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ABSTRACT
A large number of drugs are introduced each year to treat different diseases. Most of the time,
patients suffer from more than one health problem which makes it necessary to take multiple drugs.
When drugs are combined, the problem of drug–drug interaction becomes relevant. In this work, we
studied the drug–drug interaction between escitalopram and ibuprofen or paracetamol using density
functional theory and quantum theory of atoms in molecules. The results suggest that following the
interactions, the activity of drugs changes according to site of interaction. Most reactive and most sta-
ble interactions would be preferable for the purpose of use. The in silico drug-likeness studies show
that escitalopram and paracetamol couple is more bioavailable than escitalopram and ibuprofen cou-
ple. Moreover, in order to gain additional insights into the mentioned drugs’ interactions, the drugs
were docked separately and jointly against the potential targets for antidepressants and NSAIDs,
namely 6HIS and 2PXX. The molecular docking results showed a potential improvement of the effect-
iveness of the drugs after combining by forming hydrogen bonds, hydrophobic contacts and p…p
stacking.
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1. Introduction

The drug–drug interaction is known as the effect of one
drug upon another. If more than one drug is taken by a
patient at once, there appears a possibility of drug–drug
interaction (Flynn, 2007). This interaction can be pharmaco-
dynamic or pharmacokinetic and may produce desired or
undesired results (Flynn, 2007). Pharmacodynamic drug inter-
actions are known as the competition between two drugs
for the same target molecule whereas pharmacokinetic drug
interactions are mostly known as the change in the rate of
elimination of one of the drugs in competition (Flynn, 2007).
Furthermore, in certain circumstances such as postoperative

pain, dysmenorrhea and musculoskeletal pain, the combin-
ation of drugs such as ibuprofen (IBP) and paracetamol
(PCM) has been suggested as an effective method for the
treatment (Derry et al., 2013; Doherty et al., 2011; Eccles
et al., 2010). Drug interactions might refer to chemical or
physical interactions. Since a large number of drugs come
into the market each year, it appears as an important issue
to know their interactions with other drugs.

2-(4-Isobutylphenyl) propionic acid also known as IBP is
one of most prescribed drugs which is accepted for its well-
known non-steroidal, anti-inflammatory, analgesic and anti-
pyretic effects (Lazarevi�c et al., 2014). It is also considered as
an alternative to aspirin within the medicinal society. PCM,
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also known as acetaminophen, is also used for its analgesic,
antipyretic and anti-inflammatory activities (Anderson, 2008;
Langhendries et al., 2016). Like aspirin and IBP, it is among
the widely used drugs. Since it has been introduced in 2002,
escitalopram (ESCI) is known as a selective serotonin
reuptake inhibitor and it has been prescribed for the treat-
ment of depression, general anxiety and panic disorder
(Jonathan et al., 2004; Owens et al., 2001). It is particularly
effective and usually well tolerated even for the treatment of
serious generalized anxiety problems (Dhillon et al., 2006).

Quantum chemical calculations are commonly used with
sufficient accuracy for the investigation of molecular struc-
ture, electronic properties, understanding of chemical pro-
cess and reactivity of different types of molecular
compounds (Kraka & Cremer, 2000; Parlak et al., 2021;
Reshmy et al., 2012). Among the computational applications,
density functional theory (DFT) offers a compromise between
accuracy and computational time (Cao et al., 2020; Kraka &
Cremer, 2000). DFT uses electron density, q and the ground
state energy to determine electronic properties of molecular
systems (Hohenberg & Kohn, 1964). DFT has become an
important part of drug design and drug delivery applications
since it provides a very cost-effective and fast method for
the pre-evaluation of potential drugs (Mirhaji et al., 2018;
Najafi et al., 2019; Yoosefian et al., 2019). The difficulty of
experimental studies for biological systems is very well
known and thus DFT method is useful to find a relationship
between structure and activity for a wide range of molecular
systems (Mehdipour et al., 2009; Paulino et al., 2008). In gen-
eral, the structure and activity relationship are obtained
based on some important electronic parameters such as
energies of the highest occupied and the lowest unoccupied
molecular orbitals (EHOMO─ELUMO), chemical hardness (g) and
electrophilicity index (x) (Behzadi et al., 2015; Kawakami
et al., 2013).

Quantum theory of atoms in molecules (QTAIM) proposed
by Bader is widely applied to understand the covalent and
non-covalent atom–atom interactions in various types of
molecular systems from small molecular compounds to pro-
teins and DNA (Bader, 1990; Grabowski, 2011; Hirano et al.,
2016; Parthasarathi et al., 2004; 2005). It is also reported that
electron densities obtained theoretically give insights into
the nature of chemical bonding (Parthasarathi et al., 2005). In
the assessment of the nature of bonding with the QTAIM
methodology, there are several important parameters which
are analyzed together to identify the bond characteristics.
These are the electron density q, Laplacian of electron dens-
ity r2q and electronic energy density H (Bader, 1990).
Together with q, r2q and H, the ratio between the kinetic
and the potential electron energy density G(r)/jV(r)j is also
important to understanding the nature of bonding.
According to Rozas et al., the sign of the r2q and H could
be informative for the determination of the hydrogen bond-
ing (HB) interactions (Rozas et al., 2000). Basically, if r2q< 0
and H< 0, the interaction is covalent or strong and if
r2q> 0 and H< 0, the interaction is partially covalent or
medium and if r2q> 0 and H> 0, the interaction is non-
covalent or weak in nature (Rozas et al., 2000).

Vibrational spectroscopic investigations of different types
of molecular systems based on computational methods have
the potential to enlighten the intra- or intermolecular inter-
actions including hydrogen bond (HB) interactions (Barone,
2011; Fornaro et al., 2015; Jensen & Bunker, 2000). HB inter-
actions can be followed by observing the changes of fre-
quency shifts and intensity of the bands involved in the
hydrogen bonding (Fornaro et al., 2015). Therefore, vibra-
tional spectroscopic analyses in the theoretical ground pro-
pose a very powerful method for the identification of HB
interactions.

The 5-hydroxytryptamine type-3 receptor (5HT3) belongs
to the family of pentameric ligand-gated ion channels
(pLGICs) which comprises, in mammals, activated serotonin,
acetylcholine, glycine and c-aminobutyric acid (Nemecz et al.,
2016). In fact, the 5HT3 receptor has been linked to the
improvement of health problems, such as depression
(Fakhfouri et al., 2019) and body weight control (Oh et al.,
2015; Weber et al., 2009). Furthermore, alosetron is clinically
used to treat irritable bowel syndrome (Chey et al., 2015)
and vortioxetine is one of the non-selective antidepressants
which targets the serotonin transporter and receptors (Bang-
Andersen et al., 2011). Cyclooxygenase COX known as prosta-
glandin endoperoxide synthase is the rate-limiting enzyme in
the production of prostaglandin from arachidonic acid
(Smith et al., 1996) and is mainly present as two isoforms
COX-1 and COX-2. Actually, the role of COX in inflammation
(Gandhi et al., 2017; Simon, 1999) and Alzheimer’s disease
(Hoozemans et al., 2003; McGeer, 2000) has well been eluci-
dated. Recently, researchers have shown that COX-2 was
overexpressed in several cancers, namely in the case of colon
(Eberhart et al., 1994; Kargman et al., 1995), stomach
(Ristimaki et al., 1997), breast (Parrett et al., 1997), lung (Hida
et al., 1998), esophagus (Zimmermann et al., 1999), pancreas
(Tucker et al., 1999), urinary bladder (Shirahama & Sakakura,
2001), prostate (Yoshimura et al., 2000), head and neck
(Chan et al., 1999; Sakurai et al., 2001) cancers. In fact, sev-
eral studies have shown a 40–50% decrease in relative risk
for colorectal cancer in persons who regularly take aspirin
and other non-steroidal anti-inflammatory drugs (NSAIDs)
(Giovannucci et al., 1994; Thun et al., 1991). Additionally, clin-
ical studies on humans have shown that celecoxib and rofe-
coxib are able to eliminate the pain without causing any
significant gastroduodenal toxicity in the following cases;
dental extractions, osteoarthritis and rheumatoid arthritis
(Lane, 1997; Seibert et al., 1994).

AS a continuation of our research findings on drugs
(Parlak et al., 2021, 2022a, 2022b), in this work, three widely
prescribed drugs and the mechanisms of their interactions
when they are taken together were studied using theoretical
methods. Based on the DFT calculations and QTAIM analyses,
we studied their interactions. For this purpose, ESCI and IBP,
ESCI and PCM couples were the targets. Their structure and
activity relationship were examined based on the electronic
parameters of EHOMO─ELUMO energies, chemical hardness (g)
and electrophilicity index (x). Furthermore, the sensitivity of
ESCI to two drug molecules was also examined. Considering
that 5HT3 and COX-2 have widely been identified as
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potential targets for antidepressants (Deepali et al., 2016;
�Slifirski et al., 2021) and NSAIDs (Marco & Raymond, 2002;
van der Bijl & van der Bijl, 2003), respectively, we propose
herein an in silico study of the effect of ESCI and IBP/PCM
against 5HT3 (PDB: 6HIS) and COX-2 (PDB: 2PXX), respect-
ively. Moreover, for a better understanding of the drug–drug
interactions, we investigated the behavior of the mentioned
drugs by docking them combined in the binding pockets of
6HIS and 2PXX, in order to evaluate the possible interactions
that might link them to the targets’ binding sites and thus
the possibility of enhancing their effectiveness.

2. Computational studies

All the structures including ESCI, IBP and PCM were opti-
mized in a water medium . In every step, frequency calcula-
tions were carried out as well to make sure that the
obtained structures at the end of the calculations converge
to a true minimum on the potential energy surfaces. In case
the optimization resulted in an imaginary frequency, calcula-
tions were repeated by applying small structural changes its
vibration is concerned. During the optimization processes, no
geometric limitations were imposed. B3LYP (Becke, 3-param-
eter, Lee–Yang–Parr) functional has been widely used with
acceptable results for the theoretical modeling of different
types of systems (Parlak et al., 2021, 2022a, 2022b).
Therefore, computational calculations were carried out at
B3LYP functional along with 6-31G(d) basis set.

The binding (Eb) or adsorption energies were calculated
by using the following equation (Parlak et al., 2021, 2022a,
2022b):

Eb ¼ EComplex � EESCI þ EDrug where drug is IBP or PCM
� �

(1)

In Equation 1, EComplex, EESCI and EDrug are the optimized
energies of the interacted complex structure, ESCI and IBP or
PCM drugs correspondingly. The values of x and g were cal-
culated by using following relations (Parlak et al., 2021,
2022a, 2022b):

x ¼ l2=2g (2)

g ¼ �EHOMO� �ELUMOð Þ½ �=2 (3)

Since all the calculations were carried out in water, the
polarizable continuum model was used to observe the solv-
ation effects (Tomasi et al., 2005). In this model water is con-
sidered as an implicit factor rather than explicit and the
average dielectric effect of water is considered (Tomasi et al.,
2005). In order to understand the effect of partial charge
accumulations on the IR and NMR interactions at the exam-
ined sites and to make a more quantitative examination, nat-
ural bond orbital (NBO) charge analyses were also conducted
(Reed et al., 1985, 1988). Since the interaction sites are close
to each other, basis functions overlap and result in an error
known as basis set superposition error (BSSE) causing
changes in the Eb energies of the examined system (Simon
et al., 1996). In this work, the BSSE errors were considered by
using the counterpoise correction method. Multiwfn,
GaussView and Gaussian programs were used to visualize

the examined structures and for the calculations
(Dennington et al., 2016; Frisch et al., 2016; Lu & Chen,
2012). Gaussian and GaussView programs were also used for
the calculations and building the examined structures. The
physicochemical properties and drug-likeness of investigated
drugs and interactions were computed using the SwissADME
website (http://swissadme.ch; Daina et al., 2017).

A molecular docking simulation with the AutoDock4.2
software and AutoDock Tools ADT (Morris et al., 2009) was
performed in silico to investigate the interactions linking the
studied drugs to their corresponding targets. X-ray crystal
structures of the serotonin 5HT3 receptor and the cyclooxy-
genase enzyme COX-2 were retrieved from the RCSB protein
data bank (Berman et al., 2000) with the respective PDB IDs:
6HIS (Polovinkin et al., 2018) and 1PXX (Rowlinson et al.,
2003), which were treated by removing the co-crystallised
inhibitors and co-factors. The non-polar hydrogens of the
structures were merged in ADT (Morris et al., 2009) and
the PDBQT format files were prepared by considering
the ligands’ rotatable bonds and assigning the Gasteiger and
the Kollman charges to the related structures. As for the
resulting docked target-drug complexes, their binding pock-
ets were analyzed using Chimera software (Goddard et al.,
2007) and Ligplot (Wallace et al., 1995) in order to evaluate
the possible interacting residues.

3. Results and discussion

3.1. C�N and OH site interactions for ESCI and IBP

The optimized structure for ESCI & IBP drug couple related
to C�N and OH site interaction is given in Figure 1. For the
free single isolated IBP, the OH stretching band was calcu-
lated as 3673 cm�1 with an IR intensity of 159.7. Following
the interaction with ESCI, the OH band of IBP showed a red-
shift to a wavenumber of 3452 cm�1 and the IR intensity of
this band increased to 1814.8. The stretching vibrational fre-
quency of C�N for isolated ESCI was calculated as
2338 cm�1 with an IR intensity of 166.6. This band was
shifted slightly to the value of 2349 cm�1, but the IR inten-
sity largely shifted to 359.5. Furthermore, the OH bond
length of IBP changed from 0.975 to 0.987Å and C�N bond
length shifted slightly from 1.164 to 1.162Å following the
interaction. Eb energy for C�N and OH site interacted system
was calculated as �4.07 kcal/mol.

Figure 1. Optimized structure of C�N and OH site interaction of ESCI & IBP.

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 3

http://swissadme.ch


For the C�N and OH interacted ESCI and IBP system,
QTAIM results suggest two possible HB interactions, namely,
O─H…N�C and C─H…N�C (Figure 2). For the first one, it
was observed that r2q> 0 and H< 0 which indicate partially
covalent interaction and EHB was calculated as
�8.02 kcal/mol. For the second one, both r2q and H are
positive indicating a non-covalent or weak interaction with
EHB value of �0.51 kcal/mol. The electron density at the
bond critical point (BCP) for O─H…N�C site (0.0328 a.u.) is
larger than C─H…N�C site (0.0033 a.u.) indicating stronger
HB interaction for the O─H…N�C site.

3.2. C─F and OH site interactions for ESCI and IBP

The optimized structure for ESCI & IBP drug couple for C─F
and OH site interaction is given in Fig. SI1 (SI: Supplementary
information). Following the interaction with the C─F site of
ESCI, the vibrational OH band of IBP decreased by 18 cm�1

to the wavenumber of 3655 cm�1 and its IR intensity
increased to 539.9. Stretching vibrational wavenumber of
C─F for isolated ESCI was computed as 1267 cm�1 with IR
intensity of 160.2. This band red-shifted to 1229 cm�1 and IR
intensity slightly increased by 4.7. Furthermore, the OH bond
length of IBP was nearly the same after the interaction and
C─F bond length shifted from 1.354 to 1.374Å following the
interaction. Eb energy for C─F and OH site interacted system
was calculated as �0.50 kcal/mol which is the smallest value
for ESCI and IBP couple.

For C─F and OH interacted ESCI and IBP system, QTAIM
findings proposed that three possible HB interactions
occurred at O─H… F─C and C─H… F─C (ring) (Fig. SI2). For
the C─F and OH site, r2q> 0, H< 0 indicating a partially
covalent interaction with EHB value of �7.53 kcal/mol. For the
C─F…HC and C─H… F─C (ring) sites, both r2q and H are
positive implying non-covalent or weak interactions with EHB
values of �1.49 and �1.19 kcal/mol, respectively. Electron
density at the BCP for O─H… F─C site was calculated as
0.0244 a.u. which is larger than C─H… F─C and C─H… F─C
(ring) site interactions (0.0067 and 0.0054 a.u.) showing that
the bond character is stronger for O─H… F─C site.

3.3. C–N–C and OH site interactions for ESCI and IBP

The optimized structure for ESCI & IBP drug couple for
C─N─C and OH site interaction is given in Figure 3.
Following the interaction with the C─N─C site of ESCI, the

vibrational OH band of IBP is red-shifted from 3673 to
2499 cm�1 which is a remarkable change. The IR intensity
also increased in a large amount from 159.7 to 4060.2.
Furthermore, the OH bond length of IBP also increased from
0.975 to 1.038 Å following the interaction. Very large shifts in
the vibrational wavenumbers and IR intensities of the OH
group indicate that there is a very strong interaction at the
C─N─C and OH sites.

At this point, it is better to examine the NBO charges for
three systems together. NBO charges (a.u.) given in paren-
thesis at the interaction site are as follows: O (�0.726) ─ H
(þ0.518)…N (�0.427)�C, O (�0.717) ─ H (þ0.509)… F
(�0.355) and O (�0.747)─H (þ0.512)…C─N (�0.530)─C. It
can be seen that for C─N─C and OH site interactions, the
interacting atoms are more polarized decreasing the bond
character and leading to a very large red-shift in the IR spec-
trum. Eb energy for C─N─C and OH site interacted system
was calculated as �9.75 kcal/mol which is the largest adsorp-
tion energy calculated for ESCI and IBP interacted system.

For C─N─C and OH interacted ESCI and IBP system, the
results of QTAIM indicate five possible HB interactions
(Figure 4). Within these five sites, O─H…N─(C)2 site inter-
action from nitrogen atom yielded the largest EHB with a
value of �16.35 kcal/mol. Further, the r2q> 0 and H< 0
results showed that the interaction is partially covalent. The
electron density at BCP was found as 0.0647 a.u. indicating a
strong interaction.

Figure 2. Molecular topographic map for C�N and OH site interactions of ESCI
& IBP.

Figure 3. Optimized structure of C─N─C and OH site interaction of ESCI & IBP.

Figure 4. Molecular topographic map for C─N─C and OH site interaction of
ESCI & IBP.
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3.4. HOMO–LUMO analyses for ESCI and IBP system

In general, for a given molecular system, the HOMO shows
the electron-donating parts while, the LUMO indicates the
electron-accepting parts (Fukui, 1982; Gunasekaran et al.,
2008). HOMO–LUMO surfaces and energy values provide
important information about the activity of a given molecu-
lar system (Ayala & Scuseria, 1999; Muthu & Maheswari,
2012). For the interaction occurring through accepting one
electron from an enzyme, low LUMO energy value indicates
a high drug activity (Behzadi et al., 2015; Bhattacharjee et al.,
2002). HOMO–LUMO surfaces and the calculated Eg values
for ESCI and IBP systems are given in Figures 5, SI3 and SI4.

For O─H…N�C and O─H… F─C interacting sites, both
HOMO and LUMO appear on the surface of ESCI drug mol-
ecule (Figures 5 and SI3). This fact indicates that electron
acceptance and electron donation tend to occur via ESCI
drug. Furthermore, following the interaction, the LUMO
energy values for O─H…N�C and O─H… F─C interacted
systems become more negative as compared to single ESCI
(�1.46 eV) and IBP (�0.35 eV) and this indicates a potent
increase in the activity. However, this increase in activity as
an electron acceptor occurs mainly on ESCI drug molecule
based on the assessment of the locations of LUMOs. Eg val-
ues of single isolated ESCI and IBP were calculated as 4.33
and 6.21 eV, respectively. Furthermore, Eg values of
O─H…N�C and O─H… F─C interacted systems decreased
indicating an increase in the reactivity of the interacted sys-
tems (Figures 5 and SI3).

For the O─H…N─(C)2 interaction site, the HOMOs are
mainly located on IBP and partially on the nitrogen moiety
of ESCI (Fig. SI4). LUMOs again appear on ESCI. This fact indi-
cates that ESCI still behaves as an electron acceptor and, IBP
behaves as the main electron donor. A comparison of the Eg
values of the three interacted systems shows that C�N and
OH site of interaction for ESCI and IBP produces the lowest

Eg with a value of 4.13 eV, whereas C─N─C and OH site of
interaction yields the highest Eg with a value of 4.82 eV.

Ionization potential (IP) may be estimated as –EHOMO and
electron affinity (EA) is –ELUMO (Sylaja et al., 2018). IP and EA
values for single isolated ESCI were calculated as 5.79 and
1.46 eV, respectively. Similarly, IP and EA values for IBP drug
were computed as 6.56 and 0.35 eV, respectively. Among the
investigated structures, C─N─C and OH interacted system
produces the highest IP with a value of 6.30 eV. Among the
structures examined, the highest EA value was observed with
C�N and OH site of interaction with a value of 1.66 eV.

3.5. C�N and OH site interactions for ESCI and PCM

In the single isolated PCM the OH stretching band appears
at 3739 cm�1 with IR intensity of 112.0. After the interaction
with ESCI this band shifts to 3542 cm�1 with an IR intensity
of 1917.1. C�N stretching wavenumber of ESCI increased by
about 10 cm�1 after the interaction. Moreover, the IR inten-
sity of the C�N stretching band increased from 166.6 to
333.8. The OH bond length of PCM increased from 0.971 to
0.981 Å, C�N bond was slightly reduced from 1.164 to
1.162 Å following the interaction. Eb energy for C�N and OH
site interacted system was calculated as �4.18 kcal/mol
(Figure 6).

QTAIM results suggest two possible HB interactions,
namely O─H…N�C and C─H…N�C (ring) site interactions
(Figure 7). For both sites, r2q and H are positive indicating a
non-covalent type of interaction. EHB energies were calcu-
lated as �7.20 and �0.82 kcal/mol for O─H…N�C and
C─H…N�C (ring) sites, respectively. Consequently, electron
density at BCP for O─H…N�C site (0.0296 a.u.) is approxi-
mately five times larger than C─H…N�C (ring) site.

3.6. C─F and OH site interactions for ESCI and PCM

The C─F vibrational stretching of ESCI was shifted from 1267
to 1232 cm�1 after the interaction with the OH band of PCM
(Fig. SI5). The related IR intensity also increased from 160.2
to 364.4. As a result of mutual interaction, the vibrational
wavenumber of OH stretching decreased from 3739 to
3698 cm�1. The related IR intensity of OH of the PCM band
also increased from 112.0 to 643.9. The OH bond length of
PCM was nearly the same after the interaction and the C─F
bond length shifted from 1.354 to 1.371 Å after the inter-
action. The Eb energy for C─F and OH site interacted system

Figure 5. HOMO–LUMO distributions for C�N and OH site interactions for ESCI
and IBP. Figure 6. Optimized structure of C�N and OH site interaction of ESCI & PCM.
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was calculated as �1.18 kcal/mol which was the smallest
value for ESCI and PCM system.

On the basis of the QTAIM results, there are two possible
HB interactions occurring at O─H… F─C and C─H… F─C
(ring) sites (Fig. SI6). For the C─F and OH site, r2q> 0, H< 0
referring to a partially covalent interaction with EHB value of
�6.94 kcal/mol. As for C─H… F─C (ring) site both r2q and
H are positive which refers to a non-covalent or weak inter-
action with EHB value of �1.42 kcal/mol.

3.7. C─N─C and OH site interactions for ESCI and PCM

After the interaction, the OH vibrational band of PCM
appeared in the range of 2976–2953 cm�1 as combinations
with CH stretching vibrations. This indicates a red-shift
around between 786 and 764 cm�1 indicating a very strong
HB interaction. The intensity of the OH band increased as
well. The OH bond length of PCM also increased from 0.971
to 1.008 Å due to interaction. Since the largest vibrational
shift is observed in this system, it is better to give the results
of NBO charges for ESCI interacted PCM systems. The NBO
charges (a.u.) given in parenthesis at the interaction site are:
O (�0.725) ─ H (þ0.511)…N (�0.423)�C, O (�0.714) ─ H
(þ0.501)… F (�0.352) and O (�0.742) ─ H (þ0.511)…C─N
(�0.533)─C. It can be concluded that, again C─N─C and OH
site interactions for ESCI and PCM couple, the interacting
atoms are highly polarized causing a large red-shift in the IR
spectrum. Eb energy for C─N─C and OH site interacted sys-
tem (Figure 8) was calculated as �7.10 kcal/mol which is the
highest adsorption energy calculated for ESCI and PCM inter-
acted system.

For C─N─C and OH interacted ESCI and PCM system,
QTAIM indicates three possible HB interactions (Figure 9).
Within these interactions, the O─H…N─(C)2 site interaction
from nitrogen atom has the highest EHB energy with a value
of �11.95 kcal/mol. Further, while r2q is positive, H was
found as negative indicating a partially covalent interaction.

3.8. HOMO–LUMO analyses for ESCI and PCM system

The HOMO–LUMO surfaces and calculated values for ESCI
and PCM systems are given in Figures 10, SI7 and SI8. For all
of the examined ESCI and PCM combinations, while the
HOMOs are located nearly all around the PCM drug mol-
ecule, the LUMOs appear on the different parts of the ESCI

drug molecule (Figures 10, SI7 and SI8). This is an interesting
situation and comes with possible applications. In the case
of two different targets where the inhibition occurs by elec-
tron donation and electron acceptance, there could be an
effective inhibition at once by using ESCI interacted PCM sys-
tem since PCM possess HOMOs and ESCI has LUMO in ESCI
interacted PCM drug couple. It was also found that Eg ener-
gies (3.83, 4.06 and 3.90 eV) of the ESCI&PCM couples are
smaller than their constituents (5.40 and 4.33 eV) which indi-
cates that interacted ESCI&PCM couples are more reactive
than their constituents.

As indicated in previous sections, the IP and EA values for
single isolated ESCI were calculated as 5.79 and 1.46 eV. IP
and EA values for PCM drug were calculated as 5.60 and
0.20 eV, respectively. Among the examined drug couples,
C─F and OH interacted system produced the highest IP with
a value of 5.54 eV and the C─N─C and OH interacted system
yielded the lowest IP with a value of 5.37 eV. Moreover, the
highest EA value was observed with C�N and OH site inter-
actions with a value of 1.63 eV. The lowest EA value was cal-
culated with C─N─C and OH site interactions with a value of
1.47 eV.

3.9. Physicochemical properties and drug-likeness

In this part of the study, we have examined the physico-
chemical characteristics and drug-likeness of the investigated
drugs and drug couples. By analyzing the physicochemical
properties, it is possible to obtain a global description of the
structures of compounds such as molecular weight (g/mol),

Figure 7. Molecular topographic map for C�N and OH site interactions of ESCI
& PCM.

Figure 8. Optimized structure of C─N─C and OH site interaction of ESCI
& PCM.

Figure 9. Molecular topographic map for C─N─C and OH site interaction of
ESCI & PCM.
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molecular refractivity, topological polar surface area (Å2),
number of rotatable bonds, heavy atoms and hydrogen
bond acceptors and donors (Table 1; Al Wasidi et al., 2020;
Daina et al., 2017).

The bioavailability radar of the compounds makes it pos-
sible for a beforehand evaluation of drug-likeness. The bio-
availability radar evaluations are based on six
physicochemical properties as follows:

1. Lipophilicity (XLOGP3 between �0.7 and þ5.0).
2. Size (molecular weight between 150 and 500 g/mol).
3. Polarity (the total polar surface area between 20 and

130 Å2).
4. Solubility (log S not higher than 6).
5. Saturation (fraction Csp3 not less than 0.25).
6. Flexibility (the number of rotatable bonds is not more

than 9).

The related six physicochemical properties are given in
Figure 11. The pink area refers to the optimal range of the
included properties and the red line shows the properties of

the compounds. In Figure 11, the red lines of combined
compound ESCI–IBP are almost in the range of the pink area
whereas values of the ESCI–PCM interaction are totally within
the range of the pink area. Henceforth, it is possible to say
that the combined drugs are predicted orally bioavailable.

Furthermore, drug-likeness was established based on the
physicochemical properties to suggest oral drug candidates
(Daina et al., 2017). There are five different rule-based filters
that are defined as follows:

1. Lipinski’s filter covers molecular weight � 500, MLOGP
(lipophilicity) � 4.15, hydrogen bond acceptors � 10,
and hydrogen bond donors � 5 (Lipinski et al., 2001).

2. Ghose’s filter covers 160 � molecular weight � 480,
�0.4 � WLOGP (lipophilicity) � 5.6, 40 � the molar
refractivity � 130, and 20 � number of atoms � 70
(Ghose et al., 1999).

3. Veber’s filter covers the number of rotatable bonds � 10
and the total polar surface area � 140 (Veber et al., 2002).

4. Egan’s filter covers WLOGP (Lipophilicity) � 5.88 and the
total polar surface area � 131 (Egan et al., 2000).

5. Muegge’s filter covers 200 � molecular weight � 600, �2
� XLOGP3 (lipophilicity) � 5, the total polar surface area
� 150, the number of rings � 7, the number of carbon >

4, the number of heteroatoms > 1, the number of rotat-
able bonds �15, the hydrogen bond acceptors � 10, and
the hydrogen bond donors � 5 (Muegge et al., 2001).

The result of drug-likeness evaluation of the compounds is
shown in Table 2. The combined ESCI–IBP structure agrees
with Veber’s and Muegge’s rules while the combined ESCI–
PCM structure agrees with all models except for Ghose’s rule.
The combined ESCI–PCM compound also passes all three
Ghose’s rules excluding one molar refractivity (MR) > 130
value. Turning to ESCI–IBP structure, it agrees with two rules of
four Lipinski’s rules excluding MW and MLOGP and with one
rule of two Egan’s rules excluding WLOGP. For four Ghose’s
rules, this interaction passes no one. It can be concluded that
ESCI–PCM interaction is predicted orally bioavailable.
Furthermore, it has better bioavailability than ESCI–IBP inter-
action. These preliminary results take the lead in explaining
the interactions.

3.10. Molecular docking

The docking results in terms of the related decomposed
energies of the most energetically favorable conformation

Figure 10. HOMO–LUMO distributions for C�N and OH site interactions for
ESCI and PCM.

Table 1. Physicochemical properties and lipophilicity of investigated drugs
and drug couples.

Properties ESCI IBP PCM ESCI–IBP ESCI–PCM

Molecular weight 324.39 206.28 151.16 530.67 475.55
Heavy atom 24 15 11 39 35
Arom. heavy atom 12 6 6 18 18
Fraction Csp3 0.35 0.46 0.12 0.39 0.29
Rotatable bond 5 4 2 9 7
H-Bond acceptor 4 2 2 6 6
H-Bond donor 0 1 2 1 2
Molar refractivity 91.32 62.18 42.78 153.50 134.10
Polar surface area 36.26 37.30 49.33 73.56 85.59
Lipophilicity
MLOGP 2.89 3.13 0.91 4.33 2.70
WLOGP 3.97 3.07 1.16 7.05 5.13
XLOGP3 3.23 3.50 0.46 4.50 3.98

Figure 11. Bioavailability radar of the drug couples.
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considered for each case of the studied protein–drug/pro-
tein–drug–codrug complex are illustrated in Table 3. The free
binding energies of the complexes built of the target 6HIS
and the ligands ESCI, ESCI–IBP and ESCI–PCM were found to
be �6.19, �7.13 and �8.56 kcal/mol, respectively. However,
the related free binding energies obtained from docking IBP,
ESCI–IBP, PCM and ESCI–PCM against the enzyme 1PXX are
�5.03, �4.10, �5.90 and �9.77 kcal/mol, respectivley.

3.11. Interactions of the drugs with 6HIS

The docking poses of the ligands ESCI, ESCI–IBP and ESCI–
PCM evaluated in the docking pocket of the target 6HIS are
given in Figure 12. The ligand ESCI interacts with the binding
residues of 6HIS, namely the amino acid residues Asn50A and
Val51A, through two N—H…O interactions of 2.77 and
3.621Å in which ESCI acts as a hydrogen-bonding donor. In
addition, this ligand forms an extra O—H…N hydrogen
bond with the Tyr223A residue by acting as an acceptor
(Figure 13a). It is worth to be noted that the drug ESCI binds
further to the 6HIS active sites via hydrophobic interactions
involving the residues Asn50A, Val51A, Asp52A, Glu53A, Lys54A,
Phe222A, Tyr223A, Ser270A, Asp271A, Thr272A, Leu273A, Pro274A,
Ala275A and Ala275B as shown in Figure 13a. Furthermore,
salt-bridge interactions were observed between the drug
amino group and the Asp52A, Glu53A amino acids.

As for the ESCI–PCM drug–codrug docked in the same tar-
get 6HIS, the results showed that its ability to interact with
the key residues of the target is enhanced since it has
showed the formation of five hydrogen-bonding interactions
through both its drug and co-drug, namely two N—H…N
hydrogen bonds of less than 2.9 Å linking the drug ESCI to
Gly107A and Val132A, as well as an N—H…O interaction
formed between the co-drug PCM and Ile112A (of 2.98 Å), in
addition to a bifurcated interaction (an O—H…O and an
N—H…O hydrogen bonds of 3.23 and 3.02 Å, respectively)
built up with the Ser109A residue (Figure 13c). Furthermore, it
can be seen in Figure 13c that ESCI is involved a p–p stacking

with Phe103A. , Hydrophobic interactions were noticed separ-
ately around ESCI (Asp97A, Ile98A, Leu99A, Phe103A, Asp105A,
Val106A, Gly107A, Lys108A, Ser109A, Pro110E, Asn111E, Lys127A,
Gln130A, Leu131A and Val132A) and PCM (Thr90A, Lys108A,
Pro110A, Asn11A, Asn125A, Lys127A, Pro128A and Leu129A) in the
ESCI–PCM case as displayed in Figure 14a. Therefore, the
ESCI–PCM ligand is found to be performing better than the
drug ESCI alone or the drug–drug combination ESCI–IBP
docked into the binding pocket of 6HIS, which indicates
that the association of the co-drug PCM to the drug ESCI
(ESCI–PCM ligand) might enhance its antidepressant-like
action.

3.12. Interactions of the drugs with 1PXX

As for the complexes resulting from docking the
ligands separately (IBP, PCM) or jointly with the
co-drug ESCI (IBP–ESCI and PCM–ESCI) into the
receptor 1PXX binding pocket are illustrated in
Figure 15.

Table 2. Drug-likeness evaluation of investigated drugs and drug couples.

Rule-based filters ESCI IBP PCM ESCI–IBP ESCI–PCM

Lipinski violations Yes Yes Yes No Yes
Ghose violations Yes Yes No No No
Veber violations Yes Yes Yes Yes Yes
Egan violations Yes Yes Yes No Yes
Muegge violations Yes Yes No Yes Yes
Bioavailability Score 0.55 0.85 0.55 0.17 0.55

Table 3. Lowest free binding energies (kcal/mol) and their component terms obtained for the protein–ligand complexes.

DG DGvdW þ DGHbond þ DGdesolv DGelec DGintermol DGtot int DGtor DGunbound
Ligand/receptor 6HIS
ESCI �6.19 �6.43 �1.25 �7.68 �1.19 þ1.49 �1.19
ESCI–IBP �7.13 �9.29 �1.41 �10.71 �3.51 þ3.58 �3.51
ESCI–PCM �8.56 �11.08 �0.17 �11.25 �2.29 þ2.68 �2.29

1PXX
IBP �5.03 �5.41 �1.11 �6.52 �0.41 þ1.49 �0.41
ESCI–IBP �4.10 �7.15 þ0.06 �7.08 �3.32 þ2.98 �3.32
PCM �5.90 �6.40 �0.10 �6.49 �0.17 þ0.60 �0.17
ESCI–PCM �9.77 �12.08 þ0.22 �11.86 �1.53 þ2.09 �1.53

Where DG is the binding affinity, DGintermol is the final intermolecular energy (DGvdW þ DGHbond þ DGdesolv þDGelec), DGtot int is the final total internal energy,
DGtor is the torsional free energy and DGunbound is the unbound system’s energy.

Figure 12. Docking poses of the 6HIS target’s binding sites interacting with (a)
ESCI, (b) ESCI–IBP and (c) ESCI–PCM.
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We have noticed that the ligand IBP displays three hydrogen
bonds, namely an N—H…O (of 3.03 Å) and two O—H…O
(of 2.82 and 3.30 Å) resulting from the residues Lys342A,
Asn560A and Phe361A respectively (Figure 16a). Furthermore,
two extra N—H…O (Figure 16a) and O—H…O (Figure 17a)
interactions link the ligand to the amino acid Asn560A, as well
as hydrophobic interactions, depicted in Figure 17a as red
arcs with spokes radiating towards the ligand atoms they
connect to while the contacted atoms are drawn with spokes
radiating back, and resulting from Glu346A, Lys360A, Asp362A,
Pro363A, Glu364A, Trp545A and Phe556A (Figure 17a). When com-
bined with the co-drug ESCI, the drug IBP shows less hydro-
gen bonding interactions and interacts with 1PXX through
only two O—H…O H-bonds resulting from Ser530A and
Tyr385A (Figure 16b). Whereas, the co-drug ESCI shows a long
N—H… F interaction of 3.5 Å (Figure 17b), in which it acts as
an acceptor. _It is worth to be noted that both drugs com-
bined share the same surrounding hydrophobic contacts

obtained among others from the residues Val116A, Val349A,
Leu352A, Leu359A, Phe381A, Tyr385A, Gly526A, Ala527A and Leu531A
(Figure 17b). Thus, the anti-inflammatory potential of the
drug IBP did not improve much while combined with the co-
drug ESCI (ESCI–IBP ligand) even though it has interacted
with amino acid residues in the binding pocket of 1PXX.

As for the ligand PCM, it presents two H-bonds (Figure 15c)
one of each type N—H…O (Ser530A: 2.80Å) and O—H…O
(Asn375A: 3.15Å). Two additional long N—H…O interactions
are built up between the ligand and the Val228A and Ser530A
amino acids (Figure 17c). Furthermore, the ligand shows a
p…p stacking linking its ring to the Phe209A residue and dis-
plays hydrophobic interactions with Phe205A, Thr206A, Phe209A,
His226A, Gly227A, Val344A, Tyr348A, Ile377A, Phe381A, Tyr385A,
Phe529A, Gly533A and Leu534A. However, PCM has showed one
N—H…O H-Bond in 1PXX binding pocket through the Val116A
amino acid after its association with the co-drug ESCI
(Figure 16d). The co-drug ESCI in the ESCI–PCM case binds to the

Figure 13. Hydrogen bonds formed between 6HIS and (a) ESCI, (b) ESCI–IBP, (c) ESCI–PCM. For the sake of clarity, the binding pockets involving the drug–drug
combination were split in each case (Fricker et al., 2004; Stierand et al., 2006).
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active sites of 1PXX via two N—H…F interactions of 2.64 and
3.97Å (Figure 17d). Whereas, both PCM and ESCI share the hydro-
phobic interactions formed with Val116A, Tyr355A, Leu359A, Ala527A
and Leu531A. Therefore, by interacting with the 1PXX target’s

active sites the association of ESCI to PCM (ESCI–PCM ligand)
could be considered as potent as the use of PCM alone as an
analgesic and anti-inflammatory drug.

Figure 14. Hydrophobic interactions linking 6HIS to (a) ESCI, (b) ESCI–IBP and (c) ESCI–PCM. Hydrogen bonds are depicted as dashed lines and hydrophobic con-
tacts as arcs.
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Figure 15. Best poses of (a) IBP, (b) ESCI–IBP, (c) PCM and (d) ESCI–PCM docked into the binding pocket of 1PXX.

Figure 16. Hydrogen bonds observed in the binding pocket of 1PXX linking it to the ligands (a) IBP, (b) ESCI–IBP, (c) PCM and (d) ESCI–PCM.
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4. Conclusions

In this study, the structure and activity relationship of ESCI,
IBP and PCM drug couples were examined based on DFT cal-
culations. In summary, the following conclusions were
reached:

i. The interaction between ESCI with IBP and PCM drugs
can be monitored from the changes of vibrational
wavenumbers where the interaction occurs.

ii. O─H…N─(C)2 site interacted system for ESCI–IBP and
ESCI–PCM was the most stable structure whereas
O─H…N�C interacting site was found to be more
reactive than others.

iii. The charge transfer in the interactions was from IBP or
PCM to ESCI. Chemical reactivity of each drug couple
increased compared to their constituents based on the
HOMO–LUMO energy gap assessments. Energy gaps
were decreased upon interaction. ESCI and IBP drug
couples were found more reactive compared to ESCI
and IBP drug couples.

iv. It was observed that HOMO–LUMO distributions
showed dependency where the interaction takes place
between the drug molecules. For each interaction
examined in this work, LUMOs are located on the ESCI
drug molecule with a more negative LUMO energy
value. Therefore, in the cases where the interaction
mechanism occurs via accepting one electron an
enzyme the activity of ESCI tends to increase upon
interaction. The degree and effect of this increase can
be subject of another study.

v. ESCI and PCM couple system fulfils all requirements of
Lipinski, Veber, Egan and Muegge rules except for
Ghose’s rule and it has better bioavailability than ESCI–
IBP couple.

vi. By carrying out an in silico study of the ligands against
6HIS; namely the separate drug ESCI as well as the
combined drugs ESCI–PCM and ESCI–IBP, we have
found that the ESCI–PCM association performed better
than the drug ESCI alone or the other drug combin-
ation (ESCI–IBP), in terms of the formation of N—
H…N, O—H…O and N—H…O hydrogen bonds,

Figure 17. Hydrophobic contacts and hydrogen bonds observed between 1PXX and (a) IBP, (b) ESCI–IBP, (c) PCM, (d) ESCI–PCM. Hydrogen bonds are depicted as
dashed lines and hydrophobic contacts as arcs.
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hydrophobic interactions and p-p stacking built up
with the target, which indicates that this association
might enhance the ESCI antidepressant-like action.

vii. In the case of 1PXX, after docking the ligands separ-
ately (IBP, PCM) and jointly with the co-drug ESCI (IBP–
ESCI, PCM–ESCI) into the target’s binding pocket, it
turned out that the anti-inflammatory potential of the
drug IBP did not improve after combining with ESCI
(ESCI–IBP). However , the association of ESCI with PCM
(ESCI–PCM) is as potent as PCM alone, and thus could
be considered as an effective analgesic and anti-inflam-
matory drug combination.
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