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Abstract: Oseltamivir and Zanamivir are two of the recently licensed neuraminidase inhibitors used
for the treatment of influenza. However, alternative antivira agents are needed due to the development
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of resistant mutations in Oseltamivir subtype HIN1 and H5N1 avian influenza A viruses, the latter be-

ing a highly pathogenic avian virus that can be transferred to humans upon immediate contact with HSN1 infected poultry
or surface. Novel drug inhibiting group 1 neuraminidases may potentially be developed through addition of extra substitu-
ent moieties to existing inhibitor skeletons. Another approach involves virtual screening of existing inhibitor skeletons
which we have reported using novel ligands of HSN1 viavirtua screening approach. In this study, we have used 3D struc-
ture of avian influenza virus HSN1 neuraminidase as target against a ligand dataset of four known neuraminidase inhibi-
tors for in silico analysis. Using the dataset of known four inhibitors, a pharmacophore model was developed using
ligand-based pharmacophore modeling strategy. This pharmacophore model was then used for virtual screening of natural
compounds library taken from Princeton database. New hits that shared features of our pharmacophore model and binding
interactions with receptor residues have been reported in this study. As more antivird agents are required, the reported
hitsin our study may play an important role as novel antiviral agents against influenzavirus.
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INTRODUCTION

Influenzais a highly contagious virus that causes varying
degrees of symptoms ranging from mild flu-like symptoms
to severe respiratory illness and death. Out of the three types
of influenza virus (A, B and C), type A infects a wide range
of avian as well as mammalian species. This virus contains
glycoproteins, haemagglutinin and neuraminidase in its
membranes which play crucia roles in the Influenza infec-
tion. Haemagglutinin is an antigenic glycoprotein that acts as
a mediator between cell-surface sialic acid receptor binding
to initiate the viral infection. Cdlular glycoproteins and
sialic acid are then removed from viral cells by neuramini-
dase to enable its release which spreads infection to new
cells[1]. Type A influenza virus is divided into two subcate-
gories according to the antigenic properties of haemaggluti-
nin and neuraminidase molecules. Haaemagglutinin (H1-
H16) contains 16 sub-groups of the virus ranging from H1 to
H16 whilst the later contains a smaller range (N1-N9) [2].
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The three pandemics that occurred in the twentieth century
and wiped out a portion of human population were caused by
virus containing various combinations of haemagglutinin and
neurminidase sub-types: HIN1 in 1918, H2N2 in 1957 and
H3N2 in 1968. In 1997, H5N1 avian influenza virus caused a
pandemic in Hong Kong human population, with virus origi-
nating from the live poultry chicken market [3,4].

Neuraminidases N1 and N2 are another subtype of influ-
enza virus which are known to affect the human population
[5]. They belong to two phylogenetic categories with the first
group containing subtypes N1, N4, N5 and N8 subtypes and
the second group containing N2, N3, N6, N7 and N9. All
catalytic sites of neuraminidase influenza hold the following
three arginine residues, Arg 118, Arg 292 and Arg 371,
which bind carboxylate of the substrate, siadic acid. On the
other hand, Arg 152 and Glu 276 have interactions with
acetamido 9 substituent of the substrate and with 8- and 9-
hydroxyl groups of the substrate to form hydrogen bonds,

respectively [6,7].

Nuraminidase, a proven anti-influenza drug target, holds
great promise for further research in the development of new
virus inhibitors, particularly due to the emergence of resis-
tant virus strains to current dugs as a result of genetic muta-
tions [8-11]. Such antiviral drugs work through mechanisms
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Fig. (1). 2D structures of ligand data set based on neuraminidase
inhibitors (a) Oseltamivir, (b) Zanamivir, (c) Laninamivir, and (d)
Peramivir.

which inhibit function of the viral neuraminidase protein,
thus preventing the virus from integrating with other cells,
resulting in no reproduction and spread of virus to healthy
cell bodies. A number of in silico studies have been reported
that have investigated various computational approaches
targeting H5N1 influenza A virus [12-15]. During the past
few years, significant progress in studying influenza A virus,
both experimentally [16-19] and theoretically [20-29], has
been reported. There are various types of neuraminidase in-
hibitors which act against both influenza A and influenza B.
The knowledge of protein 3D (three-dimensional) structures
or their complexes with ligands is crucial for rational drug
design. Although X-ray crystallography is a powerful tool in
determining these structures, it is time-consuming and ex-
pensive, and, most importantly, not all proteins can be suc-
cessfully crystallized. Membrane proteins are difficult to
crystallize and most of them will not dissolve in normal sol-
vents. Therefore, X-ray structures of very few membrane
protein structures have been determined so far. NMR is in-
deed avery powerful tool in determining the 3D structures of
membrane proteins (see, e.g., [30-33]), but it is also time-
consuming and costly. In order to acquire structural informa-
tion in a timely manner, a series of 3D protein structures
were developed by means of structural bioinformatics tools
(for comprehensive review see references [34-38]) and were
found very useful for stimulating drug development. In view
of this, the computationa (or in silico) methods were also
utilized in this study for screening, identifying and verifying
novel neuraminidase inhibitors. For the purpose of this study
against H5N1 virus, the following ligand dataset is used:
Oseltamivir (Tamiflu), Zanamivir (Relenza), Laninamivir
(Inavir), and Peramivir [39]. A pharmacophore model was
developed using this ligand dataset of known inhibitors. To
identify novel ligands on the basis of our developed pharma-
cophore model, we have performed virtual screening of a
library that contains 50,000 natural compounds taken from
the Princeton Database (www.princetonbio.com). New hits
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Table1. List of grid and docking parameters used to per-
form docking experiment.
Grid Parameters Docking Parameters
Spacing 0.375A Energy evaluations 25x10°
80X A Iterations 27000
Grid Center 8oy A Mutation rate 0.02
80z A Crossover rate 0.80
Elitism value 1
RMS Tolerance 10A

that showed exact pharmacophore features and binding inter-
actions with receptor protein are reported here.

METHODS

As the structure of HS5N1 neuraminidase virus contains
potential of new opportunities for drug design, 3D structure
of H5N1 (PDB id: 2HTQ) was used as a receptor. The bind-
ing residues for this structure include Argl18, Aspl5l,
Argl52, Trpl78, Glu276, Tyr347, and Arg371 [40]. The
information of the binding pocket of areceptor for its ligand
is very important for drug design, particularly for conducting
mutagenesis studies [38]. In the literature, the binding pocket
of a protein receptor to a ligand is usually defined by those
residues that have at least one heavy atom (i.e, an atom
other than hydrogen) within a distance of 5A from a heavy
atom of the ligand. This same criterion was originally used
to define the binding pocket of ATP in the Cdk5-Nck5a*
complex [41] that later proved quite useful in identifying
functional domains and stimulating the relevant truncation
experiments [42]. Similar approach has aso been used to
define the binding pockets of many other receptor-ligand
interactions important for drug design [43-47]. Four experi-
mentally known neuraminidase inhibitors, i.e. Oseltamivir,
Zanamivir, Laninamivir, and Peramivir were taken as
ligands. (Fig. 1) shows 2D structure of these inhibitors.

Docking of neuraminidase inhibitors was performed us-
ing Autodock 4.2 software [48]. To determine suitable bind-
ing orientations and conformations of neuraminidase inhibi-
tors with H5N1 protein according to specified instructions,
automated dockings were carried out. Each docking experi-
ment consisted of 100 runs, yielding 100 docked conforma-
tions. Briefly, receptor proteins were designated to polar
hydrogen atoms and Kollman charges, whilst the ligands
were assigned Gasteiger partial charges. All non-polar hy-
drogen atoms were combined and torsions for ligands were
enabled to rotate during docking procedure. To generate grid
maps, AutoGrid software was used which allowed the
placement of each grid in the center of corresponding recep-
tor. The following strategies were used for al ligands: ran-
dom starting positions, random orientations, and torsions.
The trandation, quaternion and torsion strategies were
adopted from default values programmed in the AutoDock.
Lamarckian genetic algorithm was considered for minimiza-
tion via default generics. The parameters for the docking
experiments are shown in Table 1.



In silico Methods for Identifying Neuraminidase Inhibitors

Table 2. Energy values for docking experiment of four neuraminidase inhibitors with H5N1 strain.
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Ligands
Properties
Oseltamivir Zanamivir Laninamivir Peramivir

Binding Energy (kcal/mol) -6.01 -6.92 -6.87 -4.75
Ki (uM) 3955 8.43 9.22 331.02
Intermolecular Energy (kcal/mol) -8.69 -9.91 -9.85 -7.43

vdW + Hbond + desolv Energy (kcal/mol) -6.43 -74 -74 -5.1
Electrostatic Energy (kcal/mol) -2.26 -2.51 -2.45 -2.33
Final Total Internal Energy (kcal/mol) -0.99 -2.21 -2.26 -0.42
Torsional Free Energy (kcal/mol) 2.26 2.98 2.98 2.68
Unbound System's Energy (kcal/mol) -0.99 -2.21 -2.26 -0.42
Temperature(K) 298.5 2985 2985 2985

Many remarkable biological functions in proteins and
DNA and their profound dynamic mechanisms, such as
switch between active and inactive states [49,50], coopera-
tive effects [51], alosteric transition [46] and intercalation of
drugs into DNA [52], can be revealed by studying their in-
ternal motions as summarized in one comprehensive review
[53]. Likewise, to really understand the interaction of a pro-
tein receptor with its ligand and to reveal its binding mecha-
nism, we should consider not only the concerned static struc-
tures but also the dynamic information obtained by simulat-
ing their internal motions or dynamic processes, and efforts
will be made in this regards in our future work. Keeping in
mind the objective of this study, the type of docking per-
formed was rigid docking, as the receptor under study was
studied in its static form rather than the dynamic form.

The geometry optimized conformations of four inhibitors
were used as basic skeleton for ligand-based pharmacophore
modeling. The ligand-based strategy derives pharmacophore
models from a set of ligands in the absence of a macromole-
cule structure by considering the conformational flexibility
parameter derived from known ligands. In this study, Ligand
Scout tool [54] was used to develop three dimensional phar-
macophore hypothesis using a set of four compounds (a-d).
Ligand Scout generates structure-based as well as ligand-
based pharmacophore models. The developed pharma-
cophore model was used for virtual screening of natural
compounds library taken from the Princeton database for
identifying novel inhibitors against avain influenza virus.
Pharmacophore modeling and virtual screening approaches
have been extensively used for identification of novel
ligands [55-57].

RESULTS AND DISCUSSION

Binding Analysis of Neuraminidase Inhibitors Docked to
Neuraminidase

As this study is based on computational predictions, we
have used binding information of the receptor against
neuraminidase inhibitors for validation of our results. The
energy values of docking experiments lie in favorable range.

Table 2 shows the binding, intermolecular, vdW + Hbond +
desolv, electrostatic, final internal energy, torsional energy
and system's unbound energies along with inhibition con-
stant values.

Table 2 shows that the four ligands showed favorable en-
ergy values of binding from docking experiments. While
comparing the docking results of these inhibitors, we ob-
served that Zanamivir and Laninamivir have the lowest bind-
ing energy and predicted inhibition constant values. On the
basis of lower binding free energy, and better electrostatic
interaction and inhibition constant values of these
neuraminidase inhibitors against H5N1, we found out that
Zanamivir and Laninamivir would be more potent inhibitors
for H5N1 inhibition than Oseltamivir and Peramivir. Also,
the interaction data supported this statement as Zanamivir
and Laninamivir showed maximum number of hydrogen
bonds with receptor binding site as compared to Oseltamivir
and Peramivir (Table 3). (Fig. 2) also clearly shows that the
docked complexes of four inhibitors exhibited binding with
critical residues of the receptor protein H5N1.

A comparative overview of interactions of binding resi-
dues of receptor protein with the inhibitors is aso repre-
sented in Table 3. Among the binding residues, those in-
volved in making hydrogen bonds with the inhibitors are
shown with the type of hydrogen bond formed (in the con-
text of hydrogen bond donor and acceptor) and distance be-
tween the atoms forming them.

Evaluation of Pharmacophore Model and Analysis

The ligand-based pharmacophore model was developed
using ligand-based pharmacophore modeling from the ligand
dataset of Oseltamivir, Zanamivir, Laninamivir and
Peramivir. Two dimensional pharmacophore model for each
ligand is shown in (Fig. 3). Green arrows indicate the pres-
ence of hydrogen bond donors (HBD) while the red arrows
represent hydrogen bond acceptors (HBA). Blue color dis-
plays positive ionizable areas.

The pharmacophoric features for each inhibitor are
shownin Table4.
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Fig. (2). Docking interactions of neuraminidase with different inhibitors: (a) Oseltamivir, (b) Zanamivir, (c) Laninamivir, and (d) Peramivir.
Residues and hydrogen bond distances (A) are labeled, hydrogen bonds are represented by Green dotted lines. Coloring scheme is according
to atom type: Hydrogen, Grey; Nitrogen, Blue; Oxygen, Red; inhibitor’s Carbon, Purple; protein’s Carbon, Orange. (For interpretation of the
references to color in this figure legend, the reader isreferred to the web version of this paper).

Table 3. Detailed interactions of residues involved in binding interactions during docking with the inhibitor data set. HDP repre-
sents involvement in a hydrophobic interaction, while A represents the distance, in angstrom units, among atoms
(neuraminidase residue atom-inhibitor atom) involved in forming the hydrogen bonds.

Inhibitors Oseltamivir Zanamivir Laninamivir Peramivir
Residues Bond A Bond A Bond A Bond A
NH-O 1.88
Argl118 NH-O 1.82 NH-O 1.89 NH-O 1.83
NH-O 2.46
O-HN 2.20 O-HO 1.85
Aspl51 O-HN 2.15 O-HN 1.90
O-HN 2.50 O-HO 248
Argl52 HDP NH-O 1.99 NH-O 2.28 HDP
O-HN 213 O-HN 2.00
Trpl78 HDP -
O-HN 2.29 O-HN 215
O-HO 1.86 O-HO 1.92
Glu276 HDP HDP
O-HO 1.98 O-HO 212
Tyr347 OH-O 2.40 HDP HDP HDP
NH-O 1.93
Arg371 NH-O 213 NH-O 191 NH-O 2.20
NH-O 2.08
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Fig. (3). 2D Depiction pharmacophore models: (a) Oseltamivir (b) Zanamivir (c) Laninamivir (d) Peramivir.

Table 4. Pharmacophoric features of selected inhibitors.

Ligand HBA HBD PI
Oseltamivir ++ ++ _
Zanamivir ++++ +++ +
Laninamivir +++++ +++ +

Peramivir +++++ +++ +

The common pharmacophore with shared features ob-
tained by alignment of the four inhibitors is shown in (Fig.
4). The common pharmacophore feature include one positive
ionizable area, five hydrogen acceptors and three hydrogen
donors.

For the common pharmacophore model, we have also
calculated distances among features of pharmacophore. The

suggested 3D pharmacophore model and distances between
the common pharmacophoric characteristics of the proposed
model are shown in (Fig. 5).

We have used this pharmacophore model for virtual
screening of a library taken from the Princeton Database.
This library consists of 50,000 natural compounds. We
wanted to identify and report those natural compounds that
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Fig. (4). Alignment of the four compounds with features of generated pharmacophore. Oseltamivir, Blue; Zanamivir, Green; Laninamivir,
Purple; Peramivir, Orange. (For interpretation of the references to color in this figure legend, the reader isreferred to the web version of this

paper).

Fig. (5). (a) 3D Pharmacophore model of four compounds showing geometrical relationship among pharmacophore features. Positive ioni-
zable area (PI) is represented by red meshed sphere, hydrogen bond donor (HBD) by a pair of magenta spheres, and hydrogen bond acceptor
(HBA) by a pair of green spheres. The smaller sphere represents the location of the HBA atom on the ligand, while the larger one indicates
the location of HBD atom on the receptor. (b) Distances (A) among the centers of selected features are labeled. (For interpretation of the
references to color in this figure legend, the reader isreferred to the web version of this paper).

shared pharmacophore features of neuraminidase inhibitors
along with interactions with critical binding residues of
H5N1 receptor with favorable energy values.

Virtual Screening of Princeton Library

A library of natural compounds consisting of 50,000
compounds from Princeton Database was screened using the
3D pharmacophore model. Out of the screened compounds,
15,000 compounds that shared pharmacophore-like features
were identified. The extracted compounds were further
checked using various filters like Lipinski’s rule. As a result,
300 compounds were extracted on the basis of exact pharma-
cophore features including three hydrophaobic regions, two
aromatic rings, one hydrogen acceptor and one hydrogen

donor. These 300 compounds were subsequently used for
docking analysis. Next, receptor and ligand complementari-
ties were checked and 240 compounds were filtered on the
basis of these criteria. Compounds having positive binding
energies were eliminated leaving 180 compounds for further
study. Dockings were done using Autodock 4.2 and analyzed
carefully for these compounds with structure of H5N1 virus
strain. Analysis revealed that out of 180 compounds, 12
compounds exhibited frequent hydrogen and hydrophobic
interactions with the critical binding residues of the receptor.
Two-dimensional structures of shortlisted 12 hits are indi-
cated in (Fig. 6).

Energy values as a result of docking experiments for
these twelve hits with H5N1 receptor are shown in Table 5.
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Fig. (6). 2D Representation of screened hit compounds from Princeton library.

Table 5. Energy values for the screened compounds from Princeton library with neuraminidase as receptor.

Properties/Ligand 1 2 3 4 6 7 8 9 10 11 12
Binding Energy (kcal/mol) -6.26 -6.22 -6.29 -6.49 -5.94 -6.39 -5.71 -6.69 -7.22 -4.76 -6.55 -5.01
Ki (uM) 25.95 27.63 2457 17.35 43.9 20.81 65.22 12.41 5.08 322.82 15.92 21321
Intermolecular Energy (kcal/mol) -7.45 -7.71 -8.38 -9.18 -8.39 -8.47 -8.1 -8.48 -9.31 -6.85 -7.74 -7.69
vdW + Hbond + desolv Energy

-5.89 -7.69 -8.28 -8.9 -8.51 -8.48 -7.87 -8.48 -9.22 -6.91 -7.64 -7.69
(kcal/mol)
Electrostatic Energy (kcal/mol) -1.56 -0.02 -0.09 -0.28 -0.42 0.01 -0.23 -0.01 -0.1 0.06 -0.1 0.0
Fina Tota Internal  Energy

-0.55 -0.74 -0.17 -1.31 -0.96 -0.33 -0.54 -0.5 -0.78 -0.83 -0.72 -0.47
(kcal/mol)
Torsional Free Energy (kcal/mol) 1.19 1.49 2.09 2.68 2.98 2.09 2.39 1.79 2.09 2.09 119 2.68
Unbound System's Energy

-0.55 -0.74 -0.17 -1.31 -0.33 -0.54 -0.5 -0.78 -0.83 -0.72 -0.47
(kcal/mol)
Temperature(K) 298.5 298.5 298.5 298.5 298.5 298.5 298.5 298.5 298.5 298.5 298.5 298.5

Binding energy values range from -4.76 Kca/mol to -7.22
Kcal/mol. Intermolecular energy vaues range from -7.45
Kcal/mol to -9.31 Kcal/mol. Compound 9 showed the lowest
value of energy among the twelve selected compounds and a
known ligand dataset (Oseltamivir, Zanamivir, Laninamivir,
Peramivir).

(Fig. 7) collectively shows binding mode of these
screened compounds with binding site of H5N1 strain’s
Neuraminidase. It clearly shows that al ligands exhibit bind-
ing with critical binding residues of the receptor protein.

The detailed binding mode of these selected compounds
from natural library of Princeton Database is shown in (Fig.
8).

(Fig. 8) clearly shows that the docked complexes of 12
compounds showed interactions with critical binding resi-
dues of the receptor. The residues involved in making inter-
actions between the receptor protein and the 12 compounds
along with details of their interaction modes are represented
in Table6.

Docking results have demonstrated that natural com-
pounds screened from the natural library of Princeton data-
base may play an important role if validated by wet lab ex-
periments for the inhibition of influenza virus. These newly
reported ligands have same mode of interaction as that of
known inhibitors of influenza virus. Hence, computational
results have shown that these novel ligands may have the
potential to inhibit influenza virus.
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Fig. (7). Binding mode of screened compounds from Princeton Database with Neuraminidase (a) Ligands are shown as sticks in mesh surface
and receptor as solid surface, (b) Ligands are shown as sticks surfaced by mesh while receptor residues are shown in lines and |abeled.

Fig. (8). Binding mode of screened 12 compounds with receptor H5N1, Hydrogen bonds are shown with green dotted lines. (For interpreta-
tion of the referencesto color in thisfigure legend, the reader is referred to the web version of this paper).
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Table 6. Detailed binding interactions during docking of neuraminidase with the inhibitor data set. H represents a hydrogen bond-
ing residue and HDP represents involvement of the residue in a hydrophobic interaction.

Residues Argl18 Aspl51 Argl52 Trpl78 Glu276 Tyr347 Arg371
1 H HDP HDP - HDP HDP H
2 - - HDP HDP - - -
3 H HDP - - HDP HDP H
4 - - H HDP - - -
5 HDP H - - HDP HDP H
6 - HDP H HDP - - -
7 HDP H - - - HDP H
8 HDP H - - - H HDP
9 H H HDP - - HDP HDP
10 H H - - - H HDP
11 - - H HDP - - -
12 H HDP - - - HDP H
CONCLUSION VS = Virtual screening

Theoretically, the neuraminidase inhibitors can effec- HBA = Hydrogen bond acceptor
tively inhibit the activity of_ all neuram|n|_dase subtypes, and HBD - Hydrogen bond donor
therefore, they can be considered as candidates for the ther- R
apy of al strains of influenza [58]. In this study, we have Pl = Positive ionizable area
used four neuraminidase inhibitors against H5N1 influenza HDP = Hydrophobic
virus strain. Computational studies were performed to check
binding mode of these inhibitors against H5N1. Binding REFERENCES
analysis showed that the four inhibitors bind well to the _
binding site of H5N1 strain. A ligand-based pharmacophore [l Xu, X; Zhu, X.; Dwek, RA.; Stevens, J.; Wilson, I.A. Structural
model was developed using this ligand dataset. Pharma- ‘J’h{a/ri?ﬁtle”zz(%g)”g‘z’f ;giglsg_égl'”“”enza virus HIN1 neuraminidase.
cophoric features were identified which included one posi- [2]  Russell, RJ; Haire, L.F.; Stevens, D.J; Collins, P.J; Lin, Y.P;
tive ionizable area, five hydrogen acceptors and three hydro- Blackburn, G.M.; Hay, A.J.; Gamblin, S.J.; Skehel, J.J. The struc-
gen donors. This pharmacophore model was used for the ture of H5N1 avian influenza neuraminidase suggests new oppor-
virtual screening of a library from Princeton Database. Com- - tunittijeSfOF dfug] IdESign- Nature, 200?, 443, 45-9,

ia i : ; _ 3 Bender, C.; Hall, H.; Huang, J; Klimov, A.; Cox, N.; Hay, A;
pounds were screened from this library using different pa: _ A
Gregory, V.; Cameron, K.; Lim, W.; Subbarao, K. Characterization
rameters. In the end, tho_se _CompoF’”dS that shovv_ed pharma— of the surface proteins of influenza A (H5N1) viruses isolated from
Cophore featu.reﬁ and blndlng§ with H5N1 strain were re- humans in 1997-1998. Virology, 1999, 254, 115-23.
ported. New ligands explored in the current study may have 14 Li, K.S.; Guan, Y.; Wang, J;; Smith, G.J; Xu, K.M.; Duan, L.;
the prospective scope for managing the influence of influ- Rahardjo, A.P.; Puthavathana, P.; Buranathai, C.; Nguyen, T.D.
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