentiate cell killing by DNA damaging agents in both exponential and quiescent phase cells to indicate
that ACPH could be a potent hPARP1 inhibitor. PARP1 utilizes NAD" as its substrate to produce the PAR chain
onto different proteins leading to depletion of NAD* in PARP1 activated cells. The depletion of NAD™ is
considered as a signature of PARP1 activity in DNA damaged cells [19]. We have demonstrated that ACPH
prevented the depletion of NAD" in cells with DNA damage. Taken together, these findings revealed the
possible role of ACPH as an inhibitor of PARP1.

EXPERIMENTAL SECTION

Generation of Three Dimensional Structures of Ligands and their Docking with PARP1

The three dimensional coordinates of the amino acid residues of wild type hPARP1 protein were retrieved from
Protein Data Bank with PDB ID: 4L6S [20]. The coordinates of ACPH and 6 different established inhibitors of
PARP1 (nicotinamide, 3AB, PD128763, 4ANI, NU1025 and ABT-888) were generated and optimized in three
dimensional spaces using the program ACD/ChemSketch (http://www.acdlabs.com/download/chemsk.html) and
the tool PyMOL 7.2 [21]. The saved structures of the ligands were energy minimized by means of Conjugate
Gradient (CG) algorithm using the program DISCOVERY STUDIO 2.5 (2013) with CHARMmM force field until
the structures reached the final energy derivative of 0.001 kcal/mol. CHARMmM is the most widely used force-
field. It is suitable for proteins, protein-ligand and protein-DNA complexes [22].

The energy minimized coordinates of the ligands were used to dock with the hPARP1 separately using
Autodock 4.2 software [23]. For docking the un-protonated forms of the ligands were used. The un-protonated
forms would help to prevent undesirable covalent bond formations between the ligand and the protein. This
software uses the Lamarckian Genetic Algorithm (LGA). The grid size was set to 126 (maximum grid size) with
the X, Y and Z axis having 0.375 A grid spacing. Apart from this, the energy minimized structures of the
ligands were also subjected to docking with hPARP1 separately, using Patchdock server [24] and the program
GOLD [25] in order to get a comprehensive result.

From the Autodock results, the lowest binding energy conformation was selected out of the 10 different outputs
and analyzed. The docked complexes that yielded the best Goldscore and Chemscore were selected for the
GOLD program. The best docked conformations formed from the different software tools used, were again
subjected to energy minimization by CG algorithm implemented in the program DISCOVERY STUDIO 2.5
(2013) with CHARMmM force field until the structures reached the ultimate energy derivative of 0.001 kcal/mol.
This was done in order to remove atomic bad contacts [22].

Molecular Dynamics Simulation (MD Simulation) Study of Wild Type hPARP1 and hPARP1-ACPH
Complex

In order to detect the dynamic behavior of the hPARP1-ACPH complex inside the cellular environment, the
wild type hPARP1 and wild type hPARP1-ACPH complex were subjected to molecular dynamics simulations
using GROMACS 5.0.5 [26] software package in the HP Z840 workstation. The wild type hPARP1 and
hPARP1-ACPH complex were simulated in the same cellular conditions. The systems were placed in a triclinic
box maintaining a minimum distance of 10A from the edges of the triclinic. The extended simple point charge
(SPC/E) water model was applied for solvation. The simulation in GROMACS was run with the help of
GROMOS 53a6 force field. This force field contains all the parameters of CHARMmM force field. The systems
were neutralized by adding proper counter ions. The dimensions of the box were selected to prevent self-
interactions between the different images of the system under consideration. Next the total solvated systems
were energy minimized. All bond lengths were constrained using the LINCS method [27], and long-range
electrostatic binding interactions were analyzed with the smooth Particle Mesh Ewald (PME) method [28]. The
system was equilibrated using position-restrained (PR) equilibration under normal physiological temperature
(310 K) and pressure (1 atm) for 100 ps for the wild type PARP1 as well as the docked complex. Trajectory files
so generated after completion of the production runs of 30 ns were analyzed accordingly. Analyses of the results
from the molecular dynamics simulation runs were done using GROMACS tools, VMD 1.9.1 and DISCOVERY
STUDIO 2.5 (2013) software suite. A secondary structure recognition algorithm (DSSP) and the solvent-
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accessible surface area (SASA) of binding site were analyzed by ‘gmx do dssp’ and ‘gmx sasa’ tools
respectively. The program Excel 2007 was used to plot the 2-D data and the 3-D images were created with
DISCOVERY STUDIO 2.5 (2013) or Ligplot 1.4.5.

Molecular Properties of the Ligand

The drug like properties of the ligand ACPH was checked using Calculate Molecular Properties (Lipinski drug
filter) Protocol in DISCOVERY STUDIO 2.5 (2013). This program was used to check the pharmacological or
biological properties of the ligand to ascertain its ability to act as a drug [29].

Cell Culture

A375 human melanoma cell lines were routinely grown in cell culture quality plastic ware (Tarson, India) in
minimal essential medium (MEM) (HiMedia, India) supplemented with 10% fetal bovine serum (HiMedia,
India). The cells were incubated at 37°C in a humidified atmosphere in presence of 5% CO, for growth and sub-
cultured twice a week to keep them in an exponentially growing state.

Cell Viability Assay for Exponentially Growing Cells

Viability assay was done as described earlier [30]. Briefly, the medium was aspirated off from the exponentially
growing A375 cells, washed with PBS and then irradiated with different doses of UVC (5, 12, 20 J/m?) from a
germicidal lamp (A=253.7 nm) with or without subsequent treatment with 2 uM of ACPH or 5 mM of 3 amino
benzamide (3AB) for 1 h. The treated cells were washed with PBS, trypsinized and subjected to trypan blue
exclusion assay using 0.2% trypan blue. While the dead cells were stained blue, the live cells did not take up the
stain. The live and dead cells were counted by hemocytometer to estimate the surviving fraction as described
earlier [17]. The results shown are the mean from £ SD from three independent experiments.

Cell Viability Assay for Density Inhibited Cells

A375 cells were grown to confluence and held in density inhibited state for 3 to 4 days by replenishing the cells
with fresh growth medium. The cell cycle profile was determined in FACS (BD Calibur) to ascertain that the
cells were in density inhibited quiescent condition. The medium was aspirated off and the cells were washed in
PBS before harvesting by trypsinization. The cells were then centrifuged at 2500 rpm for 5 mins and the
supernatant was discarded. The cell pellet was gently dislodged before fixing in chilled 70% ethanol for 1 h.
This suspension was again centrifuged after 1 h at 2500 rpm for 5 mins to remove the alcohol. The cell pellet
was again suspended in PBS with 10 pg/ml RNase A (Sigma) and kept in a water bath at 37°C for 30 mins.
Next, the cells were stained with 10 pug/ml Pl (Sigma) and kept for 15 mins at room temperature in the dark.
Finally, the analyses were performed in FACS (BD Calibur) using Cell-Quest Pro software (BD) [31].

Viability assay was done with parallel sets of such cells. The medium was aspirated off and the cells were
washed with PBS before exposing them to different doses of UVC (A=253.7 nm) (12, 20 and 24 J/m?) without or
with subsequent treatment with 2 uM of ACPH or 5 mM of 3AB for 1 h. After the treatments, the cells were
rinsed in PBS, trypsinized and the viability of these quiescent cells was assayed both immediately and after 24 h
using trypan blue exclusion assay. The results shown are the mean + SD of three experiments.

Nicotinamide Adenine Dinucleotide (NAD") Assay

2-4 x10° exponentially growing A375 cells were exposed to 12 J/m? of UVC dose followed by treatment with 2
UM of ACPH or 5mM of 3AB for different time period (0, 30, 60, 120 and 180 mins) before NAD" assay [30].
After the treatment, the cells were washed twice with ice cold PBS, acidified with 1 ml of 0.5 M HCIO, and
kept on ice for 20 mins. From the acid supernatant, 900 pl was collected, neutralized with 450 pl of 1 M KOH,
0.33 M K,HPO4KH,PQ,4, pH 7.5 and again allowed to stand on ice for 20 mins. The KCIO, was precipitated by
centrifugation at 10,000 rpm for 5 mins at 4°C and the supernatant was collected. 350 pl of supernatant was
mixed with 310 pl reaction mixture (containing 60 pl Bicine 1.2 M pH 7.8 (HiMedia, India); 60 ul of BSA 10
mg/ml (Sigma, USA); 60 ul EtOH 6M; 6 pl EDTA 500 mM (HiMedia, India); 60 ul phenazineethosulfate 20
mM (Sigma, USA); 60 pl MTT 5 mM (Sigma, USA) and 4 pl H,0) and incubated at 30°C for 5 mins in the
dark. Then, alcohol dehydrogenase (60 pl, 1 unit/ml, Sigma, USA) was added and incubated at 30°C in the dark
for 30mins for color development. Next, 300 pl of 12 mM iodoacetate (HiMedia, India) was added, and finally
the absorbance was monitored at 570 nm in a spectrophotometer (Shimadzu, UV-1601, India). The experiment
was repeated in triplicate.

RESULTS
Binding of ACPH to hPARP1

The binding of ACPH to hPARP1 is shown in Figure 1; a close-up view showing the amino acid residues with
which ACPH interacts are shown at the inset.
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Figure 1: The figure represents the binding of ACPH to PARP1; the close-up view shows the amino acid residues with which ACPH
interacts

The different amino acid residues lining the NAD" binding pocket of the enzyme, viz. Asp766, Asn767, Trp861,
His862, Gly863, Ser864, Met890, Tyr896, Phe897, Ala898, Lys903, Ser904, Tyr907, His909 and Glu988 were
found to be lying within a radius of 5A from this ligand. This would indicate their interactions at the NAD*
binding site. The ligand, ACPH formed two H-bonds; one with NE2 atom of His862 (3.04A) and the other with
the O atom of Gly863 (2.01A); it also showed m-it interaction with the aromatic ring of Tyr907. The binding
free energy of ACPH was -32.4937 kcal/mol.

A comparison was also made between the binding of ACPH to hPARP1 with that of nicotinamide, 3AB,
PD128763, 4ANI, NU1025 and ABT-888 to hPARP1. From the analyses of the binding interactions of the other
ligands with hPARP1, it was revealed that ACPH binds at the same location of hPARP1 as these established
inhibitors. The interaction of these inhibitors with the different amino acids of hPARP1 is shown in Table 1.
Comparison between the interaction of hPARP1 and ACPH with that for the other inhibitors revealed that the
binding free energy of ACPH to hPARP1 was the best (-32.4937 kcal/mol); this is shown in Figure 2.

Table 1: The interaction of ACPH and the other PARP1 inhibitors

Inhibitors Interacting residues with PARP1 at the NAD" binding site
ACPH Glu763, Asp766, Asn767, Trp861, His862, Gly863, Ser864, Met890, Tyr896, Phe897, Ala898, Lys903, Ser904,
Tyr907, His909, Glu988
Nicotinamide Trp861, His862, Gly863, Ser864, Tyr896, Phe897, Ala898, Lys903, Ser904, Tyr907, Asn987, Glu988, Tyr989
Bge'r?zrzrlwr:iod_e Glu763, Trp861, His862, Gly863, Ser864, Met890, Tyr896, Phe897, Ala898, Lys903, Ser904, Tyr907, Glu988
PD128763 Trp861, His862, Gly863, Ser864, Tyr896, Phe897, Lys903, Ser904, Tyr907, Asn987, Glu988, Tyr989
4ANI Glu763, Trp861, Hisg862, Gly863, Ser864, Tyr889, Met890, Tyr896, Phe897, Alag898, Lys903, Ser904, Tyr907,
Glu9ss
NU1025 Glu 763, Asp 766, Asn 767, Gly 888, Tyr 889, Met 890, Tyr 896, Lys 903, Tyr 907, Glu 988
ABT-888 Glu 763, Asp 766, Asn 767,Trp 861, His 862, Gly 863, Ser 864,Arg 878, Tyr 889, Tyr 896, Phe 897, Ala 898, Lys 903,
Ser 904, Tyr 907, His 909, Glu 988

The amino acid residues that are important for the catalytic activity of PARP1 are mainly His 862, Gly863,
Lys903, Ser904, Tyr907 and Glu988. ACPH and all these other inhibitors were found to interact with these
residues. When we introduced in silico mutations in these amino acid residues, ACPH either could not recognize
this pocket (E988K and E988A) or even when it could recognize (K903A, Y896N, Y896A, Y907A, and
G863A), its binding affinities were much lower, as revealed from the binding free energies as shown in Table 2

and Figures 3a-3d. These findings indicate that the interactions of ACPH with these catalytically important
residues were pivotal for its binding to native PARP1.
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Figure 2: The binding free energy values obtained with the interaction of PARP1 with ACPH and the other inhibitors are
represented graphically in the figure

Table 2: The mutations induced to PARP1 protein via in silico mutagenesis, the site of ACPH binding to the mutants along with
their binding free energies are listed

Mutations Site of ACPH binding Figure numbers
E988K Remote from the catalytic site Figure 3a
E988A Remote from the catalytic site Figure 3b
K903A At the NAD" binding pocket; disfavored binding (BFE= +1.9227 kcal/mol) Nil
Y896A At the NAD" binding pocket; disfavored binding (BFE= -7.7063 kcal/mol) Figure 3c
Y907A At the NAD" binding pocket; highly disfavored binding (BFE= +11.9549 kcal/mol) Nil
G863A At the NAD" binding pocket; weaker binding (BFE= -10.9974 kcal/mol) Figure 3d

a)

©)

Figure 3: The figure depicts the remote binding of ACPH from the catalytic site of hPARP1 when a) E988K; b) E988A; c) Y896A
and d) G863A mutations were inserted. The wild type protein along with the ligand was colored yellow and the mutated protein
along with the ligand was colored blue. The protein and the ligand structures were in secondary ribbon form and stick form
respectively

Molecular Dynamics Simulation (MD simulation) study of Wild Type hPARP1 and hPARP1-ACPH
Complex

Both wild type hPARP1 and hPARP1 bound to ACPH were found to be stabilized after 15 ns of dynamics run
for 30 ns. The completions of the dynamics run for both the systems were calculated by the root mean square
deviation (RMSDs) of the backbone atoms during the simulation runs. It was shown that initially the hPARP1
protein in the unbound state had lower backbone RMSD (around 3 A) as compared to the hPARP1 bound to
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ACPH (around 6 A). However, after stabilization, hPARP1-ACPH complex was found to be more stable than
the hPARPL1 protein itself. This indicated that after ACPH binds to the wild type hPARP1, the complex becomes
more stable (maximum backbone RMSD was 4 A) than unbound state (maximum backbone RMSD 6 A)
(Figure 4a). The hPARP1-ACPH complex shows the radius of gyration stability after 18 ns of simulation run
(Figure 4b) which also signifies the stability of protein compactness after ACPH binding. The whole analyses
were done from 15 to 30 ns stable region of the dynamics. The PDB coordinates were stripped out from these
stable regions and the interaction energies of the amino acids present in the binding interface were studied.
When root mean square fluctuation (RMSF) profiles of C-a atoms were analyzed throughout simulation for
ACPH bound hPARP1, we observed that amino acid region 670-742, 750-765 (mild changes), 780-785, 790-
850 and 865-910 showed fluctuations between bound and unbound hPARP1 protein (Figure 4c). The amino acid
residues of these regions were also present at the binding interface of ACPH and showed high interaction
energies. Some of the active site residues of hPARP1-ACPH complex actively participated in non-bonded
interactions i.e., Van der Waals interactions with the ACPH. The binding interface of the stable-most structure
of hPARP1-ACPH complex from MD simulation was found to contain the amino acid residues Val758, GIn759,
Ala760, Val762, Glu763, Asp766, Asn767, His862, Gly863, Arg878, Pro885, Gly888, Tyr889, Met890,
Tyr896, Lys903, Tyr907, Asn906, His909, Glu988.
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Figure 4: a) Stability differences between unbound PARP1 and ACPH bound PARP1; b) Gyration stability of ACPH bound PARP1
complex; ¢) Fluctuations in amino acid regions between bound and unbound PARP1; d) Amino acid residues with high total
interaction energy making the bound PARP1 more stable

However, the MD studies also revealed that the amino acid residues which were involved in interactions with
hPARP1 maximally were GIn759, Val762, Glu763, His862, Glu863, Ser864, Arg878, Gly888, Tyr889, Tyr896,
Lys903, Asn906, His909 that showed high interaction energies than other active site residues thereby making
the ligand bound complex stable (Figure 4d).

The binding free energy and solvent accessible surface area (SASA) were calculated throughout the course of
molecular dynamics simulation. The ligand binding free energy values ranged between -52.58 to -59.0344
kcal/mol throughout the MD simulation (Figure 5a) having an average value of -55.6883 kcal/mol (Figure 5b).
These values indicated a stable ligand binding state for this enzyme that was much higher than any other
inhibitor molecules of hPARP1. There was a decrease in the solvent accessible surface area between the
unbound and ligand bound hPARP1 complex (Figures 5¢ and 5d) signifying the compactness of the hPARP1
protein after ligand binding, which can now be co-related with stable gyration of this complex.

It was further revealed that the conformations of hPARP1 and hPARP1-ACPH complex were highly dissimilar
as observed by the calculations of the backbone RMSD value between the proteins, which was found to be
6.361 A (Figure 6a). The binding interface residues of the PARP1 protein are shown in Figure 6b. So, MD
simulation studies confirmed that the wild type PARP1 actively interacts with ACPH to form a stable complex.

Molecular Properties of the Inhibitors by Lipinski Rule of Five (RO5)

The Lipinski rule of five states the five rules which are important for a molecule to become a drug. Considering
these parameters, it was found that ACPH has 1 hydrogen bond donor, 1 hydrogen bond acceptor, molecular
mass of 257.32 g/mole and the AlogP value is 4.076. The Lipinski rule for the other 6 established inhibitors
were also checked and listed in Table 3 for comparison.
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Figure 5: a) Ligand binding free energy throughout simulation; b) stable ligand binding energy; c,d) SASA energy value difference
between bound and unbound PARP1 complex
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Figure 6: a) The superimpositions of the stable most conformations from simulations of ACPH bound and unbound PARP1 protein;
b) the binding interface residues of the ACPH bound stable most conformations from simulation with H-bond

Table 3: The parameters to check whether ACPH can act as an orally active drug through Lipinski Rule in comparison with other
PARP1 inhibitors

Name of the inhibitors

Molecular properties ACPH | Nicotinamide | 3 Amino Benzamide | PD128763 | 4ANI | NUL1025 | ABT-888

ALogP 4.076 -0.319 0.085 1.112 0.818 0.508 -0.244

Molecular Weight 257.329 122.125 136.151 147.174 212.204 162.145 245.3
Number of H-Acceptors 1 2 2 1 3 3 2
Number of H-Donors 1 1 2 1 2 2 3
Number of Rotatable Bonds 1 1 1 0 0 0 2
Number of Rings 4 1 1 3 2 3
Number of Aromatic Rings 2 1 2 1 2 1 2

The rule justified that ACPH has the ability to act as an orally active drug for humans.

Effect of ACPH and 3AB on Viability of Exponentially Growing A375 Cells Exposed to UVC

A nontoxic dose of 2 uM for 1 h was used for treatment after UV exposure. Exponentially growing A375 cells
were exposed to different doses of UVC followed by treatment with 2 uM ACPH. Figure 7 depicts the
comparative effect of 2 uM ACPH and 5 mM 3AB on UV induced cell killing. Exposure to 20 J/m? of UVC
resulted in a cell survival of 61%. Cell killing was sensitized in presence of both 3AB (5 mM) and ACPH (2
pUM), where surviving fraction dropped to 35% and 20% respectively. Thus, it showed that ACPH could
effectively sensitize cell killing in exponentially growing cells.
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Figure 7: Survival curve of exponentially growing A375 cells. (—®—) represents effect of different doses of UVC (5, 12, 20 J/m?) on

A375 cells, (—® ) represents effect of post treatment of 2 uM ACPH on UV treated cells,( +) represents effect of post
treatment of 5 mM 3AB on UV treated cells. Each value represents the mean + SD (n > 3). Significance levels were calculated
according to Student’s t-test. *P<0.0001, **P=0.001 and ***P=0.01, compared to UV treated cells

Cell Cycle Distribution of Exponential and Confluent A375 Cells using Flow Cytometry

Figure 8 shows the cell cycle profile of exponential (a) and confluent (b) cell culture. The histogram indicated
the percent population of cells at different phases. The absence of the mitotic population in G2/M cells in Figure
8b indicated that the cells were indeed in density inhibited condition.
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Figure 8: Cell cycle distribution of A375 cells in a) exponential and b) quiscent phases

Effect of ACPH and 3AB on Viability of Quiescent A375 Cells Exposed to UVC

Figure 9 shows the effect of ACPH and 3AB on UVC induced cell killing in confluent, density inhibited A375
cells. Density inhibited cells are proficient in repair through potentially lethal damage repair (PLDR) activity. At
a dose of 24 J/m? of UVC, the surviving fraction was 62% for these cells; holding the cells in quiescence for a
further period of 24 h increased it to 84%, due to more time for PLDR. Both ACPH (2uM) and 3AB (5mM)
could sensitize these cells to killing possibly through inhibition of PLDR. For the same dose of UVC, the
surviving fraction was 65% and 39% for 3AB and ACPH respectively.
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Figure 9: Survival curve of quiscent phase A375 cells. (™) represents effect of different doses of UVC (5, 12, 24 J/m?) on quiscent
phase cells A375 cells on immediate trypsinisation, (—®-) represents effect of different doses of UVC on delayed trypsinisation, 24 h,

(“‘) represents effect of post treatment of 2 uM ACPH on UV treated cells after delayed trypsinisation, 24 h, ( \ ) represents
effect of post treatment of 5 mM 3AB on UV treated cells after delayed trypsinisation, 24 h. Each value represents the mean + SD
(n> 3). Significance levels were calculated according to Student’s t-test. *P=0.0002, compared to UV treated cells

Effect of ACPH and 3AB on the Intracellular NAD" Level of Exponentially Growing A375 Cells Exposed
to UvC

Figure 10 shows the effect of ACPH on the intracellular NAD" activity in UVC (12 J/m?) exposed A375 cells.
Exposure of these cells to UVC resulted in depletion of the intracellular NAD" in a time dependent manner. The
presence of 2 uM ACPH or 5mM 3AB could prevent this depletion in NAD" content in the cells.
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Figure 10: Temporal assay of NAD" level in exponentially growing A375 cells. (‘8-) represents UVC treatment (12 J/m?) in A375

cells, (“_) represents post treatment of 2 uM ACPH on UV treated cells, (ﬁk ) represents post treatment of 5 mM 3AB on UV
treated cells. Each value represents the mean + SD (n > 3). Significance levels were calculated according to Student’s t-test.
*P<0.0001, **P<0.001 and ***P<0.01, compared to UV treated cells

DISCUSSION
Preliminary docking studies had indicated earlier that ACPH may binds to PARP1 from chicken [13]. Human

PARP1 has nearly 87% sequence identity with chicken PARPL. Thus, the overall structures of human and
chicken PARP1 would be quite similar. Yet, the remaining dissimilarity between the proteins might lead to
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some differences as observed in case of some other proteins in PDB [31]. Thus we tried to analyze the three
dimensional structure of PARP1 from human to analyze its mode interactions with the ligand. Our findings
revealed that ACPH could also bind to hPARP1 at the NAD" binding pocket in its catalytic domain. The binding
free energies of PARP1 docked with ACPH and other 6 established inhibitors like nicotinamide, 3AB,
PD128763, 4ANI, NU1025 and ABT-888 were also calculated. Compared to the other known inhibitors of
PARP1, ACPH showed the best binding free energy value of -32.4937 kcal/mole. The binding free energy
values for the other inhibitors ranged between -20 to -28 kcal/mol (Figure 2). The total interaction energies of all
docked complexes were also calculated. It was found that the interaction of ACPH (-27.44344 kcal/mol) was
comparable with that of other inhibitors complexed with hPARP1. When both hPARP1 and hPARP1-ACPH
docked complexes were subjected to molecular dynamics simulation, a comparison of the backbone RMSD
values showed that ACPH bound complex was much more stable having an average binding free energy of -
55.6883 kcal/mole (-233 kJ/mol). The molecular dynamics simulations would mimic the changes that might
occur within a cellular system whereas the docking of protein with ligand would involve a snapshot of the
binding interactions. Therefore, MD simulations would come up with a better binding interaction resulting in the
stability of the docked complex which was justified by simulating the entire system in an environment
mimicking the cellular systems [32]. This binding free energy of ACPH calculated from MD simulations was
found to be better than that for Olaparib (-159.16 kJ/mol), a FDA approved inhibitor of PARP1 or
ZINC67913374 (-177.28 kJ/mol), a natural product that has been identified by Li et al. through in silico
screening as a novel PARP1 inhibitor [33]. The binding free energy value of ACPH with hPARP1 was found to
be high as observed in other hPARP1-ligand complexes [33,34]. Thus, from determination of binding free
energy of the docked complex of hPARP1 and ACPH, it appeared that ACPH can be an effective inhibitor for
hPARP1. From MD simulation studies, the stable gyration of the complex and lower solvent accessible surface
area depicted a better compactness of the protein folding and proper binding of ACPH. The amino acid residues
of hPARP1 protein that are actively involved in ligand binding were GIn759, Val762, Glu763, Asp766, His862,
Arg878, Pro885, Gly888, Tyr889, Tyr896, Asn906, Tyr907 and His909 that showed high interaction energies. It
was also revealed that the aforementioned amino acid residues had comparatively low RMSF during the entire
simulation run (Figure 4d). The low values of RMSF would indicate that the amino acids would remain bound
to the ligand during the simulation run [35]. So, from the molecular dynamics study of hPARP1-ACPH bound
complex, it could be safely concluded that hPARP1 has complete binding affinity towards ACPH and generated
a stable conformation after simulation.

At the C-terminal end of the hPARP1 enzyme, the active site spans over the amino acids 655-1014. Within this
site, the location where NAD" binds and donates the ADP- ribose moiety is known as the NAD" binding pocket
or the donor site and the position where the ADP-ribose moieties join to form the PAR chain is known as the
acceptor site [36]. The active site is lined by the residues Tyr710, GIn763, Asp766, Asn767, Asp770, Trp861,
His862, Gly863, Ser864, Arg878, 11879, Ala880, Gly888, Tyr889, Met890, Gly894, Tyr896, Phe897, Ala898,
Lys903, Ser904, Tyr907, His909, Asn987, Glu988, Tyr989 [37]. Amongst these residues, Gly863, Tyr907 and
Glu988 are important among the conserved amino acid residues within species that are important for the
enzyme’s catalytic activity [38], while some non-conserved amino acids of hPARP1 like, Lys903 and Ser904
are also important for the catalytic activity [39]. ACPH interacted with the amino acid residues GIn763, Asp766,
Asn767, Trp861, His862, Gly863, Ser864, Met890, Tyr896, Phe897, Ala898, Lys903, Ser904, Tyr907, His909
and Glu988, all of which are known to be present at the ligand binding interface of hPARP1 i.e., at the NAD"
pocket. All the established inhibitors of PARP1 and ABT-888 are also known to interact with these amino acids
[40]. PARP1 inhibitors like nicotinamide, 3AB, PD128763, 4ANI, NU1025 and ABT-888 are known to interact
with Gly863 through H-bonds [40]. Mutating Gly863 to G863A resulted in a weaker binding of ACPH thus
indicating that the H-bonding with Gly863 is necessary for binding of ACPH to hPARP1. ACPH also formed H-
bonds with O-atom of Gly863 and NE2 atom of the adjacent His862 [40].

Tyr907 lies on the wall of the NAD" binding pocket [40]. It is one of the critical amino acid necessary for the
catalytic activity of the enzyme. It has been shown that mutating Tyr907 to asparagine resulted in 99% reduction
in its activity [41]. It has been predicted that the interactions of ligands with Tyr907 and Gly863 are the key
features for the inhibitory action of a number of inhibitors. Novel PARP1 inhibitors like benzo [b] [1,4] oxazin-
3(4H)-ones, tricyclic quinoxalinone, cyclic derivatives of benzamide undergoes n-m interaction with Tyr907
[20,42]. ACPH also participated in -1 interaction with the aromatic ring of Tyr907. Furthermore, from the MD
simulation of the hPARP1-ACPH complex it was revealed that Tyr907 had the maximum binding interaction
energy with the ligand throughout the entire MD simulation. When Tyr907 was converted to asparagine through
in silico mutation it showed a disfavored binding of ACPH. So it can be concluded that -ir stacking interaction
is critical for the binding of ACPH to hPARP1.

A glutamic acid residue is believed to be important for poly ADP ribosylating activity, as a glutamic acid is not
only found to be conserved in PARP1 from across all the species, but it is also found in several bacterial toxins
like pertussis toxin, DT toxin, cholera toxin and toxin from Clostridium limosum, which also perform the same
function of joining ADP-ribose units [43]. In hPARP1, it is the Glu988 residue that is responsible for this
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function. Mutations in this residue severely reduced the ADP-ribosylating activity of the enzyme [43]. It has
been shown that mutation at Glu988 reduced the enzyme’s activity to 0.2% of that of the wild type [41]. Our
results showed that when Glu988 is replaced in silico with either alanine or tyrosine, ACPH could bind weakly
at a site that was distant from the NAD" binding pocket. This indicated that interaction with Glu988 was
essential for appropriate binding of ACPH.

Lys903 and Ser904 were the other catalytically important amino acids. Mutation of K903A resulted in almost
complete loss of activity [41]. It was observed that binding of ligands to Lys903 and Ser904 at the NAD*
binding pocket were important in the inhibitory interaction of 4ANI, PD128763, NU1025 and tricyclic PARP1
inhibitors [44]. 4ANI prevents binding of NAD" to PARP1 by forming H-bond with Ser 904 [40]. PD128763
forms H-bond with Lys903 to strengthen its binding specificity [40]. ACPH interacted with both Lys903 and
Ser904. K903A mutation resulted in disfavored binding of ACPH at the catalytic site. Thus, although ACPH
does not form H-bond with Lys903 and Ser904, its interaction with these amino acids was significant and
crucial for its binding to hPARP1.

Another amino acid responsible for creating the hydrophobic pocket at the catalytic site of PARP1 is Tyr896.
Y896N mutation significantly dropped the enzyme’s activity to 15% [41]. Benzamidazoles, tricyclic lactam
indoles, AG14361, olaparib, ZINC67913374 interacted with Tyr896 to exert their inhibitory action [44], ACPH
too was found to interact with Tyr896 at the NAD" binding pocket. Results from in silico mutation analysis
revealed that Y896N mutation led to a disfavored binding of ACPH at the NAD" binding pocket. Therefore, we
can clearly say that Tyr896 is necessary for effective participation of ACPH at the NAD" binding pocket.

The findings indicated that ACPH binds at the NAD" site of hPARPL to interact with all the catalytically
important amino acids like all other known inhibitors. ACPH therefore has the potential to act as a hPARP1
inhibitor by competing with NAD* for binding at the active site.

PARP1 is essential during initiation of different DNA repair pathways; therefore, inhibition of this enzyme with
small molecules can induce lethality in DNA damaged cells by preventing repair [45]. We had used UVC as the
DNA damaging agent. Post treatment of cells with 2 uM ACPH after UVC irradiation resulted in potentiating of
cell killing. UVC alone has an 1Cs, value of 22 J/m*; in presence ACPH this was lowered to 4 J/m?. 3AB was
also used for comparison and it was found that in presence of 3AB (5 mM) the ICs, value was only 10 J/m?.
Thus, ACPH was highly effective in sensitizing cell killing through its PARP1 inhibitory activity at a much
lower concentration.

The repair activity in damaged cells can be manipulated by modifying the post irradiation environment
condition. If cells are prevented from dividing for an extended period of time after DNA damage, then the cells
can survive better through the process of potential lethal damage repair (PLDR). Hence, quiescent cells exhibit
greater survival in comparison to exponentially dividing cells [46]. Quiescent cells are model for cells in solid
tumors as they are more resistant to killing [47]. PARP1 is also involved in PLDR [46]. 3AB, PD128763,
NU1025 and AG14361 have been shown to sensitize cell killing through inhibition of PARP1 to prevent PLDR
[44]. ACPH was also found to potentiate cell killing in quiescent A375 cells. The results indicated the efficacy
of 2 uM ACPH in potentiating cell killing was better than that of 5 mM of 3AB. These findings are significant
as it indicated that ACPH can be effective in inducing cell death even in solid tumors through PARP1 inhibition.
Involvement of PARPL in DNA repair as well as in regulation of transcription is now recognized to be
important for cell survival and death. From different in vitro and in vivo findings, it has been suggested that
PARP1 inhibitors can be used as a single agent to kill cancer cells [48]. The ICs, value for different PARP1
inhibitors alone in various cell lines has been determined. For most inhibitors like 3AB, benzamide, NU1025,
PD128763, the I1Cs, values are in the milimolar range (6.7 mM, 2.5 mM, 0.41 mM, 0.45 mM respectively) [48].
The ICs, values have been determined for AG14361, ABT-888 and olaparibin different pancreatic cancer cell
lines and was found to be much lower than the previous inhibitors mentioned; for AG14361, it was 14.3 uM,
12.7 uM, 38.3 uM, with ABT-888, it was 52.6 uM, 100.9 uM, 102 pM and for olaparib, it was 79.5 uM, 184.8
KM, 200.2 uM in CFPAC-1, BXPC-3 and HPAC cell lines respectively [49]. Our laboratory has reported earlier
that ACPH has ICs values of 18.5 uM and 20.74 uM in HelLa and A375 cell lines respectively [17]. This
indicated the efficacy of ACPH.

The findings from the temporal assay of cellular NAD" confirmed the inhibitory role of ACPH against PARP1.
PARP1 utilizes NAD" as a substrate to form the PAR chain on different proteins, resulting in depletion of
intracellular NAD™ level. Thus depletion of NAD" content in cells is widely used to assess the PARP1 activity
of cells [44]. Upon DNA damage, PARP1 activity is triggered and therefore there is reduction of NAD" in
damaged cells [44]. In exponentially growing A375 cells, exposure to UVC resulted in reduction of the
intracellular NAD" level. This attenuation of cellular NAD* was completely inhibited by ACPH. Such
observations was also found for PARP inhibitors like ABT-888 in bis-[2-chloroethyl] sulfide (SM) treated
HaCaT cells [50] and with the inhibitor, PJ34 in peroxynitrite exposed cells in mice model [51]. The
suppression of NAD" depletion in DNA damaged cells treated with ACPH confirmed its PARP1 inhibitory
action.
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Selective localization of drugs in tissue is an important aspect in the study of pharmacokinetics of drugs.
Considering the importance of ACPH as an anticancer agent from our earlier studies [17] Liu et al. have
evaluated the retention of ACPH in the kidney of BAIb/c mice and the findings were promising [52]. The drug-
like activity of a molecule is judged by Lipinski rule; it provides some guideline to determine the effectiveness
of a molecule as an oral drug candidate [29]. The drug activity of ACPH was analyzed and compared with the
known PARP1 inhibitors (Table 3). Particularly significant was the AlogP value; it was found to be the
maximum for ACPH. This would reflect the fact that ACPH would be more lipophilic and would have a better
chance of getting absorbed by body cells and might have a better chance of being retained in the body. The other
parameters of ACPH were also similar to the other known PARP1 inhibitors.

CONCLUSION

In view of the role of PARP1 in different cellular processes, its inhibitors are important in the patho-physiology
of different diseases. Particularly noteworthy is its role in cancer therapy. We have demonstrated for the first
time the positive role of ACPH as a PARP1 inhibitor. Our findings are important as it indicates the potential of
ACPH as a drug candidate. These finding may be vital for new drug development using acridine based molecule
as PARP1 inhibitors.
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