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Abstract Phospholipase A2 (PLA2), isolated from Daboia russelli pulchella (Russell’s

viper), is enzymatically active as well as induces several pharmacological disorders

including neurotoxicity, myotoxicity, cardiotoxicity, anti-coagulant, hemolytic, and platelet

effects. Indomethacin reduces the effects of anti-coagulant and pro-inflammatory actions

of PLA2. Pyrazolo[3,4-d]pyrimidines constitute a class of naturally occurring fused uracils

that posses diverse biological activities. The in-silico docking studies of nine pyrazolo[3,4-

d]pyrimidine molecules have been carried out with the X-ray crystal structure of Russell’s

viper PLA2 (PDB ID: 3H1X) to predict the binding affinity, molecular recognition, and

to explicate the binding modes, using AUTODOCK and GLIDE (Standard precision and

Extra precision) modules, respectively. Docking results through each method make obvious

that pyrazolo[3,4-d]pyrimidine molecules with trimethylene linker can bind with both anti-

coagulation and enzymatic regions of PLA2.

Keywords Pyrazolo[3,4-d]pyrimidines · PLA2 · Molecular docking · AUTODOCK4.2 ·
Schrödinger · ADME calculatioin

1 Introduction

Intra- and inter-molecular aromatic π − π (arene) interactions play a vital role in biological

systems in determining their conformations and activities [1–7]. Being attractive in nature,

they have a wide application in the areas of crystal packing [8, 9], structural variations,

and molecular recognition processes [10]. Scientists of various disciplines have made
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intensive investigations in these areas for over four decades both using experimental [11]

as well as theoretical techniques [12]. Intermolecular interactions minimize the energy of

the complexes and play an important role in drug–receptor, protein–DNA, protein–protein

interactions, etc., while intramolecular interactions minimize the energy of a molecule

and are responsible for tertiary structure of proteins, DNA, RNA etc. [13–16]. In the

literature, to facilitate arene interactions, several models have been proposed [17]. The

trimethylene linker connecting two aromatic moieties has played a significant role in

understanding the nature of intramolecular interactions and has been successfully employed

to analyze the interactions between nucleic acid bases and other compounds [18, 19]. Since

1995, studies have been going on and have resulted in the development of several novel

‘polymethylene linker’ compounds based on pyrazolo[3,4-d]pyrimidine (PP) core, which

is isomeric with biologically important purine system, as new models [20]. Pyrazolo[3,4-

d]pyrimidines constitute a class of naturally occurring fused uracils that posses diverse

biological activities [21]. These compounds are reported as potential anti-inflammatory

agents [22], anti-coagulation inhibitor[23], xanthine oxidase inhibitor [24], antiproliferative

and proapoptotic agents in several tumor types [25, 26], SRC kinase inhibitors [27, 28],

treatment of human cancers sustaining oncogenic activation of RET [29] etc.

Phospholipase A2 (PLA2), isolated from Daboia russelli pulchella (Russell’s

viper), is enzymatically active and induces several pharmacological disorders including

neurotoxicity, myotoxicity, cardiotoxicity, anti-coagulant, hemolytic, and platelet effects

[30]. It has been reported that the pharmacological effects of venom PLA2 are not

necessarily dependent on their catalytic function and that is might be based on the

protein–protein interactions involving a specific site on the protein surface [31].

These pharmacological sites are neither defined clearly nor their modes of interactions

characterized. Therefore, the potent chemical compounds have not been designed so far

for preventing the interactions of these sites so as to control the harmful pharmacological

effects. The three-dimensional structures of various isomorphs of PLA2 from a number

of sources have been determined and the catalytic residues and substrate binding sites

are well characterized in PLA2 enzymes [32, 33]. Various ligands have been designed

to inhibit their enzymatic function [34–36]. Non-steroidal anti-inflammatory drugs have

been attributed to their binding to PLA2 [37]. The anti-coagulant activity was detected in

snake venom some decades ago [38]. Although the precise nature of the anti-coagulant

loop is not yet clearly understood, it is suggested that the presence of basic residues

at specific positions in the loop 54–77 contributes the strong anti-coagulant action of

PLA2. However, the mode of ligand binding for inhibiting the anti-coagulant action

of PLA2 is not understood and hence the molecules could not be designed to stop the

anti-coagulant effect of PLA2. Indomethacin reduces the effects of both anti-coagulant and

pro-inflammatory actions of PLA2 [39]. One of the carboxylic group oxygen atoms of

indomethacin interacts with Asp49 and His48, which are essential for catalysis while the

second carboxylic oxygen atom forms an ionic interaction with the side chain of Lys69,

which is a part of the anti-coagulant loop (residues 54–77). In order to predict binding

affinity, molecular recognition and to explicate the binding modes, the in-silico docking

study of the trimethylene linker pyrazolo[3,4-d]pyrimidine derivatives has been undertaken

with PLA2. Like indomethacin, pyrazolo[3,4-d]pyrimidine molecules have planar

moieties and have various pharmacological properties. The pyrazolo[3,4-d]pyrimidine

molecules considered for docking studies are 1,3-bis(4,6-diethylthio-1Hpyrazolo[3,4-

d]pyrimidin-1-yl)propane [40] (1); 1,3-bis(4-ethoxy-6-methyl-sulfanyl-1H-pyrazolo[3,4-d]

pyrimidin-1-yl)propane [41] (2); 1,10-(1,3-propanediyl)bis(5-methyl-6-methylthio-4,5-
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dihydro-1H-pyrazolo[3,4-d]pyrimidin-4-one) [42] (3); 1,10-(1,3-propanediyl)bis(5-

ethyl-6-methylthio-4,5-dihydro-1H-pyrazolo[3,4-d] pyrimidin-4-one) [43] (4); 1,10-(1,3-

propanediyl)bis(5-benzyl-6-methylsulfanyl-4,5-dihydro-1H-pyrazolo[3,4-d]pyrimidin-4-

one) [44] (5); 1-(4,6-dimethylsulfanyl-1H-pyrazolo[3,4-d]pyrimidin-1-yl)-3-(5-methyl-

6-methylsulfanyl-4-oxo-1,5-dihydropyrazolo[3,4-d]pyrimidin-1-yl)propane [45] (6); 4,

6-bis(methylsulfanyl)-1-phthalimidopropyl-1H-pyrazolo[3,4-d]-pyrimidine [46] (7); 6-

methylsulfanyl-1-phthalimidopropyl-4(pyrrolidin-1-yl)-1H-pyrazolo[3,4-d]pyrimidine [46]

(8); and 6-methylsulfanyl-1-(3-phenylpropyl)-4,5-dihydro-1H-pyrazolo[3,4-d]pyrimidin-

4-one [47] (9). All these molecules have either two PP moieties or one PP moiety and one

other aromatic moiety connected through a trimethyline linker (Fig. 1), which are flexible

models for inter- and intra-molecular π − π interactions studies [11, 12]. Because of the

similarity of these compounds with indomethacin, molecular docking studies have been

performed with the native receptor of IMN, i.e., 3H1X. In order to ensure success at clinical

testing level [48, 49], the prediction of ADME (absorption, distribution, metabolism and

excretion) and other pharmaceutically important properties of these compounds has also

been carried out.

2 Materials and methods

The three-dimensional crystal structure of Russell’s viper PLA2 complexed with in-

domethacin (PDB ID: 3H1X), determined by X-ray crystallography was retrieved from

the Protein Databank Bank (http://www.rcsb.org/). PDB files have a variety of potential

problems, e.g., missing atoms, added waters, more than one molecule, chain breaks, alter-

nate locations etc., that need to be corrected before use. Before docking, the preparations of

protein and ligands were carried out and subsequently electron affinity grids were generated.

The docking of ligands with the receptor has been carried out using AUTODOCK4.2 and

GLIDE5.8 modules (Standard precision and Extra precision modes), respectively.

2.1 AUTODOCK docking

The AUTODOCK4.2 program starts with a ligand molecule in an arbitrary conformation,

orientation and position and finds favorable docking in a protein-binding site using both

simulating annealing and genetic algorithms [50]. The program ADT(Autodock tools),

which has been released as an extension suite to the Python Molecular Viewer, was used to

prepare the protein and the ligands. For the preparation of macromolecule, polar hydrogens

were added in the crystal structure of PLA2, and then Kollman United Atom charges

and atomic solvation parameters were assigned. The grid maps of docking studies were

computed using the AutoGrid4 included in the Autodock4.2 distribution. Grid center that

was centered on the active site (IMN binding site) was obtained using the AutoGrid4

algorithm [51], and 60×60×60 points with grid spacing of 0.375 Å and distance-dependent

dielectric constant were calculated. The affinity and electrostatic potential grid were

calculated for each type of atoms in the ligands. The GA–LS method was adopted to

perform the molecular docking. The parameters for Genetic Algorithm (GA) were defined

as follows: a maximum number of 250,000 energy evaluations; a maximum number of

generations of 27,000; mutation and crossover rates of 0.02 and 0.8, respectively. Pseudo-

Solis &Wets parameters were used for local search (LS), and 300 iterations of Solis & Wets

http://www.rcsb.org/
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local search were imposed. The number of docking runs was set to 100. After docking,

all the structures generated were assigned to clusters based on a tolerance of 1 Å all-atom

RMSD from the lowest-energy structure. Hydrogen bonding and hydrophobic interactions

between docked potent agents and macromolecule were analyzed using ADT [50]. The best

docking result can be considered to be the conformation with the lowest (docked) energy

and lowest RMSD.

2.2 GLIDE docking

Further, docking studies have also been performed using GLIDE5.8 (Grid-based Ligand
Docking with Energetics) [52, 53] in standard precision (SP) and extra precision (XP)

modes, respectively, as implemented in the Schrödinger Suite. Glide carries out an ex-

haustive conformational search, augmented by a heuristic screen that rapidly eliminates

conformations deemed not to be suitable for binding to a receptor, such as conformations

that have long-range internal hydrogen bonds. In SP and XP both dockings, the receptor

was kept rigid while ligands were treated as flexible, which enables to dock the ligand at

the receptor’s binding site to generate multiple poses of the receptor–ligand complex, each

including unique structural conformations of the ligands to fit in the binding site of receptor

and ranks them by Glide score (G-score) to find the best structure of the docked complex.

The G-score takes into account a number of parameters like hydrogen bonds (H-bond),

hydrophobic contacts (Lipo), van der Waals (vdW), columbic (Coul), polar interactions

in the binding site (Site), metal binding term (Metal) and penalty for buried polar group

(BuryP) & freezing rotatable bonds (RotB).

G − score = Hbond + Lipo + Metal + Site + 0.130 Coul + 0.065 vdW − BuryP − RotB

In the Extra Precision (XP) docking protocol, in addition to unique water desolvation

energy terms, protein–ligand structural motifs leading to enhanced binding affinity are

included: (i) hydrophobic enclosure where groups of lipophilic ligand atoms are enclosed on

opposite faces by lipophilic protein atoms, (ii) neutral-neutral single or correlated hydrogen

bonds in a hydrophobically enclosed environment, and (iii) five categories of charged–

charged hydrogen bonds. The XP Glide score contains the following terms [54]:

XP GlideScore = Ecoul + EvdW + Ebind + Epenalty

where

Ebind = Ehyd_enclosure + Ehb_nn_moti f + Ehb_cc_moti f + EPI + Ehb_pair + Ephobic_pair

and

Epenalty = Edesolv + Eligand_strain

The protein–ligand complex was prepared using the protein-preparation wizard of the

Schrödinger suite where hydrogens were added and subsequent refinement of structure

was carried out. It was observed that no water molecules were involved in the hydrogen

bonding of ligand with protein therefore all the co-crystallized water molecules were

removed and bond orders were reassigned. Further, the whole system was minimized to

an RMSD of 0.30 Å. The missing residues were added through the prime application.

The coordinate of the indomethacin (IMN) was extracted from the protein complex while
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the coordinate of pyrazolo[3,4-d]pyrimidine ligands were obtained from the reported

entries [40–47].

All the ligands (molecules 1–9 and IMN) were prepared using the LIGPREP module of

the Schrödinger Suite. The bond orders were modified according to their data and different

conformers were generated. Each generated conformer was subjected to a full minimization

in the gas phase with the OPLS (Optimized Potential for liquid Simulations) force field

[55] to eliminate the bond length and bond angles biased from the crystal structure. Ligprep

produced the structures with various ionization states, tautomers, stereo-chemistries, and

ring conformations. The receptor grid was generated using 1.0 van der Waals radius scaling

factor and 0.25 partial charge cut-off. Prepared ligands and the receptor were used as the

initial coordinates for docking purposes. The first stage for ligand docking is the receptor

grid generation for which the PLA2 structure complexed with IMN was considered. During

the grid generation, no van der Waals radius sampling was done and the partial charge cut-

off was taken as 0.25 and no constraint was applied [56]. The location of indomethacin

(IMN) was taken as the binding site for docking of all ligands. The docking simulations

were performed in the Standard precision and Extra precision modes, respectively. During

the docking process, the receptor was kept fixed while the ligands were treated as flexible.

For the minimization of ligands, the distance-dependent dielectric constant with a value of

2.0 and a conjugate gradient algorithm with 100 steps were used. All of the inhibitors were

passed through a scaling factor of 0.80 and partial charge cut-off of 0.15. After docking,

the post-docking minimization was performed to improve the geometry of the poses. The

post-docking minimization specifies a full force-field minimization of those poses, which

are considered for the final scoring. After minimization, the results were used for binding

energy calculations and docking scores [57].

2.3 ADME prediction

The accurate prediction of absorption, distribution, metabolism, and excretion (ADME

properties) is often difficult owing to the complexity of the underlying physiological

mechanisms. However, these properties have been studied by the ADME scoring using the

QikProp3.5 module [58] of Maestro. QikProp is a quick, accurate, easy-to-use absorption,

distribution, metabolism, and excretion prediction program. QikProp predicts physically

significant descriptors and pharmaceutically relevant properties of organic molecules, either

individually or in batches. QikProp settings determine which molecules are flagged as

being dissimilar to other 95% known drugs. The compounds were neutralized before being

used by QikProp, and the program was processed in normal mode. The neutralizing step

is essential, as QikProp is unable to neutralize a structure, and no properties will be

generated in the normal mode. The program was processed in normal mode and predicted

44 properties for all the molecules, consisting of principal descriptors and physiochemical

properties with a detailed analysis of the log P (octanol / water), QP%, and log HERG,

etc. It also evaluates the acceptability of the analogs based on Lipinski’s rule [59, 60] of 5,

which is essential for rational drug design. Lipinski’s rule of 5 is a rule of thumb to evaluate

drug likeness or to determine whether a chemical compound with a certain pharmacological

or biological activity has properties that would make it a likely orally active drug in humans.

The rule describes molecular properties important for a drug’s pharmacokinetics in the

human body, including its ADME. However, the rule does not predict whether a compound

is pharmacologically active [59].
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3 Results and discussion

In this study, nine trimethylene linker compounds based on pyrazolo[3,4-d]pyrimidine (PP)

moieties are taken as ligands (Fig. 1). Molecule 1 is a symmetrical compound with two PP

moieties connected with trimethylene linker having tetra thioethyl substituents at the 4th

and 6th positions of both moieties. Molecule 2 is similar to 1 having ethoxy substituents at

the 4th position and thiomethyl substituents at the 6th position. Molecules 3, 4, and 5 are

also a symmetrical class of compounds. Molecule 3 has the oxo-group at the 4th position,

the methyl-group at 5th position, and thiomethyl-group at the 6th position of both moieties.

Molecules 4 and 5 are similar to 3 but have ethyl and benzoyl moieties, respectively, at the

5th positions. Compound 6 is a dissymmetrical class of molecule that has the SMe group

Fig. 1 Chemical diagram of ligands (molecules 1–9 and IMN)
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in the place of the oxo-group at the 4th position of one PP moiety. Molecules 7 and 8 are

obtained by replacing one PP moiety of molecule 1 by phthalimide moiety. Molecule 7 has

SMe-groups at 4th and 6th position whereas 8 has SMe at 6th position and pyrrolidin moiety

at 4th position of the remaining PP moiety. Molecule 9 also has only one PP moiety but

the other moiety is replaced by phenyl group. It has the oxo-group at the 4th position and

the SMe group at the 6th position. Similarity of pyrazolo[3,4-d]pyrimidine moieties with

indomethacin (IMN) prompted us the present in-silico docking with the native receptor of

IMN, i.e., vPLA2. The docked poses with best scores and lowest RMSD were considered

as the best pose [61, 62]. The docking results as obtained from the calculations through

AUTODOCK and Standard and Extra Precision modes of GLIDE module are discussed

below.

3.1 AUTODOCK

The Conformational search and docking studies using AUTODOCK4.2 suggest that elec-

tronic interaction plays an important role in ligand–channel interaction. The results are

shown in Table 1. For the best rank of the docked poses, compared to the indomethacin

binding to PLA2, molecules 3, 5, 7 and 9 have better binding energy values, molecule

8 has the comparable energy while molecules 1, 2, 4 and 6 have poor binding energies.

Molecule 7 has the minimum docking energy of −6.91 kcal/mol while in the case of

IMN it is −6.33 kcal/mol. It is also clear that the drug that showed the least binding

energies with PLA2 was found to have higher minimum-inhibitory-concentration(MIC),

i.e., that drug was not showing better efficacy while the drug complexed with enzyme

with higher binding energy was showing lower MIC and was considered to be a better

drug. It is also clear from Table 1 that molecule 7 demonstrates the lowest MIC value.

Molecule 3 has the second lowest inhibitory concentration value. It has been reported

that indomethacin forms an ionic interaction with the side chain Lys69 of anticoagulant

region of vPLA2 at a distance of 2.6 Å. In addition, indomethacin is also reported to

interact effectively with the important residues of the active site including Asp49 and

His48, essential for anti-inflammatory activity [39]. The Autodock results demonstrated

that indomethacin binds with Gly30 at a distance of 2.047 Å. This may happen because

of optimizations of protein and ligands and the medium, in which systems are considered,

cannot be exactly same. Hydrogen bonding interactions in the best docking poses are shown

in Fig. 2. Molecules 1, 2, 3, 6 and 8 demonstrated hydrogen bonding interactions with

Asp49, molecules 3 and IMN with Gly30, molecule 7 and 9 with His48 and molecule 5

with Gly33. Additionally, molecule 7 also shows binding with Lys69. Molecule 4 shows

two N-H...O hydrogen bondings with the same residue Lys69 [supplementary informa-

tion: Table S1]. On account of binding energy and inhibition concentration, molecule 7

exhibits better binding than all the other compounds, including IMN, while on account

of hydrogen bondings of ligand with the receptor, molecules 3 and 7 show better binding

capabilities.

3.2 Glide docking

In GLIDE docking, the number of conformers of ligands were generated which were utilized

for the docking purposes. The number of conformers, as calculated using CONFGEN were
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Table 1 Inhibition coefficient (KI) and different energy values of the ligands as obtained through the docking

with 3H1X using AUTODOCK4.2

Molecules Rank Kl (μM) Intramolecular Internal Torsional Binding

energy energy energy energy

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

1 1_1 74.69 −9.21 0.19 3.58 −5.63

2_1 131.66 −8.87 −0.83 3.58 −5.29

3_1 160.42 −8.76 −0.55 3.58 −5.18

3_2 388.60 −8.23 −0.60 3.58 −4.65

4_1 249.63 −8.49 −0.80 3.58 −4.91

2 1_1 290.50 −7.80 −0.59 2.98 −4.83

2_1 295.25 −7.80 −0.23 2.98 −4.82

3_1 368.95 −7.67 −0.35 2.98 −4.68

3_2 375.14 −7.66 −0.66 2.98 −4.67

4_1 504.85 −7.48 −0.70 2.98 −4.50

3 1_1 9.21 −8.66 −0.12 1.79 −6.87

1_2 10.95 −8.56 −0.14 1.79 −6.77

1_3 20.45 −8.19 −0.20 1.79 −6.40

2_1 10.76 −8.57 0.30 1.79 −6.78

2_2 32.88 −7.91 −0.25 1.79 −6.12

4 1_1 91.64 −7.90 −0.50 2.39 −5.51

2_1 115.41 −7.76 −0.54 2.39 −5.37

2_2 178.43 −7.50 −0.25 2.39 −5.11

3_1 233.02 −7.34 −0.49 2.39 −4.96

4_1 282.48 −7.23 −0.73 2.39 −4.84

5 1_1 18.62 −9.44 −0.74 2.98 −6.45

2_1 34.87 −9.06 −1.44 2.98 −6.08

3_1 79.36 −8.58 −1.11 2.98 −5.59

4_1 84.09 −8.54 −1.29 2.98 −5.56

5_1 142.00 −8.23 −1.11 2.98 −5.25

6 1_1 81.41 −7.67 −0.18 2.09 −5.58

2_1 333.24 −6.83 −0.88 2.09 −4.74

3_1 349.47 −6.80 −0.61 2.09 −4.72

4_1 456.35 −6.65 −0.16 2.09 −4.56

5_1 480.47 −6.62 −0.60 2.09 −4.53

7 1_1 8.56 −8.70 −0.29 1.79 −6.91

1_2 11.47 −8.53 −0.31 1.79 −6.74

1_3 13.87 −8.42 −0.15 1.79 −6.63

2_1 69.00 −7.47 −0.38 1.79 −5.68

3_1 74.44 −7.42 −1.23 1.79 −5.63

8 1_1 27.26 −8.02 −0.63 1.79 −6.23

1_2 38.61 −7.81 −0.82 1.79 −6.02

2_1 118.32 −7.15 −1.50 1.79 −5.36

3_1 128.14 −7.10 −1.36 1.79 −5.31

4_1 171.61 −6.93 −1.29 1.79 −5.14

9 1_1 13.88 −8.12 −0.6 1.49 −6.63

2_1 45.30 −7.42 −0.32 1.49 −5.93

2_2 58.17 −7.27 −0.32 1.49 −5.78

3_1 51.53 −7.34 −0.51 1.49 −5.85

3_2 58.36 −7.27 −0.48 1.49 −5.78

IMN 1_1 22.90 −7.52 −0.66 1.19 −6.33

2_1 24.65 −7.48 −0.70 1.19 −6.29

2_2 27.00 −7.43 −0.68 1.19 −6.23

3_1 27.26 −7.42 −0.66 1.19 −6.23

3_2 32.31 −7.32 −0.69 1.19 −6.13
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Fig. 2 Hydrogen bonding interactions in the best docking poses as obtained through AUTODOCK

(H-bonds are shown by dotted lines)
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14, 5, 12, 18, 20, 21, 12, 8, 8, and 4 in the case of molecules 1, 2, 3, 4, 5, 6, 7, 8, 9

and IMN, respectively. After the ligand preparation, protein preparation was carried out

and subsequently the grid was generated at the IMN-binding site. GLIDE docking of all

the conformers was carried out using Standard Precision (SP) and Extra Precision (XP)

modules. The results of SP and XP docking are discussed below.

3.2.1 Standard precision (SP)

The results of Glide docking in Standard Precision mode are summarized in Table 2.

Docking of pyrazolo[3,4-d]pyrimidine ligands and IMN revealed a great variation in their

binding energy. Initially, five poses of each molecule were saved from which the best pose

with best G-score and lowest docking energy were chosen. Although the predicted free

energy of binding is a useful descriptor of ligand–receptor complementarity, the choice

of the ‘best’ docking model was ultimately dictated by various parameters of ADME

study. These docked complexes were considered for further analysis and the results are

compared. It has been observed that molecule 4 shows a better Glide score (−6.7051) and

better Docking energy (−54.784 kcal/mol) compared to all other ligands (including IMN)

considered for docking. However, the docking energy of molecule 4 is comparable to that

of molecules 3 and 6. Since the molecules 3, 4 and 5 have similar moieties with a small

difference in their substituents, it has been observed that ethyl analog 4 is more suitable

for binding than methyl analog 3 but the more bulky substituent benzyl group, molecule 5

does not show good results. In other words long elkyl substituents will give better results

than aromatic moieties (ring systems) probably due to steric hindrance. These results are

important from the molecular recognition point of view [10]. SP docking of molecules 7

and 8 show similar glide scores (∼ −5.8) as they are very similar in structure. Because of

the presence of the non-aromatic pyrrolidin ring in molecule 8 the glide score of molecule

8 is slightly higher than 7. Molecule 9 is a low molecular weight molecule having one

phenyl group at the place of one PP moiety; interact weakly with the viper PLA2. Its

Glide score (−4.828) is the third lowest. The lowest Glide score of best docking pose is

−4.636 exhibited by molecule 5 while IMN binding shows a somewhat better Glide score

−4.709, but the binding energy of molecule 5 is much higher than that of 9 and originally

crystallized molecule IMN. Molecules 1, 2 & 5 have more rotatable bonds, thereby paying

more rotatable penalty and hence their Glide scores are poorer. It has also been observed that

all the pyrazolo[3,4-d]pyrimidine molecules, except for molecule 5, show better docking

scores than IMN. However, on account of Glide energy consideration, IMN has the poorer

energy than all other molecules. The glide energy for the best docked pose of IMN is

−32.814 kcal/mole and is comparable to docked energy of 9 (−34.5539 kcal/mol).

The anti-coagulation region of the PLA2 protein lies between residues 54 and 77 and

it is positively charged with the residues such as Lys69, Arg72, Arg74, Lys76, and Arg77

[63]. The hydrogen bonding interactions of the best poses, as obtained through SP docking,

are shown in Fig. 3. Almost all the ligands considered for docking make hydrogen bonding

interactions with Lys69, which is the anticoagulation region. Hydrogen bonding distances

and angles are much favorable. These molecules also exhibit either hydrogen bonding or

electrostatic interactions with His48, responsible for the catalytic activity. Aromatic π − π

stacking interactions are exhibited by ligands with residues Tyr52 and His48. There also

exist cation-π interaction in the docking complex of 5 with 3H1X. Also, all the molecules

are well positioned within the hydrophobic channel of the binding site, which is effective in

blocking the exposure of the amino acid residues present in the anti-coagulant region and
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Table 2 Glide scores and average electrostatic (coul), van der Waals (vdw), site energy (site) and Glide

energy obtained through Glide SP docking

Molecules Entry ID Glide score Ecoul Evdw Esite Glide

(SP) (kcal/mol) (kcal/mol) (kcal/mol) energy

(kcal/mol)

1 32 −5.565 −3.270 −48.226 −0.157 −51.496

40 −5.367 −0.968 −49.591 −0.167 −50.559

44 −5.307 −2.830 −48.543 −0.185 −51.372

47 −5.247 −2.134 −49.201 −0.180 −51.335

56 −5.187 −1.967 −48.731 −0.183 −50.698

2 69 −4.856 −2.183 −43.014 −0.163 −45.197

76 −4.791 −3.310 −42.334 −0.193 −45.644

86 −4.694 −2.842 −42.245 −0.204 −45.087

93 −4.565 −3.323 −44.350 −0.142 −47.673

110 −4.073 −4.202 −43.388 −0.170 −47.589

3 8 −6.417 −4.752 −48.490 −0.017 −53.243

13 −5.887 −5.426 −47.934 −0.111 −53.360

14 −5.884 −5.442 −47.828 −0.017 −53.270

24 −5.787 −5.894 −43.697 −0.091 −49.592

25 −5.757 −5.637 −44.583 −0.090 −50.221

4 2 −6.705 −4.248 −50.535 −0.010 −54.783

3 −6.688 −4.189 −50.629 −0.010 −54.819

4 −6.668 −4.200 −50.783 −0.012 −54.983

5 −6.493 −4.304 −50.249 −0.010 −54.554

6 −6.435 −0.814 −52.373 0.0000 −53.187

5 89 −4.636 −2.338 −46.642 0.000 −48.980

100 −4.318 −7.057 −42.092 −0.042 −49.149

102 −4.283 −2.417 −43.022 −0.046 −45.439

103 −4.273 −3.476 −42.849 −0.002 −46.325

105 −4.216 −6.989 −39.835 −0.045 −46.823

6 7 −6.433 −1.882 −52.926 0.0000 −54.809

36 −5.429 −3.008 −43.402 −0.162 −46.410

37 −5.420 −2.630 −43.489 −0.173 −46.119

38 −5.392 −2.871 −43.764 −0.177 −46.635

42 −5.380 −3.307 −41.347 −0.168 −44.655

7 17 −5.822 −3.086 −44.766 −0.018 −47.852

19 −5.818 −2.983 −45.060 −0.018 −48.043

20 −5.817 −2.871 −45.000 −0.017 −47.872

21 −5.815 −2.970 −45.107 −0.018 −48.077

22 −5.812 −2.854 −45.048 −0.017 −47.902

8 15 −5.866 −2.921 −46.758 −0.017 −49.679

34 −5.489 −1.316 −44.899 −0.043 −46.215

92 −4.591 −0.780 −41.055 −0.029 −41.836

94 −4.543 −1.039 −41.186 −0.045 −42.225

97 −4.396 −0.641 −40.911 −0.032 −41.553

9 71 −4.828 −3.552 −31.002 0.000 −34.554

74 −4.819 −3.611 −30.910 0.000 −34.521

75 −4.809 −3.538 −30.922 0.000 −34.460

77 −4.786 −3.340 −31.093 0.000 −34.432

78 −4.776 −3.606 −30.638 0.000 −34.244

IMN 84 −4.709 −8.409 −24.405 −0.087 −32.814

87 −4.672 −8.357 −24.488 −0.088 −32.846

111 −4.064 −6.586 −21.505 −0.100 −28.091

121 −3.243 −5.559 −23.459 −0.100 −29.018
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Fig. 3 Hydrogen bonding interactions in the best docking complexes as obtained through GLIDE SP

docking (H-bonds are shown by dotted lines)

also the catalytic region to bind the substrate, thereby arresting the enzymatic activity of

vPLA2). However, IMN shows the least hydrophobic interaction. It has been observed that

IMN exhibit hydrogen bonding interaction only with Lys69 [Supplementary information:

Figure S1 and Table S2].
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Fig. 3 (continued).

3.2.2 Extra precision (XP)

In the Extra Precision protocol of the Glide module, protein-ligand structural motifs

leading to enhanced binding affinity are included, in addition to unique water desolvation

energy terms. The Glide docking results out of extra precision docking protocol has been

summarized in Tables 3. It has been observed that the Glide scores and docking energies

Table 3 Glide scores and average electrostatic (coul), van der Waals (vdw), site energy (site) and Glide

energy through GLIDE (XP) docking

Molecules Entry ID Glide score Ecoul Evdw Esite Glide

(XP) (kcal/mol) (kcal/mol) (kcal/mol) energy

(kcal/mol)

1 43 −4.440 −2.534 −48.777 −0.367 −51.311

50 −4.385 −2.727 −49.192 −0.200 −51.919

58 −4.268 −2.050 −49.442 −0.353 −51.492

68 −4.136 −2.626 −46.726 −0.287 −49.353

75 −4.022 −2.872 −50.935 −0.323 −53.807

2 79 −4.001 −3.226 −40.419 −0.526 −43.645

83 −3.905 1.504 −44.889 −0.382 −43.385

87 −3.877 −1.527 −43.303 −0.304 −44.830

103 −3.699 −2.153 −39.876 −0.203 −42.029

112 −3.453 −2.172 −44.035 −0.044 −46.207

3 23 −4.637 −7.677 −45.699 −0.480 −53.376

24 −4.631 −8.040 −44.812 −0.476 −52.852

25 −4.590 −6.927 −47.990 −0.479 −54.917

27 −4.543 −6.807 −48.252 −0.474 −55.059

29 −4.534 −6.939 −45.279 −0.477 −52.218

4 22 −4.689 −6.739 −46.328 −0.450 −53.067

26 −4.554 −7.097 −43.261 −0.459 −50.358

32 −4.507 −6.337 −47.700 −0.433 −54.037

34 −4.498 −6.562 −42.893 −0.461 −49.456

35 −4.496 −5.791 −44.389 −0.465 −50.180

5 2 −7.092 −3.946 −56.957 −0.339 −60.903

3 −6.840 −2.530 −55.586 −0.324 −58.116

4 −6.805 −3.289 −54.978 −0.324 −58.267

5 −6.763 −1.975 −42.393 −0.336 −44.368

6 −6.587 −2.664 −55.031 −0.321 −57.695
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Table 3 (continued)

Molecules Entry ID Glide score Ecoul Evdw Esite Glide

(XP) (kcal/mol) (kcal/mol) (kcal/mol) energy

(kcal/mol)

6 28 −4.539 −5.690 −48.480 −0.469 −54.170

40 −4.474 −3.748 −51.528 −0.735 −55.276

44 −4.434 −3.155 −51.707 −0.756 −54.863

49 −4.386 −1.243 −53.653 −0.455 −54.897

52 −4.366 −5.624 −47.438 −0.471 −53.062

7 39 −4.488 −0.795 −45.049 −0.426 −45.845

55 −4.335 −2.860 −44.400 −0.451 −47.260

67 −4.155 −0.790 −44.331 −0.399 −45.121

73 −4.081 −2.446 −39.649 −0.373 −42.095

85 −3.884 −2.941 −44.896 −0.496 −47.837

8 61 −4.217 −2.512 −46.652 −0.481 −49.164

72 −4.083 −2.112 −47.312 −0.460 −49.424

81 −3.969 −2.028 −45.755 −0.412 −47.783

82 −3.960 −2.941 −46.844 −0.481 −49.785

84 −3.897 −1.915 −47.461 −0.422 −49.376

9 95 −3.792 −3.209 −27.435 0.000 −30.644

104 −3.688 −3.290 −27.338 0.000 −30.628

111 −3.455 −5.615 −26.814 0.000 −32.429

113 −3.441 −5.120 −27.138 0.000 −32.257

118 −3.362 −6.191 −26.100 0.000 −32.291

IMN 63 −4.201 −6.812 −21.909 0.000 −28.721

70 −4.109 −4.885 −20.459 0.000 −25.344

94 −3.812 −5.678 −21.258 0.000 −26.936

123 −2.734 −7.989 −23.130 0.000 −31.119

differ from that of standard precision mode. Molecule 5 has the best Glide score (−7.09)

and best docking energy (−60.90 Kcal/mol), which had very poor Glide scores within SP

docking. Molecule 4, which had the best Glide score with SP, received the second-best Glide

score. The docking energies of molecules 3, 4 and 6 are almost of the same order, as were

found with SP mode simulation.

Almost all the ligands exhibit interactions with anti-coagulation and enzymatic both

regions (Fig. 4). Docking results show that there exists hydrogen bonding between molecule

5 and His48 with a distance of 1.826 Å. Also, π − π interaction was exhibited by 5 with

His48, electrostatic interactions with Lys69 and Glu129 and polar interactions with Ser23.

Side chain hydrogen bondings with Lys69 and His48 and backbone hydrogen bonding with

Gly30 are exhibited by molecules 3 and 4. Molecules 1, 3, 4, 5 and 6 show π − π stacking

interactions with His48 while molecules 1 and 8 with Tyr52 and molecule 2 with Trp31.

There exists cation—π interactions exhibited by molecule 2 with Lys69 and molecule 4

withHis48. All the ligands including IMN have electrostatic interactions with His48 and

Lys69, and polar interactions with Ser23. In addition to that, all the molecules except 9 and

IMN formed an array of hydrophobic interactions with the residues Phe5, Tyr22, Tyr28,

Tyr52, Pro56, Cys61, Pro68, Trp31, Cys45, Cys29, Phe106, Ala18, Ile9, Leu2, Ile 19,

Cys50 etc., lining the binding region IMN form the hydrophobic interaction with Trp31

and Tyr52 while 9 forms with Tyr52, Cys133, Cys50, Phe46, Leu130, Tyr28, and Trp31

residues [supplementary information: Figure S2 and Table S3].
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Fig. 4 Hydrogen bonding interactions in the best docking complexes as obtained through GLIDE XP

docking (H-bonds are shown by dotted lines)
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Fig. 4 (continued).

3.3 Drug likeliness and bioavailability

The Lipinski rule states, that most “drug-like” molecules have logP ≤ 5, molecular weight

≤ 500, number of hydrogen bond acceptors ≤ 10, and number of hydrogen bond donors

≤ 5. Molecules violating more than one or two of these rules may have problems with

bioavailability. This rule is called the “rule of 5”, because the border values are 5, 500, 2*5,

and 5. Drug likeliness and bioavailability of the ligand is inspected using the QIKPROP3.5

module. The calculated molecular properties of pyrazolo[3,4-d]pyrimidine molecules and

IMN are listed in Table 4. It was found that all the ligand molecules (except molecules

1, 2 and 5) satisfies the ‘rule of 5’, indicating that these molecules can be used as potent

drugs/inhibitors. The number of violations of the rule in the case of molecules 1 and 5 is 2

whereas in the case of molecule 2 it is 1, but the values are within the range of 95% drugs.

Table 4 Some molecular properties of ligands: pryazolo[3,4-d]pyrimidines and indomethacin

Properties LogP M. W. nON nOHNH nRotb PSA Volume Abs. nViol.

Molecule 1 7.248 520.746 6.0 0.0 12.0 73.653 1633.671 100 2

Molecule 2 5.898 460.571 6.0 0.0 10.0 88.192 1448.708 100 1

Molecule 3 2.181 432.517 10.0 0.0 6.0 116.957 1286.759 87 0

Molecule 4 2.898 460.571 10.0 0.0 8.0 114.181 1387.167 93 0

Molecule 5 5.703 584.718 10.0 0.0 10.0 110.055 1749.906 85 2

Molecule 6 3.987 448.578 8.0 0.0 7.0 93.776 1337.749 100 0

Molecule 7 4.114 399.485 6.0 0.0 6.0 96.680 1224.358 100 0

Molecule 8 4.280 422.504 6.5 0.0 5.0 98.930 1316.275 100 0

Molecule 9 3.325 300.378 4.5 1.0 5.0 69.777 988.713 100 0

IMN 4.261 357.793 5.75 1.0 4.0 82.902 1061.995 92 0

Range of −2.0 to 130 to 2.0 to 0.0 to 0.0 to 7.0 to 500 to > 25% 0–4

95%drugs 6.5 725 20 6.0 15.0 200.0 2000

[LogP Octanol-water partition coefficient; MW Molecular weight; nON Number of hydrogen-bond acceptors

(O and N atoms); nOHNH Number of hydrogen-bond donors (OH and NH groups); nRotb Number of

rotatable bonds; PSA Polar surface area; Volume Molecular volume; Abs. % Human oral absorption in GI

(+−20%); nViol Number of rule of 5 violations]
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4 Conclusions

The molecular docking studies of nine trimethylene pyrazolo[3,4-d]pyrimidine molecules

with viper Phospholipase A2 have been performed using Autodock, Glide-SP and Glide-

XP docking protocols. Autodock calculations demonstrate that molecules 3, 5, 7 and 9

have better binding capabilities and minimum inhibitory concentrations than indomethacin.

Docking simulations through Standard Precision and Extra Precision protocols of Glide

reveal that almost all the pyrazolo[3,4-d]pyrimidine molecules have better binding energies

than indomethacin. However, molecule 5 through Standard Precision calculation and

molecules 2 and 9 through Extra Precision calculation have poorer Glide scores than

indomethacin. Almost all the ligand molecules exhibit interactions with both enzymatic and

anticoagulation regions of vPLA2 and also satisfy the ADME parameters’ range, essential

for designing drugs. However, molecules 1, 2 and 5 seem to violate some filters of the ‘rule

of 5’. On the basis of these calculations, from all the methods, molecules 3 and 7 have been

proven to have more potential than indomethacin for the inhibition of anti-coagulation and

inflammation activities of vPLA2. These compounds can be co-crystallized with PLA2 and

the in vitro binding mode and energy with the protein could be studied. It may be a good

start to use a novel class of biologically active pyrazolo[3,4-d]pyrimidine compounds in

treating inflammatory disorders and snake bites.
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