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The (5a,6a)-7,8-didehydro-4,5-epoxy-17-methylmorphinan-3,6-diol (morphine)molecule has been
studied using the density functional theory and molecular docking methods and non covalent interac-
tions. The conformational analysis of the molecule at the B3LYP/6�311++G** and HF/6�311++G** levels
has been made. The comparison of the structural parameters computed using the B3LYP function with
the experimental data has revealed their good agreement. The weak intermolecular interactions in the
morphine structure have been analyzed using several techniques. The Hirshfeld surface study has been
carried out to identify the diverse intermolecular interactions (mainly hydrogen bonds) and the . . . p
stacking interactions. The analysis of the topological (AIM, ELF, LOL) and non covalent (RDG, IRI, DORI)
interactions has revealed different categories of inter- and intramolecular contacts on the basis of the
electron localization density and color scale indicator, respectively. The molecular docking study has
been carried out to examine the possibility of biological application of the title conformer using the
1DLO (cancerous), 2BK3 (Parkinson), 3LN1 (inflammatory), 4HOE (microbial), and 5 K95 (schizophrenia)
enzymes. The analysis has shown that the morphine structure can be used not only in analgesia, but also
in the treatment of diseases. The investigated compound has shown good results with monoamine oxi-
dase B (MOAB) at a score of �105.04 kcal/mol.
� 2021 Published by Elsevier B.V. on behalf of King Saud University. This is anopenaccess article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Heterocyclic molecules, including carbon, and heterogeneous
atoms (oxygen, nitrogen, and sulfur) has caught much interest of
manufacturers owing to their agrochemicals and pharmaceutical
properties (Lamberth and Dinges, 2012; Saleh et al., 2019). The
modification of the heterocyclic conformation strongly affects the
chemical reactivity of a complex (Dua et al., 2011). The (5a,6a)-7
,8-didehydro-4,5-epoxy-17-methylmorphinan-3,6-diol alkaloid
(morphine) with the chemical formula C17H19NO3is one of the
most important aromatic molecules. It is commonly known as
the most famous anesthetic, which represents an alkaloid molecule
extracted from opium clinically used for pain relief (Wu et al.,
2021). However, the excessive usage of morphine and other opi-
oids can changes synaptic neuroplasticity, including the neuron
density, as well as the postsynaptic sites and dendritic terminals
(Beltran-Campos et al., 2015).

In this study, the structure of morphine was characterized using
the topological assay, which included the theory of Atoms in Mole-
cule (AIM), electron localization function (ELF), and localized-
orbital locator (LOL), as well as the analysis of weak interactions
and docking. The literature survey revealed a lack of quantum cal-
culations, non covalent contacts examination, and pharmaceutical
research for morphine. The molecular optimization at the
B3LYP/6�311++G** and HF/6�311++G** levels for our conformation
was made. The bond lengths and angles were determined by both
methods and the root-mean-square deviation (RMSD) was calcu-
lated. Comparison of the experimental and theoretical parameters
showed that the B3LYP DFT calculation yields a smaller RMSD
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value. In terms of the self-consistent field (SCF) energy and RMSD
value, the B3LYP hybrid functional with the 6�311++G** basis set
appeared to be more reliable. Using this method, we attempted
to provide a detail description. In particular, the B3LYP functional
yielded good outcomes for aromatic molecules (Sagaama et al.,
2020b; Karrouchi et al., 2020; Gatfaoui et al., 2020; ISSa et al.,
2020). In addition, the Hirshfeld surface (HS) analysis of shape
indices dnorm, di, and de and curvedness was made. Using the topo-
logical and weak interaction analysis, the type and strength of the
covalent and non covalent molecular contacts in morphine were
predicted. The topological study was based on the AIM, ELF, and
LOL approaches. The covalent and non covalent contacts estab-
lished in the investigated structure can be found by the reduced
density gradient (RDG), interaction region indicator (IRI), and den-
sity overlap region indicator (DORI) techniques. The docking simu-
lation was aimed at clarifying the possibility of the simultaneous
pain relief and disease treatment. For this purpose, the docking
simulation of the morphine molecule with five proteins was per-
formed. The human immunodeficiency, monoamine oxidase B
(MOAB), COX-2, candida albicans, and phosphodiesterase enzymes
were related to the cancerous, Parkinson, inflammatory, microbial,
and schizophrenia diseases, respectively.
2. Computational details

The crystallographic structure of the compound under study
was taken from the Cambridge Crystallographic Data Centre
(CCDC), code CCDC 920204. The molecular modeling of (5a,6a)-7
,8-didehydro-4,5-epoxy-17-methylmorphinan-3,6-diol (mor-
phine)was performed in the GAUSSIAN 09 program (Frisch et al.,
2009) at the DFT and Hartree–Fock levels with the 6�311++G(d;
p)basis set. Then, the optimized geometry was visualized using
the Gauss View 6.0.16 (GaussView). The colored molecular graph-
ics of the isolated morphine geometry and crystal structure was
generated using the Chemcraft software (chemcraftprog). The non-
covalent interactions in the morphine crystal geometry were
investigated by different techniques, including the RDG and DORI,
using the Multiwfn 3.8 software (Lu and Chen, 2012). Basing on the
experimental input file (.cif), the HSs were analyzed in the Crystal
Explorer 3.1program (Wolff et al., 2012). The molecular docking
computation of the title molecule was made using the iGEMDOCK
(Yang and Chen, 2004) and PyRx 0.8 programs (Dallakyan and
Olson, 2015). The protein codes were taken from the RCSB protein
data bank (RCSB). The docking results were visualized with the dis-
covery studio visualizer (Discovery Studio) and PyMOL 2.4.1
(pymol) package.
3. Results and discussion

3.1. Geometric study

The investigated C17H19NO3 compound crystallizes in
orthorhombic sp. gr. P212121. Each cell of the morphine crystal
structure contains four atoms. The crystallographic cell lengths
are a = 7.6989(10) Å, b = 12.737(4) Å, and c = 13.740(4) Å and
the cell angles are a = b = c = 90�. The geometrical parameters
(bond lengths and angles) were calculated using the
B3LYP/6�311++G** and HF/6�311++G** method. The SCF energies
are �939.8799 and �934.4044 Hartree for the DFT and HF calcula-
tions, respectively. The dipole moment is 4.02 Debye (B3LYP) and
4.24 Debye (Hartree–Fock). The optimized geometry and the corre-
sponding atoms are shown in Fig. 1.The crystal packing mapped in
Fig. S1 demonstrates the existence of the OAH. . .O intermolecular
interactions. In addition, the results obtained are compared with
the experimental parameters in terms of the RMSD value. The
2

B3LYP and H-Fock RMSD values were found to be 0.2434 and
0.2825, respectively. As clearly seen in Table 1, a discrepancy
between the predicted geometrical parameters and the experimen-
tal data is insignificant and apparently caused by the fact that, in
the theoretical prediction, the molecule is considered to be isolated
in the gaseous phase, while the X-ray diffraction (XRD) data are
recorded in the solid state. It should be noted that, basically, there
is a difference between the optimized structure in the gaseous and
solid phase outstanding from weak interactions (hydrogen and
stacking bonds). According to the SCF energy and RMSD values,
the DFT calculation using the B3LYP hybrid functional with the
6�311++G** basis set yields better results than the HF method.
Therefore, the quantum calculation of the molecule under investi-
gation was made with the B3LYP/6�311++G** level of the theory.
4. Molecular topological analysis

4.1. QTAIM

The Quantum Theory of Atoms in Molecules (QTAIM) (Becke,
2007) was employed to identify the nature of non-bonded interac-
tions in the crystal structure (Tahenti et al., 2020). In this context,
the topological analysis was performed for the title compound.
Electron density q(r), Laplacian Dq(r), kinetic energy density G
(r), potential energy density V(r), ratio |V(r)|/G(r), and the hydro-
gen bonding interaction Eint = V(r)/2 for the morphine structure
were calculated. The results obtained are summarized in Table 2
and an AIM map is shown in Fig. 2. The Laplacian at the bond crit-
ical points (BCPs) determines the accumulation or depletion elec-
tron density and can be exploited to distinguish the shared- and
closed-shell bonding interactions (Bazargan et al., 2020;
Malaganvi et al., 2019). The positive Dq(r) sign corresponds to
the ionic interaction and the negative one stands for the covalent
interaction. In addition, the parameter |V(r)|/G(r) at the BCP (3,
�1) allows one to distinguish the nature of an interaction. The
ionic and hydrogen bond and van der Waals (vdW) interactions
are characterized by a ratio of smaller than unity. The covalent
interactions have the |V(r)|/G(r) value>2. The mixed interaction
corresponds to 1<|V(r)|/G(r) < 2 (Rad et al.,2021). The AIM repre-
sentation proved the existence of nine weak H-bond interactions.
These intermolecular contacts were classified as OAH. . .O,
CAH. . .O, CAH. . .C, and OAH. . .H categories.

The electron density and Laplacian values for the H-bonds range
between 0.0020 and 0.0263 and 0.0084–0.0929 a.u., respectively.
The value of the interaction energy suggests the high chemical
reactivity of oxygen atoms, since they are involved in the four H-
bond interactions. According to the Eint value, the O1AH2. . .O44
and O121AH122. . .O4 (�7.56 kcal/mol) bonds can be considered
to be the stronger ones. In addition, as shown in Fig. 2, the interac-
tion between oxygen atoms O44. . .O43 and O3. . .O4 probably
belongs to the ionic interactions. The binding energy of these
intramolecular contacts was found to be �5.71 kcal/mol. It can
be clearly seen in Table 2 that the other non covalent interactions
CAH. . .O, CAH. . .C, and OAH. . .H are very weak as compared with
the OAH. . .O ones. Their binding energies range from �0.28 to
�1.12 kcal/mol.
4.2. The ELF and LOL analysis

The atomic or molecular localization of compounds is estimated
using the ELF (Becke and Edgecombe, 1990a). The ELF and LOL
topological analysis has been widely used in the classification of
chemical bonds and description of the electronic structure
(Noureddine et al., 2021a; Noureddine et al., 2021b). The excess
kinetic energy density due to the Pauli repulsion was determined



Fig. 1. Optimized structure of morphine compound using Chemcraft program.
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by the ELF analysis. The latter identifies the localization of elec-
trons pairs in covalent bonds, including bonding and lone pairs
(Becke and Edgecombe, 1990b). Thus, basing on the electron local-
ization and Pauli repulsion, the electron localization descriptor
(ELF and LOL) studies were carried out using the Multiwfn 3.8 pro-
gram. The ELF and LOL representations are shown in Fig. 3a, b. The
surface map with the ELF projection effect is presented in Fig. S2.
The color scale of the ELF and LOL maps varies from blue to red
in the ranges of 0–1 and 0–0.8, respectively. The area colored in
red (Fig. 3a) corresponds to the maximum Pauli repulsion with
the unity value and the blue-colored regions refer to the minimum
Pauli repulsion with zero value. However, the highest repulsive
interaction, which is related to the most localized electron state,
is shown in red. The strong localization (ELF > 0.5) of electrons cor-
responds to the covalent bond, lone pair, or inner shells
(Noureddine et al., 2021b). As can be seen in Fig. 3a, almost all
hydrogen atoms (H14, 22, 30, 38, 39, and 40) are surrounded by
the red-colored regions, which indicate the greatest electric charge
accumulation areas. In addition, the ELF values for two oxygen
atoms (O1 and O3) are in the range of 0.5–0.8 a.u. According to
their red-light color, the region around O1 and O2 is characterized
by the weak electron localization. The blue spots (ELF < 0.5) around
the oxygen (O4) and carbon (C11, C12, C27, C28, and C13) atoms
show charge delocalization regions. This is indicative of the exis-
tence of non covalent interactions in the molecular structure. In
our case, these weak interactions are probably of the O–H. . .O
and OAH. . .C types, which were previously observed during the
AIM investigation. In addition, the green regions overlapping the
morphine atom on the ELF surface and LOL color filled maps point
3

out the VDW interactions. The white spots concentrated at hydro-
gen atoms in the LOL scheme show that the electron density
exceeded the maximum color scale (0.8). The white color indicates
that the bonds are dominated by a single localized orbital
(Noureddine et al., 2021b).

5. HS study

To find the weak non covalent interactions in the morphine
crystal structure, the HS study with two-dimensional (2D) finger-
print plots were carried out using the crystal Explorer 17.5 pro-
gram (Wolff et al., 2012). The HSs were generated by computing
the electron distribution as a sum of electron densities of spherical
atoms (Spackman and Jayatilaka, 2009). Thanks to it importance in
revealing weak interactions, the HSs analysis was the objectives of
several papers (Arulraj et al., 2020a; Arulraj et al., 2020b; Anitha
et al., 2020; Arulraj et al., 2019). The HSs of the morphine structure
were plotted with the dnorm value from �0.6089 to 1.1436 Å, the di

value from 0.7363 to 2.5007 Å, the devalue from 0.7349 to
2.3999 Å, the shape index from �1 to 1 Å, and a curvedness of
�4,4 Å (Fig. S3). For the dnorm surface, the shorter contacts with
the negative dnorm value are indicated by red spots and the longer
contacts with the positive dnorm value are colored in blue. The
white color corresponds to dnorm = 0 and characterizes the contact
with a distance close to di + de. The large deep-red circles on the
dnorm surface correspond to the strongest hydrogen bonding inter-
actions; the weaker H-bond contacts are indicated by light-red
areas. Using the di and de surfaces, we can determine whether
the molecule acts as an acceptor or as a donor. In particular, the



Table 1
Theoretical and experimental geometrical parameters of the title compound using B3LYP and HF along with 6�311++G**.

Geometrical parameters DFT HF Exp. Geometrical parameters DFT HF Exp.

O1-H2 0.962 0.940 0.840 C19-H20 1.333 1.077 1.33(1)
O1-C11 1.369 1.351 1.380(7) C19-C29 1.086 1.510 0.950
O3-C12 1.372 1.354 1.384(7) C21-H22 1.508 1.085 1.512(9)
O3-C15 1.471 1.437 1.483(7) C21-C23 1.094 1.558 1.000
O4-H5 0.967 0.943 0.840 C21-C29 1.563 1.545 1.567(9)
O4-C13 1.419 1.395 1.442(8) C23-H24 1.552 1.085 1.537(9)
N6-C21 1.475 1.462 1.474(8) C23-H25 1.095 1.087 0.991
N6-C34 1.463 1.452 1.456(9) C23-C26 1.096 1.515 0.990
C7-H8 1.085 0.940 1.460(8) C26-C27 1.515 1.372 1.515(9)
C7-C9 1.397 1.351 0.950 C27-C28 1.383 1.504 1.371(8)
C7-C26 1.401 1.354 1.388(9) C28-C29 1.508 1.537 1.506(9)
C9-H10 1.086 1.437 1.397(9) C31-C28 1.545 1.538 1.510(9)
C9-C11 1.401 0.943 0.950 C29-H30 1.097 1.087 1.535(8)
C11-C12 1.390 1.395 1.39(1) C31-H32 1.094 1.086 1.000
C12-C27 1.380 1.462 1.374(8) C31-H33 1.096 1.087 0.990
C13-H14 1.098 1.452 1.387(8) C31-C34 1.529 1.525 0.990
C13-C15 1.551 0.940 1.000 C34-H35 1.104 1.093 1.512(9)
C13-C17 1.513 1.351 1.541(9) C34-H36 1.094 1.085 0.990
C15-H16 1.090 1.354 1.49(1) C37-H40 1.104 1.093 0.979
C15-C28 1.552 1.437 0.999 C37-H39 1.093 1.084 0.981
C17-H18 1.085 0.943 1.565(9) C37-H38 1.093 1.085 0.980
C17-C19 1.085 1.395 0.950 RMSD 0.2434 0.2825

Angles (�)
H2-O1-C11 109.4 110.8 109.5 C21-C23-H24 108.9 109.3 108.7
C12-O3-C15 107.3 108.5 106.3(4) C21-C23-H25 108.4 108.3 108.7
C5-O4-C13 106.9 109.0 109.5 C21-C23-C26 114.5 114.2 114.3(5)
C21-N6-C34 113.4 113.9 112.3(5) H24-C23-H25 105.3 105.8 107.6
C21-N6-C37 114.2 114.6 111.9(5) H24-C23-C26 111.2 111.1 108.7
C34-N6-C37 112.3 112.5 112.7(5) H25-C23-C26 107.8 107.5 108.7
H8-C7-C9 118.9 118.8 120.1 C7-C26-C23 124.7 124.8 124.2(5)
H8-C7-C26 120.3 120.4 120.2 C7-C26-C27 116.3 116.2 117.4(5)
C9-C7-C26 120.6 120.5 119.7(6) C23-C26-C27 118.3 118.3 117.8(5)
C7-C9-H10 119.4 119.2 119.3 C12-C27-C26 123.1 123.1 121.6(5)
C7-C9-C11 121.8 121.8 121.2(6) C12-C27-C28 109.6 109.3 110.7(5)
H10-C9-C11 118.6 118.7 119.4 C26-C27-C28 126.7 126.8 126.9(5)
O1-C11-C9 124.0 123.7 124.1(6) C15-C28-C27 100.5 100.0 99.5(5)
O1-C11-C12 119.2 119.5 119.3(5) C15-C28-C29 116.4 116.7 116.4(5)
C9-C11-12 116.6 116.6 116.4(6) C15-C28-C31 111.6 111.6 112.0(5)
O3-C12-C11 126.5 126.7 125.7(5) C27-C28-C29 106.6 106.7 106.5(5)
O3-C12-C27 112.5 112.1 112.3(5) C27-C28-C31 112.4 112.3 111.7(5)
C11-C12-C27 120.8 120.8 121.8 (5) C29-C28-C31 108.8 108.9 111.7(5)
O4-C13-H14 105.4 105.6 107.0 C19-C29-C21 115.7 115.7 114.2(5)
O4-C13-C15 110.8 111.1 108.9(5) C19-C29-28 110.2 110.1 109.8(5)
H2-O1-C11 109.4 110.8 109.5 C19-C29-30 109.2 108.7 108.6
O4-C13-C17 112.9 112.5 113.0(5) C21-C29-C28 106.5 106.4 106.7(5)
14-C13-C15 106.2 106.3 107.1 C21-C29-H30 105.5 105.7 108.7
H14-C13-C17 107.4 107.0 107.0 C28-C29-H30 109.2 109.7 108.7
C15-C13-C17 113.3 113.4 113.5(5) C28-C31-H32 109.9 110.0 109.2
O3-C15-C13 109.0 110.0 108.5(5) C28-C31-H33 108.1 108.2 109.3
O3-C15-H16 104.9 105.5 109.5 C28-C31-C34 112.1 112.16 111.8(5)
O3-C15-C28 106.2 106.0 107.0(5) H32-C31-H33 107.6 107.5 107.9
C13-C15-H16 109.2 108.7 109.5 H32-C31-C34 109.4 109.4 109.2
C13-C15-C28 114.1 113.8 112.8(5) H33-C31-C34 109.2 109.1 109.3
H16-C15-C28 112.6 112.3 109.5 N6-C34-C31 111.2 111.1 110.7(5)
C13-C17-H18 116.0 116.2 119.4 N6-C34-H35 111.8 111.8 109.5
C13-C17-C19 121.7 121.7 121.2(6) N6-C34-H36 107.9 108.1 109.6
H18-C17-C19 122.0 121.8 119.3 C31-C34-H35 109.7 109.8 109.5
C17-C19-H20 120.5 120.4 120.1 C31-C34-H36 109.3 109.1 109.5
C17-C19-C29 120.3 120.2 119.7(6) H35-C34-H36 106.4 106.5 108.1
H20-C19-C29 119.0 119.2 120.2 N6-C37-H38 114.1 114.0 109.5
N6-C21-H22 105.8 106.0 107.0 N6-C37-H39 109.7 109.9 109.5
N6-C21-C23 114.8 114.9 115.3(5) N6-C37-H40 109.2 109.3 109.5
N6-C21-C29 107.1 107.0 107.9 H38-C37-H39 108.0 108.1 109.5
H22-C21-23 107.3 107.1 106.9 H38-C37-H40 107.4 107.4 109.5
H22-C21-C29 107.9 107.8 107.0 H39-C37-H40 107.9 107.7 109.5
C23-C21-C29 113.2 113.4 112.4(5) RMSD 1.4152 1.3858 –
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hydroxyl group (OAH) acts as an electron acceptor on the di sur-
face. The oxygen atom of the other hydroxyl group acts as an elec-
tron donor on the de surface. In addition, the shape index and
curvedness were used to establish the existence of the CAH. . .p
and p. . . p stacking interactions. The red concave triangles on the
shape index surface characterize the acceptor atoms, while the
4

blue convex area indicates the donor hydrogen atoms. The exis-
tence of a blue region around hydrogen atoms of the methyl group
and a red region near the phenyl rings confirm the establishment
of the CAH. . .p (CAH. . .C) interactions in the crystal. Concerning
the curvedness map, the existence of the p. . .p interactions is jus-
tified by the appearance of a huge green region bounded by blue



Table 2
The topological parameters of the studied compound at the bond critical points.

Name q(r) Dq(r) G(r) V(r) |V(r)|/G(r) Eint(kcal/mol)

O1-H2. . .O44 0.0263 0.0924 0.0236 �0.0241 1.0211 �7.56
C9-H10. . .O44 0.0050 0.0210 0.0041 �0.0030 0.7317 �0.94
O121-H122. . .O4 0.0263 0.0923 0.0207 �0.0241 1.0211 �7.56
C129-H130. . .O4 0.0058 0.0210 0.0041 �0.0030 0.7317 �0.94
C34-H36. . .C91 0.0068 0.0267 0.0051 �0.0036 0.7058 �1.12
C37-H40. . .C97 0.0053 0.0170 0.0032 �0.0022 0.6875 �0.69
C37-H40. . .C87 0.0030 0.0095 0.0018 �0.0013 0.7222 �0.37
O84-H85. . .H36 0.0020 0.0084 0.0015 �0.0009 0.6000 �0.28
C93-O84. . .H33 0.0030 0.0116 0.0021 �0.0014 0.6666 �0.43
O44. . .O43 0.0192 0.0929 0.0207 �0.0182 0.8792 �5.71
O3. . .O4 0.0192 0.0927 0.0207 �0.0182 0.8792 �5.71
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lines. In Fig. 4, different types of the hydrogen bond interactions
are identified. The figure shows the presence of two OAH. . .O,
two OAH. . .C, and three CAH. . .C bonding interactions between
morphine units. Therefore, the OAH. . .O and OAH. . .C interactions
are stronger than the CAH. . .C contacts. The intermolecular con-
tacts responsible for the crystalline stability can also be seen in
the 2D fingerprint representation. However, the molecular interac-
tion contribution of each element was individually analyzed. The
diverse contributions of the close reciprocal contacts are mapped
in Fig. 4.The main contribution to the HSs is made by the H. . .H,
O. . .H/H. . .O, H. . .C/C. . .H, and H. . .N/N. . .H contacts. The finger-
print plots of these interactions, along with each percentage, are
mapped in Fig. S4. The most significant contribution (62.6%) to
the total HSs is made by the H. . .H contact. This is owing to plenty
of hydrogen atoms in the morphine geometry. The O. . .H/H. . .O
contacts constitute 20.4% of the total HS, resulting from the pres-
ence of three oxygen atoms. These contacts, which involve the
OAH group, are attributed to the OAH. . .O and OAH. . .C hydrogen
bonding interactions. The H-bond interactions ensure the molecu-
lar packing stability; in the fingerprint plot, they appear as two
symmetrical spikes. The left spike related to the donor atom corre-
sponds to de > di (H. . .O), while the right one is related to the accep-
tor atom with de < di (O. . .H). In addition, the H. . .C/C. . .H and
H. . .N/N. . .H contacts constitute15.6% and 1.7% of the total HS,
respectively. These contacts appear as two short spikes in the fin-
gerprint plots.
6. Study of the non covalent interactions

6.1. RDG

Generally, the molecular stability was ensured by weak inter-
and intramolecular interactions. In this study, such interactions
were predicted using the RDG analysis based on the non covalent
interaction (NCI) method. The k2 sign was exploited to differenti-
ate between the bonded (k2 < 0) and non-bonded (k2 > 0) interac-
tions. In our case, the k2 sign q function ranges from �0.05 to
0.05 a.u. in the RDG scatter graph (Fig. 5). The RDG spectra are
coded by three colors: red, green, and blue. The red peaks in the
range of k2 > 0 correspond to the effect of steric repulsion in the
ring (Jia et al., 2019). The spikes appearing in the region of k2 = 0
represent the dipole–dipole or London dispersions forces (Khan
et al., 2020). The blue-colored spikes in the regions q > 0 and
k2 < 0 represent the electrostatic interactions (hydrogen and halo-
gen bonds). The 2D reduced density graph of the monomeric and
dimeric structures together with the 3D isosurface are shown in
Fig. 5.The strong attractive interaction (H-bond) appear between
�0.01 and �0.05 a.u. The isosurface plot reveals the presence of
three blue flaky patches between the two units corresponding to
the OAH. . .O hydrogen bonding interactions. The strong repulsion
interactions (steric effect) occur in the range of 0.05–0.01 a.u.
5

These interactions look like an elliptical slab at the center of the
rings. The vdW interactions range from 0.01 to �0.01 a.u. The
obtained results of the NCI/RDG study of the title compound agree
well with the AIM and XRD data.

6.2. IRI and DORI analysis

In this Section, the new scalar fields, interaction region indicator
(IRI), and density overlap regions indicator (DORI) are introduced.
These indicators depend on the electron density and its derivatives
(Mebs, 2016). The IRI and DORI techniques can simultaneously
reveal the covalent and non covalent interactions. They have anal-
ogous goals, but the IRI is simpler than the DORI, since it was only
defined with the electron density and its gradient. As in the RDG
analysis, the (k2)q function sign was plotted on the IRI and DORI
isosurfaces through a color scale in order to disclose the nature
of the interactions. The largest k2 value of the Hessian matrix
ensures a clear distinction between the attractive and repulsive
interactions (Johnson et al., 2010). The region with k2 < 0 corre-
sponds to the bonding interactions, whereas the non-bonding
region is identified with k2 > 0. Fig. 6 shows the strong similarity,
but the rough extremities of the interaction regions presented on
the DORI decreases its graphic resolution. The IRI method demon-
strates the lower calculation cost as compared with the other tech-
nique. In addition, both methods offer a coherent description of the
chemical interactions in molecular structures. The covalent bonds
are characterized by a positive electron density (q� 0) and a weak
negative second eigenvalue (k2 � �0.04). In addition, the regions
of weak intermolecular interactions are shown satisfactorily, as in
the RDG study. The different types of interactions, including the
steric effect, vdW, H-bond, and covalent bonds, are presented in
the IRI map. The covalent bond regions are shown by blue surfaces,
which demonstrate the huge electron density and the strong bond-
ing effect in these regions. It can be seen in Fig. 6 that the carbon–
carbon and carbon–oxygen covalent contacts were established.

7. Molecular docking study

The molecular docking simulation is highly important for new
drug design. It can help identify the most stable position of a
docked compound within a target enzyme. This part of the study
is aimed at investigations of more pharmacological activities of
morphine. For this purpose, the docking analysis of the molecule
under study into proteins active sites was performed using the
iGEMDOCK and PyRx programs. The five proteins used were
Humane immunodeficiency, Monoamine oxidase B (MOAB), COX-
2, Candida albicans, and Phosphodiesterase taken from our previ-
ous works (Sagaama and Issaoui, 2020; Sagaama et al., 2020a).
The target protein structures were chosen to test the anticancer
(1DLO), anti-parkinson (2BK3), anti-inflammatory (3LN1), antimi-
crobial (4HOE), and anti-schizophrenia (5K95) activities. These



Fig. 2. The non covalent interactions of morphine crystal conformation.
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enzymes were initially downloaded from the RCSB protein data
bank website. Using the discovery studio visualizer, the five pro-
teins were cleaned by eliminating previous ligands and water
molecules. The binding score and interaction energy were esti-
mated with the iGEMDOCK and PyRx packages, respectively. The
obtained energy data are given in Table 3 and the docking poses
between the morphine conformation and different structures gen-
erated using the PyMOL software (pymol) are presented in Fig. 7.
The total energy computed using the iGEMDOCK graphical envi-
ronment is a sum of the hydrogen bonding, vdW, and electronic
interactions. In our case, the electronic contribution was found to
6

be zero for different complexes. According to Table 3, the interac-
tion forces are mainly the hydrogen bonding and vdW interactions.
The interaction score decreases in the order of
2BK3 > 3LN1 > 4HOE > 1DLO > 5K9R. As can be seen in Table 3,
the highest interaction score corresponds to the MOAB enzyme
with energy of �105.04 kcal/mol. The 3LN1 protein is also charac-
terized by a high binding energy, which was found to be
�101.85 kcal/mol. The morphine–MOAB and morphine-3LN1 com-
plexes have the similar vdW and H-bond energies. For the other
enzymes, the interaction score ranges between �86 and
�93 kcal/mol. The higher vdW and H-bond energies are related



Fig. 3. The ELF (a) and LOL (b) pictorial representations generated via Multiwfn software.

Fig. 4. The non covalent interactions existing in morphine packing structure.
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to 3LN1 (�87.64 kcal/mol) and 4HOE (�30.95 kcal/mol), respec-
tively. Table 3 compares the obtained docking results with the pre-
viously published data (Sagaama and Issaoui, 2020; Sagaama et al.,
2020a). It can be seen that the five morphine–protein complexes
exhibit better energy results as compared with the previous scores.

The 2D representations of the protein–ligand interaction profile
were plotted using the discovery studio visualizer (Fig. 7). As can
be clearly seen in Fig. 7, the ligand protein interactions are princi-
pally a hydrogen bonding type. The latter was divided into three
7

categories: the conventional, carbon, and p-donor hydrogen bond.
The ligand docked in the active site of pocket atom 2BK3 has
greater hydrogen bonding interaction number, justifying the high-
est corresponding binding score. Ser 59 interacts with three oxy-
gen atoms of the morphine structure and Tyr 60 forms two
H-bonds with O4 and O3. In addition, two H-bonds are introduced
between Lys 296, Gly 57, and O1. The interaction bond lengths
range between 2.7 and 3 Å. The shorter distances demonstrate
the strength of the established H-bonds. The formed carbon



Fig. 5. . Reduced density graph and isosurface plots of monomeric and dimeric structures.

Fig. 6. IRI and DORI representations mapped for morphine dimer conformation.

Table 3
The docking binding affinities of the title compound with the different proteins.

Protein name Protein code Ligand Binding affinities (kcal/mol) Interaction score (kcal/mol) H-bond VDW

Humane immunodeficiency 1DLO Morphine �7.9 �87.13 �15.61 �71.51
2BT – �79.33 �69.65 �7.75

Monoamine oxidase B (MOAB) 2BK3 Morphine �7.2 �105.04 �25.91 �79.13
Farnesol – �92.49 �5.95 �86.53

COX-2 3LN1 Morphine �8.7 �101.85 �14.20 �87.64
2BT – �81.44 �66.34 �9.98

Candida albicans 4HOE Morphine �7.3 �92.90 �30.95 �61.95
2BF – �88.47 �22.18 �66.60

Phosphodiesterase 5K9r Morphine �8.4 �85.57 �21.21 �64.36
Imadazopyrazine – �69.56 �25.74 �43.82

A. Sagaama, N. Issaoui, O. Al-Dossary et al. Journal of King Saud University – Science 33 (2021) 101606
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Fig. 7. The best localization of morphine in the five target protein along with 2D interactions map.
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hydrogen bond links carbon atom C37 and residue Tyr 435. For the
morphine-3LN1 interaction, four conventional hydrogen bonds are
formed between oxygen atoms O1, 3, and 4 and amino acids Asn 24
and Gln 447. In addition, a p-donor hydrogen bond (3.54 Å) was
found between Ala 142 and the phenyl ring. In addition, residues
9

Cys21, Val 141, Ala 142, and Pro 139 were implicated in five alkyl
interactions with the morphine conformer. Concerning the 4HOE
protein, six conventional hydrogen bonds (Thr58, Ile19, Lys 24,
Gly 23, Asp 146, and Lys 22) and one p-donor hydrogen bond
(Thr 147) were established between the Candida albicans residues
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and the candidate ligand. Thus, amino acids Lys 57 and Ala 115
interact with atoms 4HOE with the formation of the p–r and alkyl
interactions, respectively. For the Humane immunodeficiency pro-
tein, two conventional hydrogen bonds between Lys 395-O1 and
Trp 414-O3 with respective bond lengths of 3.28 and 3.08 Å were
observed. In addition, two carbon hydrogen bonds between C34
and The 362, the carbon atom of the methyl group, and Asp 364
were established. The p–sigma and p–alkyl interactions were also
generated, which connect ligand atoms and amino acid residues
Thr 402, Thr 410, and Trp 398. The 2D morphine-5K9R plot shows
the formation of five H-bonds with oxygen atoms O1 and O4 via
intervention of amino acid residues His 515, Asp 554, Phe 560,
His 557, and Glu 685.

8. Conclusions

In this study, the molecular optimization of the compound
under investigation was performed using the B3LYP/6�311++G**

level of the theory. The calculated and experimental bond lengths
and angles were found to be in good agreement. The Hirshfeld sur-
faces investigation disclosed various intermolecular interactions in
the crystal structure and identified the electrophilic and nucle-
ophilic sites. The AIM, ELF, and LOL studies were carried out to elu-
cidate the potential of the inter- and intermolecular interactions
based on the electron localization regions. It was shown that these
interactions can be classified as weak contacts. In addition, the van
der Waals and hydrogen bonding interactions were determined via
the RDG analysis using a color code. However, the IRI and DORI
yielded a detailed representation of the inter- and intramolecular
contacts simultaneously. Finally, the docking simulation of mor-
phine with the selected proteins was made. The results obtained
proved the analgesic effect and treatment ability of our compound
for the cancerous, Parkinson, inflammatory, microbial, and
schizophrenia diseases.
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