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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 (AGy;nq) value of —8.30 kcal mol ™, comparable to OTV with AGy;,q of —8.72 kcal mol ™. A18 formed seven hydrogen
bonds (H-bonds) at residues Arg292, Arg371, Aspl51, Trp178, Glu227, and Tyr406, while eight H-bonds were formed by OTV
with amino acids Argl118, Arg292, Arg371, Glul19, 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 the OTV-NA complex during the MD simulation of 50 ns through the analysis of RMSD, RMSF, total energy, hydrogen
bonding, and MM/PBSA free energy calculations.

Keywords Influenza neuraminidase - Molecular docking - Carvone - MM/PBSA

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
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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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Fig. 1 Chemical structures of neuraminidase inhibitors [5]

residues of binding sites (Fig. 2) [9]. The positively charged
pocket 1, which consists of Argl18, Arg292, and Arg371
interacts with the carboxylate group via hydrogen bonding
interaction. The negatively charged pocket 2 comprising
Glul19, Glu227, and Aspl51 interacts with amino or guani-
dine group of substrate [10]. In pocket 3, the side chains of
Trp178 and 11e222 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 I1e222 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

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
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Argl18

Tyr40
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Arg292

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 NeuSAc2en (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 (/-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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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 HIN1 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 Ry, R,, and R;
for both CV(A) and CV(B) (Fig. 3). The modification of
compounds is focused on: NH, or aliphatic amine at R,
position, guanidine or acetamide at R, position, and ester or
aromatic amine at R; 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 A. 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

COOH

Ry R3 Ry R3

CV(A) CV(B)

R; = NH; or aliphatic amine
R» = guanidine or acetamido
R3 = ester or aromatic amine

Fig. 3 Design of carvone derivatives

binding residues of NA receptor with oseltamivir using
default parameters. The identified binding residues in the
active sites were Argll8, Arg292, Arg371, Aspl5l,
Aspl52, Trpl78, 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 grid maps. 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 (AGy,,q) as well as the number of existing conforma-
tions in a population cluster. The estimated AGy,,q 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 system was 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 ns MD simulation at 310 K temperature and 1 bar pressure.
The particle mesh Ewald (MPE) method for long-range elec-
trostatics, a 14 A cut off for van der Walls 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
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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:

AGbind = AEMM + AGpolar + AGnonpola.r (1)

where AEy\q represents the gas-phase energy consisting of
electrostatic and van der Waals interaction, AGy1,r denotes
polar solvation energy, and AGyonpolar 1S nOnpolar solvation
energy. Subsequently, the energy components AEyjy,
AGpolar, and AGponporar Of €ach 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 (AGy,q), inhibition constant (Ki),
and hydrogen bond. The more negative the AGy,;,g 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 AGy;,q 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 AGy;,g 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].

AGypind = AGyaw + AGhbond + AGeieet + AGeonform
+ A(}tor + A(}sol

@ Springer

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

G =-RTInK,
Ky=Ki'= BN
[E][I]

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™") and lowest inhibition constant at
0.82 uM. Introducing A18 with NH, at R, guanidine at R,
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'). The OH group
plays an important role since it formed H-bonds with three
residues; Arg292, Arg371, and Tyr406. Oseltamivir (OTV)
has a AGy;nq of —8.72 kcal mol™" with a Ki value of 0.35 M.

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, and A15, together with OTYV, which have
lower energy binding value of —8.30, —8.11, —8.00, —7.83,
~7.68, and —8.72 kcal mol !, respectively. OTV formed eight
H-bonds with Arg118, Arg292, Arg371, Glul19, Asp151, and
Argl52 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 (Argll8, 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 of OTV are involved in hydrogen bonding with
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Table 1 Binding energy (AGyping) and inhibition constant, Ki of designed carvone derivatives

Ligands R, R, R; Free Energy Inhibition
Binding constant, Ki
(kcal/mol) (M)
()% CH; =CH, CH; -4.77 200.98
Al NH, =CH, CH; -5.09 185.67
A2 /\NH =CH, CH; -5.05 198.66
A3 \/\ =CH, CH; -5.26 139.70
NH
A4 /\/\ =CH, CH; -6.93 8.38
NH
AS =CH, CH; -5.73 63.27
NH
A6 ~. =CH, CH; -4.70 359.04
N
H
A8 NH, NHC=0OCH; -7.09 13.95
P
A9 NH, NHC=0OCH; T -7.83 1.81
e
o
A10 NH, NHC=OCH; -7.47 3.33
o
All NH, NHC=0OCH; ‘\JJJ\/H N | -6.33 23.08
AN
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Al2 NH, NHC=0CH;,
Al3 NH, NHC=NHNH,
Al4 NH, NHC=NHNH,

OH -7.08
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CH; -6.52

\;\/"YQ

-7.28

6.46

16.57

4.60

Al6 NH,
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-7.10
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T
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CH, -5.14
CH, -4.07
CH, -6.91
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1040
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B5

B6
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B14
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wr
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o

-5.86

-5.15

-4.81

-7.12

-6.05

-8.00

-4.97

-6.94

-5.30

-7.62

-6.19

50.58

167.82

297

5.99

36.59

1.38

228.27

8.22

130.14

2.59

29.05
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B16 NH, NHC=NHNH,
B17 NH, NHC=NHNH,
B18 NH, NHC=NHNH,
OTV

i -7.61 2.64
o
:’Jj\/n _ -5.30 129.99
U
o -8.11 1.15
N
ON
-8.72 0.35

The top five ligands with the best Autodock score are highlighted

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-
rounding OTV-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 OTYV,
with AGping of —8.30 kcal mol™' and —8.72 kcal mol ™,
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

@ Springer

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 A from 0 until 20 ns, while for A18-NA
complex it fluctuated at ~2-2.5 A 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 A and
5A.

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
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Fig.4 Docking poses showed the

H-bonds formed (yellow dashed ARG-292]
line) between five potential ARG-371
carvone derivatives and the com- s
mercial inhibitor, OTYV, with the

NA active site. The figures were 7Y

generated using PyMol ARG-118

OTYV, AGbina = -8.72 kcal/mol

ARG-z;sz~
. \ ARG:371
f\d o8

TYR-406

B18, AGpina = -8.11 kcal/mol

TRP-178

GLU-227

ARG-292

A9, AGbind = -7.83 kcal/mol

constant throughout the simulation with the energy value at
—6.4 x 10° kcal mol ™. 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 A [27]. The number of hydrogen bonds between OTV-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

ASP-151
GLU-119

—
TYR-406

et

ARG-371
ARG-152

ARG-292

ARG-152

TRP-178

GLU-227

A18, AGbind = -8.30 kcal/mol

. }SER-246

ARG-152 prat=aEs

<
N

GLU-ZZ& GLU-277

B10, AGbina = -8.00 kcal/mol

A15, AGhbinda = -7.68 kcal/mol

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
OTYV formed various hydrogen bonds with protein resi-
dues namely Arg371, Arg292, Glull9, Aspl51, Argl52
(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,
Glull9, Aspl51, and Argl52 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.

@ Springer
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Arg224
a b

Fig. 5 Hydrogen and hydrophobic interaction of OTV (a) and A18 (b) with amino acid residues
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Fig. 7 The total energy (a) and

the number of H-bonds (b) ob- 68405 ———

Total Energy

Hydrogen Bonds

served between the ligand-protein
complex from a representative of

OTV and A18 simulations -6.26+05

(kJ/mol)
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-6.8e+05

L
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-6.4e+05 NIRRT
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L |
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a

Post-MD simulation of A18 showed it formed hydrogen
bonds with two residues Argl52 and Argl56 (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

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

ARG-292

ARG-292

ARG-371

10

20 30
Time (ns)

b

|
30 40 50 40

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™' and —96.644 +
2.34 kcal mol™ for OTV and A18, respectively, indicating that
A18 possessed higher negative binding free energy value
compared to OTV. 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

ARG-152

ARG-292
ASP-151 > !
ARG-371 :
GLU-119
2 A ; GLU{-227 TRP-178
b

Before MD simulation

GLU-277

=

GLU-227

g ARG-156

iRGlSZ

After MD simulation
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Table 2  Binding free energies (kcal mol™) resulting from MM-PBSA analysis of the OTV-NA and A18-NA complexes

AEvclw AEelec AGpo]ar AGnonpolar AGbind
oTV —107.361 £2.20 —435.944 £ 4.44 526.758 +£7.07 —13.784 £ 0.21 --30.398 £4.25
Al8 —142.282 +1.95 —14.829 + 143 75.265 £2.59 —14.903 £ 0.23 —96.644 +2.34
to total free binding energy. Moreover, van der Waals interac- 5. von ltzstein M, Wu W-Y, Kok GB, Pegg MS, Dyason JC, Jin B,

Van Phan T, Smythe ML, White HF, Oliver SW, Colman PM,
. Varghese JN, Ryan DM, Woods JM, Bethell RC, Hotham VI,
actions for A18. Cameron JM, Penn CR (1993) Rational design of potent
sialidase-based inhibitors of influenza virus replication. Nature
363:418-423
Conclusions 6. GongJ, Xu W, Zhang J (2007) Structure and functions of influenza
virus neuraminidase. Curr Med Chem 14(1):113-122
7. Pranita SSK, Kore P, Mutha MM, Antre RV, Oswal RJ (2012)
Molecular docking and the molecular dynamics approach Computer-aided drug design: an innovative tool for modeling.

were used to investigate the binding activity of 36 designed Open J Med Chem 2(1):139-148

o L. . . 8. D’Souza C, Kanyalkar M, Joshi M, Coutinho E, Srivastava S
carvone derivatives toward neuraminidase active sites. Our . . . o
(2009) Probing molecular level interaction of oseltamivir with

tion gives a much larger contribution than electrostatic inter-

docking study indicates that all the ligands showed strong H5N1-NA and model membranes by molecular docking, multinu-
binding affinity against active sites of NA, ranging from clear NMR and DSC methods. Biochim Biophys Acta Biomembr.
—4.77 to —8.30 kcal mol”". Among the 36 ligands, A18 has 1788(2):484-494 ) _ )

the lowest bind.ing energy of —8.30 kf:al mol™! with seven H- o \S{fo&l/a\r/;gStGe,vvCageIn(]\D{: gﬁ ?lnl\r/llg ZCJ;I})\ACU’CE?S;Z dsy’ [i};janMd: dYg a?ﬁl)z gﬁ
bonds formed in the amino acid residues Arg292, Arg371, Y, Saldivar A, Kati W, Laver G, Sowin T, Sham HL, Greer J, Kempf
Aspl51, Trpl78, and Glu227, comparable with the commer- D (2003) Influenza neuraminidase inhibitors: structure-based design
cial inhibitor, oseltamivir (OTV). The amino and acetamido of a novel inhibitor series. Biochemistry 42(3):718-727

. . ST . 10. Ye D, Shin W-J, Li N, Tang W, Feng E, Li J, He P-L, Zuo J-P,
roups mainly contributed to the binding affinity of the A18 ’ ’ > lang W, reng &, L1 J, ’ ’
group y g ty Kim H, Nam K-Y, Zhu W, Seong B-L, No KT, Jiang H, Liu H

binding toward NA active sites. Our simulation result suggests (2012) Synthesis of C-4-modified zanamivir analogs as neur-
that the A18-NA complex was stable during the MD simula- aminidase inhibitors and their anti-AIV activities. Eur J Med
tion. Although the average H-bond number was lower than Chem 54:764-770

OTV. the H-bonds formed between A18 and NA active site 11. Rudrawar S, Dyason JC, Rameix-Welti MA, Rose FJ, Kerry PS,

. Russell RJ, van der Werf'S, Thomson RJ, Naffakh N, von Itzstein M
residues Arg152 and Argl56 were stable throughout the 50 ns (2010) Novel sialic acid derivatives lock open the 150-loop of an

simulations. Hence, this in silico Study reveals that carvone influenza A virus group_l sialidase. Nat Commun 1:113-117
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13. Lew W, Chen X, Kim CU (2000) Discovery and development of
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