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Abstract
Understanding the geometry and electronic properties of non-steroidal anti-inflammatory drugs
(NSAIDs) and the nature of their interactions with human cyclooxygenase-2 (COX-2) is important in the
development and design of novel NSAIDs. In this paper, B3LYP/6-311++G (d,p) level of theory was applied to assess the acidity of NSAIDs in the gas phase. Subsequently, the role of intramolecular hydrogen
bond on acidity of these compounds was confirmed by means of natural bond orbital (NBO) and quantum
theory of atoms in molecules analyses (QTAIM). Furthermore, by applying the polarized continuum model
(PCM) at the B3LYP/6-311++G(d,p) level, the pKa value of NSAIDs in aqueous solution was calculated.
The maximum error was found to be less than 0.1 pKa unit in comparison with the experimental value. This
protocol can be used as a tool to predict pKa values of NSAIDs in future studies. In the last step, attempts
have been made to generate a functional model of the structure of human COX-2 enzyme by means of homology modeling to gain more insight into the nature of interactions between NSAIDs and the active site
of this COX-2 enzyme by docking studies. In addition, a mean binding energy for each drug was estimated
based on its ionization ratio.
Keywords: Cyclooxygenase-2 inhibitors, DFT calculations, Docking studies, Homology modeling, pKa.
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1. Introduction
Non-steroidal anti-inflammatory drugs
(NSAIDs) constitute a noteworthy class of medications for the alleviation of pain, inflammation,
and fever. NSAIDs exert their anti-inflammatory
effect through the inhibition of prostaglandins
(PG) synthesis, and more specifically the inhibition of cyclooxygenase enzymes, COX-1 and
COX-2 (1). Although both enzymes are associated with inflammation, the former is considered to be constitutive, while the latter is considered as an inducible isoform. Based on the
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described discovery, it was stated that inhibition
of COX-1 results in an anti-inflammatory action as well as gastric irritation, whereas inhibition of COX-2 results in therapeutic effects (2).
The other roles of COX-2 inhibitors have
been widely explored. For illustrative purposes, the
antitumor activity and neurodegenerative diseases
like Alzheimer’s disease could potentially be relieved with NSAIDs (3-5). In addition, the antitumor
activity of NSAIDs has been attributed to a synergism effect with antitumor drugs in clinical use (6).
NSAIDs can be classified based on their
chemical structures into different type of families such as salicylates (Aspirin), propionic acid
derivatives (Naproxen, Fenoprofen, Ketoprofen,
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Flurbiprofen), anthranilic acid derivatives (Meclofenamic acid, Flufenamic acid, Tolfenamic
acid), and acetic acid derivatives (diclofenac) (7).
Naproxen demonstrates favorable anti-inflammatory, analgesic, and antipyretic property (8) and is
utilized in inflammation conditions like rheumatoid arthritis, spondilytis, and osteoarthritis (9).
Moreover, Tolfenamic acid was shown to be antipyretic, antirheumatoid, and anti-inflammatory. It
is also administered for veterinary intentions (10).
The importance of NSAIDs has led to numerous
investigations by several authors. For instance,
Kely Ferreira de Souza et al (11) have reported that
in non-polar solvents the enol form of piroxicam
leads to increase fluorescence. Their B3LYP/CEP31G(d, p) level of calculations raise the importance of the hydrogen bonds in the stabilization of
this tautomer. Hence, this enol form tends to show
greater rigidity and planarity than the keto tautomer, making it more suitable to be involved in radiative processes (11). Furthermore, in another research, a density functional theory (DFT) study of
allylic hydroxylation and double bond epoxidation
in a model reaction have accomplished helped to
gain more information about the factors that affect
the regioselectivity of oxidation by cytochrome
P450 (12). The mechanism for binding of different
selective NSAIDs like celecoxib and rofecoxib towards COX-2 has been investigated (13) by using
a wide range of theoretical techniques, including
molecular dynamics and free energy calculations.
In physiological conditions, NSAIDs are
present at different ionic states based on their pKavalues. Different docking results could be, therefore, expected for ionized or unionized states of
the structures. By considering the ionization ratio
of the structures, more accurate docking energy
values would be estimated. For this purpose, it
is of great importance to develop a valid method
in order to calculate the pKa values of NSAIDs.
On the basis of the preceding considerations, a preliminary investigation on the geometry, electronic properties, and acidity of NSAIDs
was done. The human structure of COX-2 was
thereafter generated by means of homology
modeling. Docking simulations of some representative NSAIDs were subsequently performed
224

with the modeled structure of COX-2. Finally,
the interactions between these optimized drugs
and COX-2 enzyme system was investigated in
order to shed light on the nature of these interactions. Binding mode of the ligands at different ionization states was explored, and a mean
binding energy for each ligand was estimated.
2. Methods
2.1. Density Functional Theory Study
The initial configurations of the studied
NSAIDs and their corresponding conjugate bases were determined by Spartan 06 software (14).
Thereafter, for the most stable conformers, geometry optimizations, and frequency calculations were
totally carried out by the density functional theory
(DFT) method applying Becke3 (B3) exchange
and Lee, Yang, and Parr (LYP) correlation potentials (15, 16). The natural bond orbital (NBO) and
quantum theory of atoms in molecules (QTAIM)
analyses are shown to be very useful in portraying
electron densities in different types of systems and
in enlarging the concepts of H-bonds (17-19). NBO
(20, 21) analysis was performed for the compounds
of this study in order to obtain the natural charges
by applying B3LYP/6-311++G (d, p) level. Moreover, B3LYP/6-311++G (d, p) level was used for
quantum theory of atoms in molecules (QTAIM)
analysis with AIM2000 package (22) in order to
calculate the features of bond critical points (BCPs).
In case of solution phase, the solvation
model requires an approximately much computational cost and is only suitable for a limited
number of small molecule formulas. Among the
suggested solvation models, polarized continuum model (PCM) is one of the most appropriate methods (23, 24). As a result, all geometrical optimizations that account for solvent effect,
were carried out in water at the PCM/rB3LYP/6311++G (d,p) level. Prediction of pKa values
in water was done using equation (1) where:
[∆G°rxn(kcalmol-1)]/1.364=pKa(HX)pKa(C6H4NH2CO2H) or pKa(HX)=pKa(C6H4NH2
CO2H)+[∆G°rxn(kcalmol-1)/1.364 (25).
HX+C6H4NH2CO2-→X-+C6H4NH2CO2H       Eq 1.
Trends in Pharmaceutical Sciences 2015: 1(4):223-234.
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In this reaction, HX is denouncing for
NSAIDs and C7H7NO2 was used as the reference molecule. (3-phenylpropanoic acid
was the other reference used in this study.)
2.2. Docking study
2.2.1. Cox-2 modeling
The 3D structure of human cyclooxygenase (COX-2) was obtained by means of comparative homology modeling (26). Selection of
the template was done using BLAST (Basic Local Alignment Search Toolbox) at NCBI server.
ClustalX2 was thereafter used to generate the in-

put alignment required for modeller software 9v14
(27). The modeler python script was designed in
such a way to include the co-crystal ligand of the
template structure inside the output models. 100
models were accordingly generated using modeller9v14 (27), and the best model was selected
based on the DOPE score energy value. The final
best output model of modeller was subjected to
PROCHECK server in order to calculate Ramachandran plot (28). The validated model was
subsequently used in further docking studies.
2.2.2. Docking simulation
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Figure 1. a) Optimized geometries using B3LYP/6-311++G (d, p) level of theory for the studied NSAIDs and their
corresponding conjugate bases. (HDF=Diclofenac, DF=conjugate base of diclofenac, HMCF=Meclofenamic acid,
MCF=conjugate base of meclofenamic acid, HFP=Fenoprofen, FP=conjugate base of fenoprofen, HFF=Flufenamic
acid, FF=conjugate base of flufenamic acid, HKP=Ketoprofen, KP=conjugate base of ketoprofen, HFlP=Flurbiprofen,
FlP= conjugate base of flurbiprofen) b) 2D representation of the NSAIDS used in this study.
Trends in Pharmaceutical Sciences 2015: 1(4):223.234.
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Docking studies were carried out to provide insight into the interactions of NSAIDs at
different ionization states with the active site of
COX-2 enzyme. All docking simulations were
performed by means of an in house batch scripts
for automatic running of Autodock Vina 1.1.1 (29)
in parallel using all system resources. The batch
scripts were designed to facilitate the docking
studies in an stepwise mode including ligand preparation, receptor preparation, conf.txt preparation,
and finalization of docking runs. In all experiments,
the genetic algorithm search method was used to
find the best pose of each ligand in the active site
of the target enzyme (30). The grid box dimension
was considered as 25×25×25 Å and, the coordinates of the grid center were -40.486, -51.053, and
-20.415, respectively. Random orientations of the
conformations were generated after translating the
center of the ligand to a specified position within
the receptor active site. No attempt was made to
minimize the ligand-receptor complex (rigid receptor docking). All visualization of protein ligand
complexes was done using VMD software (31).
3. Results and Discussion
3.1. Acidity of NSAIDs in the gas phase
To find the most stable conformer of the
studied compounds, various conformers with
the potential energy surface at the interdependent energy range of 0-10 kcal/mol were determined. Merck molecular force field (MMFF)
provided in Spartan 06 software was used for
this purpose (14). Eventually, the obtained
conformers were optimized at the B3LYP/6311++G (d,p) level of theory. Their structures

with the lowest energy are exhibited in Figure. 1.
For HB at 298 K, the gas phase acidity is clearly described according to the following deprotonation process, HB→H++B-.
Enthalpy and the Gibbs free energy changes can be calculated as equation 2 (32):
∆Hacidity=E(HB)-E(B-)-E(H+)+∆(PV)=E(HB)-E(B)+Evib(HB)-Evib(B-)-(5/2)RT
∆Gacidity=∆H–T∆S
(∆S=S(HB)–S(B-)–S(H+)                                  Eq 2.

Where E(i), Evib (i) and S(i), respectively,
refer to the total energy, zero-point vibrational energy (ZPVE) also including the thermal vibrational
corrections to the total energy for facilitation, and
entropy of the species i. Both (5/2) RT and ∆(PV)
terms include the translational energy of the proton.
The essential parameters for calculating
the gas phase acidity of the mentioned compounds
at 298 K are listed in Table 1. The formation of
the intramolecular H-bond mostly within a sixmember ring between oxygen lone pairs of the
carboxylate moiety and the NH group, leads to a
larger stabilization effect of the negative charge
in some conjugate bases, shown in Figure 1, as
a result yielding higher acidity. As seen in Table
1, there are two categories of weak organic acids
among the studied NSAIDs based on their Gibbs
energy changes. For instance, deporotonation
process of HMCF is thermodynamically more favorable than HFP, because of intramolecular hydrogen bonding in the conjugate bases of the first
compound. Strength of hydrogen bonding interactions is usually perceived by NBO and QTAIM

Table 1. B3LYP/6-311++G (d,p) thermochemical values for the studied NSAIDs and their corresponding conjugate bases.
Compound
E0+TCa (au)
ΔHacidityb
TΔSacidityc
ΔGacidityd
(kcal/mol)
(kcal/mol/K)
(kcal/mol)
acid
anion
HMCF
HDF
HFP
HFF
HFlP
HKP

-1665.753898
-1665.749569
-805.663732
-1044.343256
-829.711948
-843.785527

-1665.233033
-1665.228779
-805.132105
-1043.822186
-829.181133
-843.258851

328.33
328.28
335.08
328.46
334.57
331.97

7.06
6.79
7.34
7.32
7.36
7.22

321.27
321.49
327.74
321.14
327.21
324.75

aTotal energy values (TC is thermal correction); bEnthalpy changes, cThe product of Temperature and Entropy Changes and
dGibbs energy changes at 298 K.
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analyses as will be discussed in the next sections.
3.2. Natural bond orbital (NBO) analysis
NBOs (20) provide the most accurate
feasible (natural Lewis structure) picture of the
wave function ψ. All the orbital details are mathematically chosen so as to encompass the highest possible percentage of the electron density.
Hence, in the NBO analysis, the donor-acceptor
(bond-antibond) interactions are taken into consideration by inspecting all plausible interactions between donor and acceptor NBOs. Stabilization energy E(2) relevant to the delocalization
trend of electrons from donor to acceptor orbitals is computed via perturbation theory. Large
stabilization energy E(2) between a donor bonding orbital and an acceptor orbital indicates an
achievable strong interaction between them. The
stabilization energy E(2) ,which associates with
i→ j delocalization between donor orbital (i) and
acceptor orbital (j), is given by the equation 3:
                                                                 
Eq 3.
(i Fˆ j )
(2)
2

E

=
∆E =
∆E =
−2
ij
CT
ε j −ε i

Where εi and εj are NBO orbital energies,
and F is the Fock operator (33). The necessary
NBO parameters are given in Tables 2 and 3 for
each NSAIDs and its conjugate base. They were
estimated from the natural bond orbital (NBO)
analysis at B3LYP/6-311++G (d, p) level. The
major stabilizing effect is because of the potent
orbital interactions between the antibonding orbital of proton donor σ*N−H and the lone pairs

of proton acceptor lp(O). As a result, the charge
is transferred from the lone pairs of oxygen to σ*
orbitals of N-H or C-H bond in all compounds.
Two lone pairs of the oxygen atom have been participated in some compounds unequally because of
their dissimilar orientation in regard to σ* orbitals. As a case in point, in DF compound, the sum
of stabilization energies (i.e., E(2)) for lp(O15) →
σ*(H18−N17) is much larger than that of lp(O15)
→ σ*(H19-N18) interaction in HDF. This indicates the stronger hydrogen bonding interaction in
the conjugate base structure than its corresponding
acid. Whereas in compounds like HFP and FP, the
acceptor orbital of intramolecular hydrogen bond
is C-H bond, so that their importance in stabilization of the geometries are negligible due to their
much lower E(2) values. Also, values of transferred
charge in donation and back donation processes,
∆qCT, have been calculated and given in Table 2
and Table 3. Comparative values of ∆qCT with E(2)
for these compounds show that charge transfer energies have the same trend as stabilization energies.
In all of the studied NSAIDs in Table 2 and Table
3, the highest values of E(2) and ∆qCT belong to
the conjugate bases than their corresponded acids.
3.3. Atoms in molecule analysis of hydrogen bonds
The bond properties between each pair of
atoms were systematically analyzed using quantum theory of atoms in molecules (QTAIM) (17).
Based on topological parameters, a direct connection extracts by giving attention to the electron
density, in addition to the geometries and binding energies. These parameters embody values

Table 2. The significant natural bond orbital parameters for the intramolecular hydrogen bonding interactions of
the studied NSAIDs, calculated at the B3LYP/6-311++G(d,p) level of theory.
Compound
Charge transfer
E(2)a
Et(2)b
∆qctc
∑∆qctd

HDF
HMCF
HFF

nO15(1)→σ*H19-N18
nO15(2)→σ*H19-N18
nO12(1)→σ*H16-N15
nO12(2)→σ*H16-N15
nO12(1)→σ*H16-O15
nO12(2)→σ*H16-O15

(kcal/mol)

(kcal/mol)

1.47
4.17
2.71
7.54
2.88
7.86

5.64

0.0633

0.1962

0.1329
10.25

0.0864

0.2657

0.1793
10.74

0.0899

0.2714

0.1815

aSecond-order perturbation stabilization energies; bTotal stabilization energies; cCharge transfer values; dThe sum of charge

transfer values.
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Table 3. The significant natural bond orbital parameters for the intramolecular hydrogen bonding interactions related to the conjugate bases of the studied NSAIDs calculated at the B3LYP/6-311++G(d, p) level of theory.
Compound

DF
MCF
FF
KP
FP
FIP

Charge transfer

E(2)a

Et(2)b

Et(2)CB-Et(2)ACc

(kcal/mol)

(kcal/mol)

(kcal/mol)

7.75

46.66

41.02

∆qctc

∑∆qctd

0.1563

0.5781

nO15(1)→σ*H18-N17
nO15(2)→σ*H18-N17

38.91

nO12(2)→σ*H15-N14

40.18

nO12(2)→σ*H15-N14

37.08
0.76

0.76

0.76

0.0466

0.0466

nO30(1)→σ*H11-C3

0.62

0.62

0.62

0.0430

0.0430

-

-

-

-

nO12(1)→σ*H15-N14

nO12(1)→σ*H15-N14
nO31(1)→σ*H10-C7
-

7.32
7.09

0.4218
47.50

37.25

0.1515

0.5841

0.4326
44.17

33.43

0.1487

0.5678

0.4191

aSecond-order perturbation stabilization energies; bTotal stabilization energies; cDifference of the conjugate base E (2) and its
t
corresponding acid Et(2) ; dCharge transfer values; eThe sum of charge transfer values.

of the electron density (ρ(r)) and the Laplacian (
∇ 2 ρ(r)) at the bond critical point (BCP). Accordingly, a negative value of ∇ 2 ρ(r) at a BCP is re2
lated to the covalent nature of a bond, while ( ∇
ρ(r)> 0 implies “closed-shell-type” interaction as
seen in ionic bonds, hydrogen interactions, and
van der Waals molecules (34). The required parameters to expound the essence of intramolecular hydrogen bond obtained from QTAIM analysis are presented in Table 4 for all compounds.
2
A positive value of ( ∇ ρ(r)), at various
BCPs of NH…OH and CH…OH intramolecular
hydrogen bonds is given in Table 4 for each acid

and its conjugate base. It illustrates that these interactions are mainly electrostatic in nature. Moreover, the values of ρ(r) at BCPs of NH…OH intramolecular hydrogen bonds are higher than CH…
OH ones. As a rule, ρ(r) larger than 0.20 au and
less than 0.10 au are related to covalent bonding
and a closed-shell interaction, respectively (35).
From the values of electron density in Table 4, it
can be again deduced that in both NSAIDs and
conjugate bases, intramolecular hydrogen bonds
are all closed-shell interactions in BCPs. Thus,
the higher acidity of the first category of NSAIDs
(i.e., HMCF) than the second one (i.e., HFP) has

Table 4. Bond critical point data from QTAIM analysis.
Compound

BCP

ρ(r)a
( e/au3)

HDF
DF
HMCF
MCF
HFF
FF
KP
FP
FIP

nO15(1)→σ*H19-N18

( e/au5)

0.019

0.069

nO15(1)→σ*H18-N17

0.063

0.140

nO12(1)→σ*H16-N15

0.032

0.120

nO12(1)→σ*H15-N14

0.070

0.151

nO12(1)→σ*H16-O15

0.032

0.119

nO12(2)→σ*H15-N14

0.066

0.149

nO31(1)→σ*H10-C7

0.010

0.032

0.008

0.025

nO29(1)→σ*H19-C16

0.012

0.039

nO30(1)→σ*H11-C3

aThe electron densities; bLaplacians of the electron densities.
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Table 5. Theoretical pKa values of the studied NSAIDs.
∆G°rxna

pKa(calc)b

pKa(exp)

∆pKa

HDF

3.17

4.46

4.50[41]

-0.04

HFP

-0.19

4.52

4.50[42]

HFF

2.51

3.98

3.90[43]

0.08

4.35

4.33[44]

0.02

4.76

4.80[41]

-0.04

3.54

3.64[45]

-0.10

Compound

HFlP

-0.42

HKP

0.14

HMCF

1.91

0.02

aGibbs energy changes of equation (1) in kcal/mol.bThe pK values calculated using the equation (1) for the studied NSAIDs.
a

been again proved again by QTAIM analysis.

typically approximates to the plasma volume (38).
The measurement of pKa may not be not straightforward and it leads to a significant experimental
challenge. Experiments must be very carefully
performed under standard conditions to ensure the
validity of the results (39). For these such reasons,
it is of enormous interest to develop computational
methods for predicting the pKa value of drugs.
Bases on the pervious explanation provided, the pKa values of the studied NSAIDs were computed in this research. The reference molecules,
2-aminobenzoic acid (for meclofenamic acid, diclofenac and flufenamic acid) and 3-phenylpropanoic acid (for fenoprofen, ketoprofen, flurbiprofen)
were used for the calculation; since they are similar
enough to the family type of each compound. The
experimental pKa value of the former is 2.14 and
the latter is 4.66 (40). The calculated pKa values
(obtained by equation (1)) for NSAIDs are listed in
Table 5. The correlation between experimental pKa
values of these compounds and their calculated
pKa is displayed in Figure. 2. As seen in Table 5,
for all NSAIDs in this work, the results of the theoretical method is very close to the experimental

3.4. Acidity of NSAIDs in aqueous solution
Many drugs contain at least one acidic
and/or basic functionality, whose the ionization
state of these functional groups plays an important
role in determining the physicochemical properties
of the compound.  At a particular pH, the acid dissociation value of a drug compound is obtained via
Henderson–Hasselbach equation (equation 4) (36):
pH=pKa+log[(unprotonated form/protonated form)]        Eq 4.

In perception of the behavior of drug
compounds, the ionization constant is a powerful parameter. In biochemistry and pharmacology, the information about the pKa values of ionizable groups in a protein plays an essential role
for comprehension of its functional mechanism at
the molecular level (37). Most NSAIDs are weak
organic acids, with pKa of 3–5. They are absorbed
well from the stomach and intestinal mucosa.
They are highly protein-bound in plasma, usually
to albumin, so that their volume of distribution
5
4.8

pKa (exp)

4.6
4.4
4.2
4
3.8
3.6
3.4
3.2

3.4

3.6

3.8

4

4.2

4.4

4.6

4.8

5

pKa (calc)

Figure 2. Experimental pKa values versus calculated values for the studied NSAIDs (R2=0.9795).
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Figure 3. The alignment file used in homology modeling of human cyclooxygenase-2 (COX-2).

values. Comparison of these results demonstrates
that a good correlation exists between the experimental results and the calculated values (Figure 2).
3.5. Docking study
The 3D structure of human cyclooxygenase-2 (Prostaglandin G/H synthase 2: Accession
number: P35354) was generated based on the crystal structure of the homologue protein structure.
The high resolution structure of mouse cyclooxygenase (3NT1; 1.74 Å) in complex with naproxen
was selected by means of BLAST. The selected
template was similar with 87% identity and 100%
coverage to human COX-2 enzyme.   The alignment file for the homology modeling step is depicted in Figure 3, and the conserved residues of both
enzymes were aligned reasonably before modeling
procedure. To keep the natural state of the active
site of human enzyme, naproxen was also included
in the output models. As described, the structure
of the model was verified using Ramachandran
plot. As seen in Figure 4, more than 92% of the

residues were in the most allowed regions. Some
residues including His16 and Glu58 were not in
the favored regions. Not more computational work
has been done for these residues, since they were
not taking role in the binding of the ligands. This
verifies that the obtained model is in accordance
with the folding, as anticipated for the natural protein structures. The proposed model was therefore
a suitable structure to be used in docking studies.
Ionization states of the residues were also corrected at physiological pH with respect to their isoelectric constants. Based on equation 4, the ratio of
unprotonated form of the studied NSAIDs to their
protonated form was computed in physiological
pH by considering their calculated pKa values. The
result of this computation is summarized in Table
6. As demonstrated in Table 6, the dominate form
of these drugs in physiologic pH is their unprotonated form. Therefore, in Binding Energymean
value the contribution of this form is much greater
than the protonated form. However, the ionization
ratio is needed to correct the binding energy for

Table 6. The log [(unprotonatedform/protonated form)], Binding Energyacid(kcal/mol), Binding Energyanion(kcal/
mol) and Binding Energymean (kcal/mol) of the NSAIDs at 310 K and in pH=7.4.
Compound

The log[(unprotonated form/protonated form)]

BEacid

BEanion

BE mean

HMCF

3.86

-7.2

-7.4

-7.39997

HDF

2.94

-6.8

-7.0

-6.99977

HFP

2.88

-8.4

-8.3

-8.30013

HFF

3.42

-7.3

-7.7

-7.69985

HFlP

3.05

-8.5

-8.7

-8.69982

HKP

2.64

-7.9

-8.4

-8.39886
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Figure 4. Ramachandran plot of the best obtained model for human cyclooxygenase-2 (COX-2).

each structure based on the contribution of both
ionization states. Among the Binding Energymean
values reported for the studied NSAIDs in Table 6,
the minimums belong to the anions of Flurbiprofen, Ketoprofen, and Fenoprofen; which proposes
a better orientation of interacting groups of these
ligands within active site space. Whereas the negative charges of anions of diclofenac and meclofenamic acid, which have been highlighted in the
NBO and QTAIM analyses sections, are stabilized
by intramolecular hydrogen bonding, so that they
could not bind as strongly to the active site of the
COX-2 enzyme. The nature of these interactions is
often electrostatic, hydrogen bonding, and hydrophobic interactions. As an instance, Figure 5 shows
the most conventional interactions for diclofenac
(in ionized and unionized states) inside the cavity
of COX-2 enzyme. For unionized form, π-π interaction and hydrogen bonding contacts play a pivotal role in drug binding. Two hydrogen bonds of
Ser105 and Arg106 with hydrogen and oxygen at-

oms of carboxylic acid group are essential for drug
recognition. In addition, Tyr341 and phenyl group
of drug constructs π-π interaction. These described
interactions are also present in the ionized form.
However, Arg106 involves in a stronger ionic bond
with carboxylate moiety, which is more potent than
the equal interaction in unionized form because of
the local negative charge on this form. Therefore,
the binding energy values gained for Diclofenac at
the ionized state is a little more negative than the
acidic state. Besides, there is a correlation between
BEmean obtained by Docking calculations and E(2)
(2)
CB-E )AC measured by NBO analysis of the studied NSAIDs (see Figure.6). It shows that when the
geometry of a ligand lacks internal stabilization
factors (i.e., intramolecular hydrogen bonding in
this case), it has more tendency to interact with the
active site of COX-2. Consequently, the energy released by such these interactions is more negative.

Figure 5. Interaction of diclofenac with cyclooxygenase-2 (COX-2) at different ionization states. Left (Ionized state),
Right (Acid state).
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Figure 6. Correlation between the values of E(2)CB-E(2)AC (kcal/mol) and BEmean (kcal/mol) of the studied NSAIDs
(R2=0.9117).

4. Conclusion
In the present research, we investigated
a detailed DFT study on the structure of some
NSAIDs in the gas phase and solution. In the gas
phase, acidity of the studied NSAIDs, which are
able to form N-H…O intramolecular hydrogen
bond during deprotonation process, is thermodynamically more favorable. The results of natural
bond orbital and quantum theory of atoms in molecules analyses show stronger intramolecular hydrogen bonding between lone pairs oxygen atom
(lp(O)) of the conjugate base and antibonding orbitals of σ* N-H bond than C-H…O ones. Moreover, the results of QTAIM demonstrate that the
hydrogen bonds are electrostatic in the nature. The
calculated pKa values of these NSAIDs in solution
are very close to the experimental values. Docking study indicates that the involved active site
residues are similar for both ionized and unionized states of a drug. Furthermore, computing
the ionization ratio for these mentioned drugs by

considering their calculated pKa values, substantiate the ionized form of NSAIDs as the dominant
molecules in the physiological condition. Docking
binding energies of the dominate molecules are a
little more negative as well, especially for compounds without strong intramolecular hydrogen
bonding in their structures. The findings of this
investigation can be applied to gain more insight
for designing novel NSAIDs and QSPR studies
based on pKa values. Also, computing the correct
ionization state of a ligand will result in more accurate binding mode prediction in docking studies.
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