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Abstract
Recent outbreaks of highly pathogenic influenza strains have highlighted the need to develop new anti-influenza drugs. Here, we
report an in silico study of carvone derivatives to analyze their binding modes with neuraminidase (NA) active sites. Two
proposed carvone analogues, CV(A) and CV(B), with 36 designed ligands were predicted to inhibit NA (PDB ID: 3TI6) using
molecular docking. The design is based on structural resemblance with the commercial inhibitor, oseltamivir (OTV), ligand
polarity, and amino acid residues in the NA active sites. Docking simulations revealed that ligand A18 has the lowest energy
binding (ΔGbind) value of −8.30 kcal mol-1, comparable to OTV with ΔGbind of −8.72 kcal mol-1. A18 formed seven hydrogen
bonds (H-bonds) at residues Arg292, Arg371, Asp151, Trp178, Glu227, and Tyr406, while eight H-bonds were formed byOTV
with amino acids Arg118, Arg292, Arg371, Glu119, Asp151, and Arg152. Molecular dynamics (MD) simulation was conducted
to compare the stability between ligand A18 and OTV with NA. Our simulation study showed that the A18-NA complex is as
stable as theOTV-NA complex during theMD simulation of 50 ns through the analysis of RMSD, RMSF, total energy, hydrogen
bonding, and MM/PBSA free energy calculations.
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Introduction

Influenza is an infectious disease that causes significant fatal-
ity in the human population. The rapid emergence of several
mutant antigens caused the ineffectiveness of vaccines against
influenza virus. To date, only three antiviral agents have been
approved for the treatment of influenza infection namely,
zanamivir, oseltamivir, and peramivir (Fig. 1). However, in-
creasing reports of the resistance of these drugs drive

researchers to explore more effective drugs to combat the
virus [1]. Hemaglutinin (HA), neuraminidase (NA), M2 ion
channel protein, and endonuclease are several molecular tar-
gets identified for drug intervention [2]. Among these poten-
tial molecules, NA appears to be an attractive target for drug
development [3]. NA is a major glycoprotein that can be
found on the virus surface, which catalyzes the cleavage of
sialic acid residues from glycolipids and glycoproteins [4].
The protein possesses enzymatic activity that is essential for
viral replication and infection.

Research showed that NA is not only crucial in the release
of virion, but also needed in the movement of virus through
the mucus of the respiratory tract [6]. Therefore, one of the
strategies to curb the infection is by inhibiting the NA so that
the host immune system has sufficient time to eliminate the
virus.

Molecular modeling and structure-based drug design
(SBDD) provide great contributions for modern drug devel-
opment [7]. Docking study revealed that the introduction of
amino group substituents to oseltamivir may help to tighten
the binding of NA, and thereby decrease the resistance of the
enzyme toward the inhibitors [8]. NA has five main conserved
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residues of binding sites (Fig. 2) [9]. The positively charged
pocket 1, which consists of Arg118, Arg292, and Arg371
interacts with the carboxylate group via hydrogen bonding
interaction. The negatively charged pocket 2 comprising
Glu119, Glu227, and Asp151 interacts with amino or guani-
dine group of substrate [10]. In pocket 3, the side chains of
Trp178 and Ile222 form hydrophobic interaction while the
polar group of Arg152 binds with the oxygen in acetyl substit-
uent. Pocket 4 is primarily a hydrophobic region, derived from
side chain Ile222 and the hydrophobic face of Arg224. Pocket
5 is made of a polar Glu276, acting as a hydrogen bond accep-
tor, and Ala246 to form an additional hydrophobic region [11,
12]. Manipulations of these pockets were extensively done by
researchers in designing potential inhibitors that have high
binding ability in the neuraminidase active site [6, 13].

Research on NA active sites and structural activity study
(SAR) of published NA inhibitors showed that NA inhibition

is mainly determined by the relative position of four substitu-
ents (carboxylate, glycerol or hydrophobic side chain,
acetamido, and amino or guanidine) of the central ring [11].
Replacing the hydroxyl group of Neu5Ac2en (DANA) with
guanidine showed better activity in the NA active site [12].
The inhibitor drug structure, named zanamivir, was then
marketed as Relenza. Oseltamivir (Tamiflu®), developed by
Kim and his group (2000) consists of all four substituents.

Carvone is a monoterpene ketone, which can be naturally
found in spearmint essential oil, Mentha spicata [14]. It con-
sists of a cyclohexenone attached to an isopropenyl side chain,
which contains an isolated C=C double bond. It occurs as
dextrorotatory (d-carvone) and levorotatory (l-carvone) enan-
tiomers, which are colorless to pale yellow liquids with a char-
acteristic caraway and spearmint odor, respectively. In vitro
and in vivo studies revealed that carvone and its derivatives
exhibit various biological properties, such as anti-bacterial,
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Fig. 1 Chemical structures of neuraminidase inhibitors [5]

Fig. 2 Structures of oseltamivir
complexed in neuraminidase
active sites [12]. The five binding
pockets were labeled as pocket 1,
2, 3, 4, and 5

93 Page 2 of 13 J Mol Model (2018) 24: 93



anti-fungal, anti-oxidant, anti-tumor, and anti-inflammatory
activities [14]. However, no anti-viral activity has been report-
ed using carvone as a core structure. Therefore, this work fo-
cuses on the design of the carvone derivatives and studies their
binding modes with NA residues through molecular docking
and the molecular dynamic simulations approach.

Methods

NA and ligand preparation

The crystal structure of 2009 pandemic H1N1 neuraminidase
complexed with oseltamivir (PDB ID: 3TI6) was downloaded
from the RCSB Protein Data Bank (http://www.rcsb.org). The
water and nonprotein molecules were removed, while only the
neuraminidase monomer structure was used. The structures of
the 36 ligands were drawn and optimized in ChemSketch. All
the ligands were designed by modifications at R1, R2, and R3

for both CV(A) and CV(B) (Fig. 3). The modification of
compounds is focused on: NH2 or aliphatic amine at R1

position, guanidine or acetamide at R2 position, and ester or
aromatic amine at R3 position.

Molecular docking

We employed AutoDock 4.2 software (available at http://
autodock.scripps.edu) to perform the molecular docking
simulations. The protein was protonated with polar
hydrogens and given Kollman charge. The docking runs
were set up with a grid volume of 60 points each with the
default 0.375 Å. The setting of the grid center was set to
−31.016, 13.162, and 23.488 for x, y, and z value,
respectively. The binding residues were identified by
submitting the PDB ID:3TI6 into the ligand contact tool
(LCT) program (http://firedb.bioinfo.cnio.es/Php/Contact.
php) [15]. This program calculates the contact between the

binding residues of NA receptor with oseltamivir using
default parameters. The identified binding residues in the
active sites were Arg118, Arg292, Arg371, Asp151,
Asp152, Trp178, Glu227, Glu277, Arg224, and Tyr406. The
docking experiment was performed for 20 genetic algorithm
(GA) runs. Docking software supplied with AutoDock 4.0 and
AutoGrid 4.0 was used to produce gridmaps. The Lamarckian
genetic algorithm (LGA) was chosen to improve the energy
evaluation in docking. The results were evaluated by analyz-
ing the RMSD values, ligand-protein interactions, energy of
binding (ΔGbind) as well as the number of existing conforma-
tions in a population cluster. The estimated ΔGbind was calcu-
lated as the sum of final intermolecular energy, van der Waals,
hydrogen bond and desolvation energies, electrostatic energy,
final total internal energy, torsional free energy, and unbound
system’s energy [16]. The ligand-protein interaction was visu-
alized using Pymol. Subsequently, LIGPLOT tool [17] was
performed to explore the intermolecular contacts of hydrogen
bonds and hydrophobic interactions in the complex stuctures.

Molecular dynamics (MD) simulation

MD simulations were performed using the GROMACS 5.1.4
package with the standard GROMOS96 53a6 force field pa-
rameters [18]. The system was immersed in a cubic water box
and the energy of the complexes was minimized using the
steepest descent approach realized in the GROMACS pack-
age. The PRODRG server [19] was used to generate ligand
topology. An appropriate number of counter ions were added
to neutralize the total charge of the system, and 1000 steps of
steepest descent energy minimization were carried out for the
protein-ligand complex. The systemwas equilibrated at 300 K
after the energy minimization. The water molecules were per-
mitted to relax surrounding the protein, and the relaxation time
of water was 50 ps. Finally, the full system was subjected to
50 nsMD simulation at 310 K temperature and 1 bar pressure.
The particle mesh Ewald (MPE) method for long-range elec-
trostatics, a 14Å cut off for van derWalls interactions, a 12 cut
off for coulomb interaction with updates every 10 steps, and
the Lincs algorithm for covalent bond constraints were used
[20]. Root mean square deviation (RMSD), root mean square
fluctuation (RMSF), total energy, and H-bonds formed be-
tween the residues were analyzed through Gromacs utilities
g_rmsd, g_rmsf, g_energy, and g_hbond, respectively. The
MD runs were carried out in triplicate for each ligand.

MM-PBSA binding free energy calculation

Combined with MD simulation, binding free energy calcula-
tion methods have become powerful tools in providing quan-
titative measurement for protein-ligand interactions [21]. In
this study, a Gromacs tool named g_mmpbsa was used to
calculate the binding free energy of protein-ligand complexes

R1 = NH2 or aliphatic amine

R2 = guanidine or acetamido

R3 = ester or aromatic amine

Fig. 3 Design of carvone derivatives
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from MD trajectories [22]. This tool implements the MM-
PBSA approach by using subroutines derived from Gromacs
and Adaptive Poisson-Boltzmann Solver packages without
run-time dependency on external software, and is suitable
for binding energy calculations on molecular systems because
its performance is comparable to the AMBER package. Of
note, g_mmpbsa only calculates the electrostatic and van der
Waals components of gas-phase energy, as the bonded contri-
bution is by definition zero in the single-trajectory approach.
Besides, the entropy term is not evaluated yet, as it has be-
come common practice in recent works to exclude the
entrophy term from the MM-PBSA calculation. Therefore,
binding energy is calculated as follows:

ΔGbind ¼ ΔEMM þ ΔGpolar þ ΔGnonpolar ð1Þ

where ΔEMM represents the gas-phase energy consisting of
electrostatic and van der Waals interaction, ΔGpolar denotes
polar solvation energy, and ΔGnonpolar is nonpolar solvation
energy. Subsequently, the energy components ΔEMM,
ΔGpolar, and ΔGnonpolar of each complex were calculated for
11 snapshots extracted every 0.2 ns from the production tra-
jectory from 8 to 10 ns. Other parameters used by g_mmpbsa
for the free-energy calculation were set based on those de-
scribed in the developer’s publication [22].

Results and discussion

Docking studies

Molecular docking was performed to analyze the SAR of
different substituents of the ligands with the NA residues.
Three criteria determine the ligand-complex binding affinity,
which are energy binding (ΔGbind), inhibition constant (Ki),
and hydrogen bond. The more negative the ΔGbind value and
the more hydrogen bonds formed, the stronger complex sta-
bility between ligand and protein. In this study, the best
ligand-protein complex was the lowest ΔGbind value and inhi-
bition constant. Inhibition constant (Ki) is the concentration
required by the ligand to inhibit the target protein [23]. Hence,
a smaller value of Ki is needed for stronger interaction com-
plex. The negative sign in the binding energy value shows the
possibility of spontaneous interaction between ligand and re-
ceptor [24]. The estimated ΔGbind was calculated as the sum of
final intermolecular energy, van der Waals, hydrogen bond
and desolvation energies, electrostatic energy, final total inter-
nal energy, torsional free energy, and unbound system’s ener-
gy [16].

ΔGbind ¼ ΔGvdw þΔGhbond þΔGelect þΔGconform

þΔGtor þΔGsol

Table 1 shows the energy of binding (ΔGbind) and inhibi-
tion constant (Ki) of designed carvone derivatives calculated
using AutoDock. The values of ΔGbind and Ki correspond
with the thermodynamics Eq. [25].

G° ¼ −RT ln KA

KA ¼ Ki−1 ¼ EI½ �
E½ � I½ �

The result shows that the lower the energy binding, the
lower the inhibition constant.A18 has the lowest energy bind-
ing (−8.30 kcal mol-1) and lowest inhibition constant at
0.82 μM. Introducing A18 with NH2 at R1, guanidine at R2,
and heterocyclic amine at R3 position increased the binding
affinity toward NA, which is far more favorable compared to
its parent compound, CV (−4.77 kcal mol-1). The OH group
plays an important role since it formed H-bonds with three
residues; Arg292, Arg371, and Tyr406. Oseltamivir (OTV)
has a ΔGbind of −8.72 kcal mol-1 with a Ki value of 0.35 μM.

For visualization, PyMol software was used to view the H-
bond interaction between the protein-ligand complex and NA
active sites (Fig. 4). The figure shows five potential ligands,
A18, B18,B10,A9, andA15, together withOTV, which have
lower energy binding value of −8.30, −8.11, −8.00, −7.83,
−7.68, and −8.72 kcal mol-1, respectively. OTV formed eight
H-bonds with Arg118, Arg292, Arg371, Glu119, Asp151, and
Arg152 residues. Amino acid residues Arg292 and Arg371
formed more than one H-bond, with two H-bonds formed by
each residue. This finding is supported by a previous study,
which stated that the carboxylic group of oseltamivir had
strong interaction in pocket 1 (Arg118, Arg292, and
Arg371) [12]. The guanidine group of ligands A18, B10,
and A15 interact with amino acid residues Asp151, Glu227,
and Trp178. The stability of protein-ligands complex is based
on the formation of hydrogen bonds. This is because the hy-
drogen bond could affect the physical-chemical properties,
such as melting point, boiling point, and water solubility of
compounds. A18 formed the highest number of H-bonds
among all the ligands investigated, indicating that it is the
most stable complex during substrate recognition. Thus, A18
will be further studied for dynamics simulation to analyze
their binding stability throughout the simulation.

In order to understand the binding modes and structural
characteristics, we analyzed the intermolecular contacts in
the protein-ligand complex using LIGPLOT tool [17].
LIGPLOT is a program to plot schematic diagrams of
protein-ligand interactions, including hydrogen bonds and hy-
drophobic contacts. Hydrogen bonds are represented by
dashed lines between the atoms involved, while hydrophobic
contacts are indicated by an arc with spokes radiating toward
the ligand atoms they contact (Fig. 5). Figure 5a shows that
oxygen atoms ofOTVare involved in hydrogen bonding with
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Table 1 Binding energy (ΔGbind) and inhibition constant, Ki of designed carvone derivatives

Ligands R1 R2 R3 Free Energy 

Binding 

(kcal/mol)

Inhibition 

constant, Ki 
(µM)

CV CH3 =CH2 CH3 -4.77 200.98

A1 NH2 =CH2 CH3 -5.09 185.67

A2 =CH2 CH3 -5.05 198.66

A3 =CH2 CH3 -5.26 139.70

A4 =CH2 CH3 -6.93 8.38

A5 =CH2 CH3 -5.73 63.27

A6 =CH2 CH3 -4.70 359.04

A7 NH2 NHC=OCH3 CH3 -6.18 29.42

A8 NH2 NHC=OCH3 -7.09 13.95

A9 NH2 NHC=OCH3 -7.83 1.81

A10 NH2 NHC=OCH3 -7.47 3.33

A11 NH2 NHC=OCH3 -6.33 23.08
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A12 NH2 NHC=OCH3 -7.08 6.46

A13 NH2 NHC=NHNH2 CH3 -6.52 16.57

A14 NH2 NHC=NHNH2 -7.28 4.60

A15 NH2 NHC=NHNH2 -7.68 2.35

A16 NH2 NHC=NHNH2 -7.10 6.19

A17 NH2 NHC=NHNH2 -6.76 11.16

A18 NH2 NHC=NHNH2 -8.30 0.82

B1 NH2 =CH2 CH3 -5.14 170.72

B2 =CH2 CH3 -4.07 1040

B3 =CH2 CH3 -6.91 8.66

B4 =CH2 CH3 -6.85 9.51
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B5 =CH2 CH3 -5.86 50.58

B6 =CH2 CH3 -5.15 167.82

B7 NH2 NHC=OCH3 CH3 -4.81 297

B8 NH2 NHC=OCH3 -7.12 5.99

B9 NH2 NHC=OCH3 -6.05 36.59

B10 NH2 NHC=OCH3 -8.00 1.38

B11 NH2 NHC=OCH3 -4.97 228.27

B12 NH2 NHC=OCH3 -6.94 8.22

B13 NH2 NHC=NHNH2 CH3 -5.30 130.14

B14 NH2 NHC=NHNH2 -7.62 2.59

B15 NH2 NHC=NHNH2 -6.19 29.05
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residues Arg118, Arg292, and Arg371, while oxygen atoms of
A18 formed four hydrogen bondings with Arg292, Arg371,
and Tyr406. Two or more arginine residues surrounding the
carboxylic group of NA inhbitors play a vital role in stabiliz-
ing the complex structures [26]. Hydrophobic contacts also
play a key role in the stability of the ligand and protein inter-
action. Eight and seven hydrophobic bonds were formed sur-
roundingOTV-NA and A18-NA complex, respectively; thus,
indicating that both complex are stable.

Molecular dynamics simulation

Molecular dynamics simulation was performed to com-
pare the binding stability between A18 and oseltamivir
(OTV) with NA. A18 was chosen as it has the lowest
binding energy among 36 ligands, comparable to OTV,
with ΔGbind of −8.30 kcal mol-1 and −8.72 kcal mol-1,
respectively. RMSD analysis provides an overall picture
of how much the three-dimensional structure of the pro-
teins fluctuates and changes conformation over the simu-
lation time. Here, the RMSD value of the protein back-
bone was examined to investigate the stability of the pro-
tein in the system. Figure 6a shows the average of back-
bone RMSD values of A18-NA and OTV-NA complex

structure throughout the 50 ns simulation. The figure in-
dicates that both complexes were stable during the MD
simulation. OTV-NA complex showed RMSD fluctua-
tions at ~1–3 Å from 0 until 20 ns, while for A18-NA
complex it fluctuated at ~2–2.5 Å from 5 ns until the end
of the simulation. The A18-NA complex has lower
RMSD values compared to OTV complex, indicating that
A18 is more stable than OTV-NA. Furthermore, we ana-
lyzed the RMSD profile of the active site residues as well
as the ligand in protein-ligand. The RMSD analysis sug-
gested that both ligands achieved stable confirmation after
simulations (Fig. 6b and c). The root mean square fluctu-
ations (RMSF) value of both complexes was also exam-
ined to analyze the fluctuations of each residue in NA
protein (Fig. 6d). The figure shows the fluctutations of
the residues from 82 to 469. These residue fluctuations
of NA proteins denote the binding ability of these proteins
with each ligand. From this RMSF analysis, we can con-
clude that both complexes of A18 and OTV show a sim-
ilar pattern of RMSF values, ranged between 0.5 Å and
5 Å.

The plots for the variation of the total energy for system
was also analyzed in MD simulation, as indicated in Fig. 7(a).
The graph shows that the total energy for the system remained

B16 NH2 NHC=NHNH2 -7.61 2.64

B17 NH2 NHC=NHNH2 -5.30 129.99

B18 NH2 NHC=NHNH2 -8.11 1.15

OTV -8.72 0.35

The top five ligands with the best Autodock score are highlighted
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constant throughout the simulation with the energy value at
−6.4 × 105 kcal mol-1. The stability of protein-ligand complex
was further assessed by the analysis of hydrogen bonding
interactions throughout the MD simulation. Hydrogen bond-
ing is one of the main factors maintaining the binding between
the ligand and acceptor. A donor and an acceptor atom form
hydrogen bonds when the distance between them is less than
3.5 Å [27]. The number of hydrogen bonds betweenOTV-NA
complex and A18-NA complex across simulation can be seen
in Fig. 7(b). The analysis suggests that OTV-NA complex
(blue) formed three H-bonds, whereas in A18-NA complex
(red), only two H-bonds were observed throughout the simu-
lation. Even though only a few hydrogens were observed for
A18, the interactions may be stabilized by hydrophobic

contacts. Weak intermolecular interactions like hydrophobic
and hydrogen bonds may play an important role in stabilizing
a ligand at the interface of a protein structure [28].

The details of H-bonds formation before and after MD
simulation can be seen in Fig. 8. Pre-MD simulation of
OTV formed various hydrogen bonds with protein resi-
dues namely Arg371, Arg292, Glu119, Asp151, Arg152
(Fig. 8a). Post-MD simulation of OTV was found to
form hydrogen bonds with Arg371, Arg227, and
Arg277 (Fig. 8b). Four hydrogen bonds with Arg292,
Glu119, Asp151, and Arg152 were lost during simula-
tions; however, two new hydrogen bonds were formed
with residues Arg227 and Arg277. For A18, a difference
can also been observed before and after MD simulation.

OTV, Gbind = -8.72 kcal/mol              A18, Gbind = -8.30 kcal/mol

18, Gbind = -8.11 kcal/mol        B10, Gbind = -8.00 kcal/mol B

A9, Gbind = -7.83 kcal/mol     A15, Gbind = -7.68 kcal/mol                           

Fig. 4 Docking poses showed the
H-bonds formed (yellow dashed
line) between five potential
carvone derivatives and the com-
mercial inhibitor, OTV, with the
NA active site. The figures were
generated using PyMol
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Fig. 6 RMSD value of protein
backbone (a); RMSD value of
NA residue (b); RMSD of ligand
(c) and RMSF value (d) of A18
and OTV complex throughout
50 ns MD simulation

Fig. 5 Hydrogen and hydrophobic interaction of OTV (a) and A18 (b) with amino acid residues
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Post-MD simulation of A18 showed it formed hydrogen
bonds with two residues Arg152 and Arg156 (Fig. 8d).
Here, we can conclude that both ligands interacted with
NA active site residues by hydrogen bonds as well as
hydrophobic interactions that further stabilized the
protein-ligand complex.

MM-PBSA analysis

The binding free energies for the two complexes OTV and
A18 were estimated using the MM-PBSA method to find

the binding affinity of the ligands. The binding free energy
includes various components of interaction energy, such as
van der Waals, electrostatic, polar solvation, and nonpolar
solvation energy. The calculated binding free energies
(Table 2) were −30.398 ± 4.25 kcal mol-1 and −96.644 ±
2.34 kcal mol-1 forOTVandA18, respectively, indicating that
A18 possessed higher negative binding free energy value
compared toOTV. In terms of components making up binding
energy, van der Waals energy, electrostatic energy, and non-
polar energy negatively contributed to the total interaction
energy, whereas polar solvation energy positively contributed

Before MD simulation 

After MD simulation 

b

c d

a 

Fig. 8 Hydrogen bond
interactions (yellow dashed line)
observed between the ligand-
protein complex before and after
MD simulation (a) and (c) OTV-
NA complex; (b) and (d) A18-NA
complex throughout 50 ns MD
simulation

Fig. 7 The total energy (a) and
the number of H-bonds (b) ob-
served between the ligand-protein
complex from a representative of
OTVand A18 simulations
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to total free binding energy. Moreover, van der Waals interac-
tion gives a much larger contribution than electrostatic inter-
actions for A18.

Conclusions

Molecular docking and the molecular dynamics approach
were used to investigate the binding activity of 36 designed
carvone derivatives toward neuraminidase active sites. Our
docking study indicates that all the ligands showed strong
binding affinity against active sites of NA, ranging from
−4.77 to −8.30 kcal mol-1. Among the 36 ligands, A18 has
the lowest binding energy of −8.30 kcal mol-1 with seven H-
bonds formed in the amino acid residues Arg292, Arg371,
Asp151, Trp178, and Glu227, comparable with the commer-
cial inhibitor, oseltamivir (OTV). The amino and acetamido
groups mainly contributed to the binding affinity of the A18
binding towardNA active sites. Our simulation result suggests
that the A18-NA complex was stable during the MD simula-
tion. Although the average H-bond number was lower than
OTV, the H-bonds formed between A18 and NA active site
residues Arg152 and Arg156 were stable throughout the 50 ns
simulations. Hence, this in silico study reveals that carvone
derivatives could serve as potent neuraminidase inhibitors
against influenza virus.
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