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Introduction 

Figure 1: Chemical structure of Naproxen (Nap) and its degra-
dants.

Naproxen is a naphthalene nucleus bearing nonsteroidal an-
ti-pyratic and anti-inflammatory drug, that plays key role against 
cyclooxygenase (COX) leading to suppress prostaglandins accu-
mulation caused by various diseases [1,2]. It has undesirable side 
effects upon routine medication due to free form of terminal acid 
group. A bunch of modification focused on terminal acid group 
protection or prodrug derivatization in order to minimize the 
secondary effect [1-3]. Several degradative studies suggested to 
investigate the nature of degradant in the different chemical and 
physical environment [4,5]. In this study, we considered all the 
four impurities including degradants such as D1, D2, D3, and D4  

 
with that parent Naproxen. Here D2 and D4 degradative products 
were obtained during acid hydrolysis (1N HCl at 60°C for 2hrs) and 
base hydrolysis (1N NaOH at 60°C for 6hrs) where as D1 and D3 
were considered as metabolite and process related by products 
[4]. Previously, computational studies of Naproxen and some of its 
modified derivatives also reported [6,7] (Figure 1).

Figure 2: Frontier molecular orbital (HOMO-LUMO) and related 
transition energy of Naproxen and D1.
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In this investigation, we report the optimization and 
prostaglandin H2 (PGH2) inhibition pathway of Naproxen 
and its degradants utilizing molecular docking, nonbonding 
interactions, and pharmacokinetic calculations. Enthalpy, free 
energy, dipole moment, HOMO (highest occupied molecular  
orbital), LUMO (lowest unoccupied molecular orbital), hardness, 
softness, chemical potential has and chemical potential have been 
studied for every molecule. Molecular docking and nonbonding 
interactions calculation are performed to understand the binding 
affinity and binding mode(s) of all structures with the receptor 
protein (5F19). Some of the compounds show improved thermal, 
molecular orbital and binding properties (Figure 2). 

Methods and materials
Optimization of All Compounds Using DFT

Quantum mechanical (QM) methods keep an important role 
for the calculation of thermal and molecular orbital properties [8]. 
In this investigation, QM calculation was implemented by using 
density functional theory (DFT) employing Becke’s (B) [9] exchange 
functional combining Lee, Yang and Parr’s (LYP) correlation 
functional [10] in Gaussian 09 program package for all compounds 
[11]. People’s 6-31g + (d,p) basis set was used to optimize the 
drugs and other calculations [12]. Initial geometry of Naproxen 
was taken from online chemical information resource named 
ChemSpider and further modified in Gaussian 09 software[13]. For 
every molecule’s internal electronic energy, enthalpy, Gibb’s free 
energy and dipole moment were calculated. Frontier molecular 
orbital calculation was performed by using same level of theory. 
Hardness (η) and softness of all drugs were also calculated from 
the energies of frontier HOMOs and LUMOs considering Parr and 
Pearson interpretation [14,15] of DFT and Koopmans theorem [16] 
on the correlation of ionization potential (I) and electron affinities 
(E) with HOMO and LUMO energy (𝜀). The following equations are 
used for the calculation of hardness (η) and softness (S):

    [ ] [ ]/ 2; / 2;   1/LUMO HOMO LUMO HOMO Sη ε ε µ ε ε η= − = + =

Protein Preparation and Molecular Docking
Three-dimensional crystal structure of aspirin acetylated 

human cyclooxygenase-2 (PDB ID: 5F19) was retrieved in PDB 
format from online protein data bank (PDB) [17]. All hetero 
atoms and water molecules were eliminated using PyMol (version 
1.3) software packages [18]. Energy minimization of the protein 
implemented by Swiss-Pdb viewer software (version 4.1.0) [19]. 
Than optimized drugs were subjected for molecular docking study 
against human prostaglandin synthase protein (5F19). In computer 
aided drug design, binding affinity and mode(s) of ligand with target 
protein can predict by molecular docking simulation [20,21]. Finally, 
molecular docking simulation was performed by PyRx software 
(version 0.8) [22] considering the protein as macromolecule and 
the drug as ligand. In this analysis, rigid docking was performed 
where, all rotatable bonds were converted into non-rotatable with 
the center grid box size 64.8642, 73.2984, and 57.9414 Å along x, 
y and z directions respectively. After docking, both the protein and 
ligand structures were saved in. pdbqt format required by Accelrys 
Discovery Studio (version 4.1) to analyze and visualize the docking 

result and search the interactions between ligands and amino acid 
residues of receptor protein [23].

Pharmacokinetic Analysis
Absorption, metabolism and carcinogenicity of Naproxen 

and its derivatives were predicted by utilizing AdmetSAR online 
database [24]. SDF (Structure Data File) and SMILES (simplified 
molecular-input line-entry system) strings were used throughout 
the generation process (Table 4).

Figure 3: (A) Docked conformation of all structures at inhibition 
bounding site of 5F19 (B). Superimposed view of all compounds 
after rigid docking.

Result and Discussion
Thermodynamic Properties

The spontaneity of a chemical reaction and the stability of the 
reaction product can be predicted from thermodynamic properties 
such as enthalpy, Gibb’s free energy [25]. Free energy is a pivotal 
criterion to represent the interactions of binding partners where 
both the sign and magnitude are important to express the likelihood 
of bimolecular events occurring. Greater negative values indicate 
improved thermodynamic properties. In this study, it is found 
that the values are negative (Table 1) meaning the binding will 
occur spontaneously without any extra energy expenditure [26]. 
Free energy of Naproxen is -767.4245 Hartree where D3 shows 
the highest values (-882.7084 Hartree) which suggesting that the 
molecules are energetically and configurationally more preferable. 
The dipole moment of Naproxen is 3.1812 sDebye where D3 shows 
the highest dipole moment (4.3669 Debye) (Figure 4). Elevated 
level of dipole moment enhances the hydrogen bond formation, 
nonbonding interaction, binding affinity and polar nature of a 
molecule [27].
Table 1: Molecular formula, molecular weight, enthalpy, 
free energy (in Hartree), and dipole moment (Debye) of all 
compounds.

Name Molecular 
formula

Molecular 
weight Enthalpy Free 

energy
Dipole 

moment

Nap C14H14O3 230.25 -767.3647 -767.4245 3.1812

D1 C13H12O2 200.23 -652.8487 -652.9024 3.3939

D2 C15H16O3 244.28 -806.6407 -806.7045 3.2617

D3 C17H16O3 268.30 -882.6441 -882.7084 4.3669

D4 C13H14O2 202.25 -654.0225 -654.0773 1.8470
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Figure 4: Nonbonding interactions of Naproxen (Nap) and D3 
with the amino acid residues of 5F19 generated by Discovery 
Studio.

Molecular Orbital Properties
Chemical hardness (η) and softness (S) of a molecule can 

determine from the HOMO (highest occupied molecular orbital) 
- LUMO (lowest unoccupied molecular orbital) gap [28]. Large 
HOMO-LUMO gap related to high kinetic stability and low chemical 
reactivity and small HOMO-LUMO gap is important for low chemical 
stability, because addition of electrons to a high-lying LUMO and/
or removal of electrons from a low-lying HOMO is energetically 
favorable in any potential reaction [29].  In this study, Naproxen 
has the HOMO-LUMO gap 4.4665 eV where D3 shows the lowest 
energy gap (2.0028 eV) and the lowest chemical potential (-3.7252 
eV) with the highest chemical softness (0.9986 eV) values which 
may contribute the higher chemical reactivity than others (Table 2).
Table 2: HOMO, LUMO, gap, hardness, and softness of all 
compounds.

Name 𝜀HOMO 𝜀LUMO Gap Hardness Softness Chemical 
potential

Nap -5.4733 -1.0068 4.4665 2.2332 0.4477 -3.2400

D1 -5.6961 -1.5412 4.1549 2.0774 0.4813 -3.6186

D2 -5.4286 -1.0149 4.4137 2.2068 0.4531 -3.2217

D3 -4.7266 -2.7238 2.0028 1.0014 0.9986 -3.7252

D4 -5.4025 -0.9134 4.4891 2.2445 0.4455 -3.1579

Binding Affinity and Binding Interactions Analysis
Naproxen showed a binding energy of -9.3 kcal/mol whereas 

increasing order of binding energy followed the sequence such as 
D2<D1<D4<D3 (-8.4<-8.6<-8.8<-9.5) kcal/mol. From the structural 
contrast D3 has two extra substitutions in the ring B, providing 
high density of resonance electron in the naphthalene ring leading 
to highest binding affinity. Except ordinary hydrogen bonding, 
nonbonding interactions are frequently used term to determine the 
shape and behavior of molecules. Among the all sorts of interactions 
such as CH/O, CH/N, OH/π and NH/π, the CH/π is most prominent 
interaction found in the drug protein interactions. Parent Naproxen 
molecule showed abundant interactions with phenylalanine 
moiety of the protein including one intensive interaction within 
shorter distance 1.92969Å. Also, glycine and leucine interactions 
are observed where leucine showed a closed distance (2.4152 Å) 
interaction due to CH/π interaction of branched alkyl chain with 
naproxen nucleus. In comparison with parent structure D1 showed 
mostly CH/πinteractions with closed distance. Even though D1 
showed most interactions with valine a closed distance interaction 
observed in the case of serine with distance 2.57419 Å. In D3 two 
shorter distance interactions observed for glycine and methionine 
this is because the structural congestion of D3 allowed small amino 
acids to approach nearby drug moiety. In the case of structure 
D4 phenylalanine interacted with shorter distance, followed by 
leucine and glycine interactions observed within minimal distance. 
Significant hydrogen bonding in D1, D3 and D4 not only contributes 
in increasing binding affinity but also increase binding specialty.  
From molecular docking analysis, the major and common residues 
of 5F19 active site like Leu534, Gly526, Phe529, and Val349 form 
different significant interactions with the ligands (Tables 3 & 4).

Table 3:  Binding affinity and nonbonding interactions of all compounds.

Name Binding energy (kcal/mol) Residues in contact Interaction type Distance (Å)

Nap -9.3

Leu531 H 2.91946

Gly533 H 3.01118

Leu534 H 2.41522

Phe529 H 1.92969

Met522 C 2.70365

Phe529 PA 4.00046

Gly526 Aps 4.80437

Gly526 Aps 3.78645

Phe205 Pal 4.60989

Phe209 Pal 4.78730

Phe381 Pal 5.07852

Val349 Pal 5.21410

Ala527 Pal 4.92045

D1 -8.6

Leu531 H 2.74457

Leu531 H 2.72528

Gly533 H 2.69462

Leu534 H 2.58362
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Val349 Ps 3.57831

Phe381 Pps 5.93682

Leu534 Pal 5.01722

Ala527 Pal 5.39890

D2 -8.4

Ser353 C 2.57419

Tyr385 C 3.07781

Ala527 A 3.27586

Val523 A 4.71118

Val116 A 4.47730

Val349 A 5.49564

Leu359 A 4.26927

Leu531 A 4.68008

Val349 Pal 3.75652

Ala527 Pal 4.17122

Val349 Pal 4.07159

Ala527 Pal 4.85683

D3 -9.5

Met522 H 2.14032

Gly526 C 2.60098

Val349 A 4.35817

Leu352 A 5.49173

Tyr348 Pal 4.94156

Val349 Pal 4.67675

Ala527 Pal 3.61998

Leu531 Pal 5.44947

Val349 Pal 4.32455

Ala527 Pal 3.80025

D4 -8.8

Leu534 H 2.67095

Phe529 H 2.26024

Gly533 C 2.89172

Val349 Pal 4.14612

Leu534 Pal 4.97736

Ala527 Pal 5.40707

Table 4: Selected pharmacokinetic parameters of Naproxen and its degradants.

Name Blood brain barrier Human intestinal 
absorption

P-glycoprotein 
inhibitor hERG Carcinogen Acute oral toxicity

Nap + (0.6881) + (0.9948) NI (0.8396) WI (0.9588) NC (0.8685) III

D1 + (0.8926) + (1.0000) NI (0.6926) WI (0.9023) NC (0.8479) III

D2 + (0.8164) + (1.0000) NI (0.6673) WI (0.9458) NC (0.8267) II

D3 + (0.8029) + (0.9867) NI (0.8326) WI (0.9467) NC (0.9411) III

D4 + (0.8257) + (0.9970) NI (0.7796) WI (0.8631) NC (0.8394) III

Pharmacokinetic Investigation
From AdmetSAR calculation, it is found that all the drugs 

show positive response for blood brain barrier (BBB) criteria, 
predicting that drugs can pass through the BBB. All the drugs show 
III category acute oral toxicity so, it can be predicted that they are 
relatively harmless for oral administration. AdmetSAR calculation 
predicts all drugs are non-carcinogenic. So, the drugs are expected 
to be safe for topical use. All drugs are P-glycoprotein non-inhibitor. 
P-glycoprotein inhibition can block the absorption, permeability 

and retention of the drugs [30]. However, all the molecules show 
non-inhibitory property for human ether-a-go-go-related gene 
(hERG). Inhibition of hERG can lead to long QT syndrome [31], so 
more study of this aspect is necessary.

Conclusion
In this investigation, the inherent stability and biochemical 

interaction of Naproxen and its degradants have been studied. 
From, DFT calculation all the compounds are thermally stable 
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and some of them show better chemical reactivity than Naproxen. 
D4 show greater dipole moment with smaller HOMO-LUMO gap. 
Apart from that, D3-5F19 complex shows better binding affinity 
with significant interactions than others.  Pharmacokinetic results 
predict all the degradants are non-carcinogenic and relatively safe 
for oral administration. Considering above discussion, this study 
may be helpful to understand the physiochemical and biological 
properties of Naproxen and its degradants. 
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