J Mol Model (2012) 18:3445-3453
DOI 10.1007/500894-011-1349-0

ORIGINAL PAPER

Computational study on new natural polycyclic compounds
of HIN1 influenza virus neuraminidase

Ye Wang - Di Wu - Dahai Yu - Zhiyong Wang - Li Tian -
Yanyan Wang - Weiwei Han + Xuexun Fang

Received: 5 November 2011 /Accepted: 28 December 2011 /Published online: 27 January 2012

© Springer-Verlag 2012

Abstract A new strain of influenza A (HIN1) virus is a
major cause of morbidity and mortality around the world.
The neuraminidase of the influenza virus has been the most
potential target for the anti-influenza drugs such as oseltamivir
and zanamivir. However, the emergence of drug-resistant
variants of these drugs makes a pressing need for the devel-
opment of new neuraminidase inhibitors for controlling illness
and transmission. Here a 3D structure model of HIN1 avian
influenza virus neuraminidase type 1 (N1) was constructed
based on the structure of the template HSN1 avian influenza
virus N1. Upon application of virtual screening technique for
N1 inhibitors, two novel compounds (ZINC database ID:
ZINCO02128091, ZINC02098378) were found as the most
favorable interaction energy with N1. Docking results showed
that the compounds bound not only in the active pocket, but
also in a new hydrophobic cave which contains Arg368,
Trp399, 1le427, Pro431 and Lys432 of N1. Our result sug-
gested that both of the screened compounds containing the
hydrophobic group bring a strong conjugation effect with
Arg293, Arg368 Lys432 of N1 by pi-pi interaction. However,
the control inhibitors zanamivir and oseltamivir do not have
this effect. The details of N1-compound binding structure
obtained will be valuable for the development of a new anti-
influenza virus agent.
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Introduction

A new strain of influenza A HIN1 virus, which shares several
common characteristics with the 1918 Spanish flu, has spread
rapidly and evolved into epidemics worldwide with high
mortality and morbidity [1, 2]. Influenza virus can be classi-
fied by the antigenic properties of two surface glycoproteins,
hemagglutinin (HA) and neuraminidase (NA) [3]. Hemagglu-
tinin is known to mediate the binding of virus to the cell
surface via sialic acid receptor which results in the cell entry
of the virus [4-6]. Neuraminidase cleaves sialic acid receptor
from cell surface, facilitating progeny virions' release from the
infected host cells. Neuraminidase may also facilitate the early
processing of influenza virus infection in lung epithelial cells
[7]. Therefore, the inhibitions of influenza virus neuramini-
dase potentially block an influenza virus infection. Because of
its importance in the pathogenesis of influenza virus infection,
neuraminidase has been the most potential target for the anti-
influenza drugs [8]. Two antiviral drugs, oseltamivir and zana-
mivir, both targeting neuraminidases, are currently prescribed
for the prophylaxis and treatment of influenza infections.

However, although these drugs are effective against neur-
aminidase, the emergence of drug-resistant variants is the
major problem of antiviral therapy [9]. Oseltamivir treat-
ment showed resistance in up to 2% of patients in clinical
trials and 18% of treated children including frequent resistance
acquisition in the case of children only [10, 11]. Moreover,
zanamivir-resistant influenza virus variants have been isolated
from immuno-compromised patients [12].

In recent years, natural compound medicines have been
increasingly reported showing anti-influenza virus activities
[13, 14]. Natural compounds have been the mainstay of
traditional medicine for thousands of years. The advantage
of natural compounds for the development of drugs derives
from their innate affinity for biological receptors and numerous
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fractionated natural compounds have been screened with im-
pressive hit rates [15]. Therefore, they may provide a valuable
source of lead compounds for anti-influenza activities by
inhibiting N1.

Recently, computer-based modeling methodology has
been increasingly used to understand the mechanism of
substrate inhibition and new drug development. It greatly
improves test efficiency and reduces the experimental ex-
penditure. In this study, homology modeling, virtual screening
and molecular docking approach was used to find effective
inhibitor of N1 and the mechanism of interaction between
antiviral drugs and N1.

Methods
Sequence alignment and homology modeling

The amino acid sequence of HIN1 avian influenza virus N1
was collected from human Influenza A virus (A/reassortant/
NYMC X-179A (California/07/2009 x NYMC X-157)
(HIN1)) in the NCBI protein database (accession no.
ACR47015.1), in which 469 amino acid residues were in-
volved. Three structures were identified as homologous
from Protein Data Bank (PDB) (PDB ID: 2C4A, 3CLO,
3CKZ). The automated sequence alignment (Fig. 1) and
analysis of the template and target were carried out using
the BioEdit Sequence Alignment Editor program [16]. The
protein sequence chosen as template protein for homology
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modeling was H5N1 avian influenza virus N1 (PDB ID:
3CKZ) [17], whose similarity equals 91.4% with the HIN1
avian influenza virus N1. Here, we used Swiss-Model
[18-21] to build the 3D structure of HIN1 avian influenza
virus N1 from their amino acid sequences. The model
coordinates were returned in PDB format [22], and the struc-
ture was checked using Profile-3D [23] and PROCHECK
[24].

Virtual screening

The software AutoDock Vina [25] which used a sophisti-
cated gradient optimization method in its local optimization
procedure was then applied in the virtual screening, with a
rectangular box for the definition of the binding site. After
setting the spacing (angstrom) to 1, the center and the size of
the box could be defined and adjusted by AutoDock Tools
software [26]. Here, parameter values of X, y, z center were
set to -39.12, -73.82, and 40.91 to make grid center consis-
tent with center of the protein. The parameter values of
number of points in X,y,z-dimension were set to 44,44,40,
so that the lattice could cover all of the protein atomic. A
Natural Products Database (NPD) [27] in the ZINC [28, 29]
database, which is the largest freely available database for
docking and virtual screening methods, was employed to
screen N1 inhibitors. The target used in our study was the
3D structure of N1 mentioned above. Modification and
format conversion of compounds were downloaded from
NPD using Open Babel toolbox [30] and Raccoon [31]
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Fig. 1 NI protein sequence aligned with three different template sequences
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graphical user interface for AutoDock [26, 32] with a special
focus on large-scale virtual screening.

Docking

The molecular docking was carried out with Affinity [33]
program of the Insight II [34] software. Affinity is a suite of
programs for automatically docking a ligand to a receptor,
uses a combination of Monte Carlo type and simulated
annealing (SA) methods. The 3D structures of the natural
compounds were downloaded from NDP. After determining
the active pocket by binding site Analysis program of the
Insight II, the inhibitor was docked into N1. The potential
function of the complexes was assigned by using the
consistent-valence force field (CVFF) and non-bonding in-
teraction was determined by using the cell multipole ap-
proach. To account for the solvent effect, the assemblies
were solvated in a sphere of TIP3P water molecules with
radius 15 A around the binding site of inhibitor and the N1
complex. Finally, the docked complex was selected by the
criteria of interacting energy combined with the geometrical
matching quality. The obtained complex was used as the
starting conformation for further energetic minimization
before the final model was achieved. This provided 10
structures from SA docking and their generated conformations
were clustered according to RMS deviation. The global struc-
ture with the most favorable interaction energy was chosen for
computing intermolecular binding energies.

Results and discussion
Homology modeling of N1

The Swiss-Model program [18-21] was used to model the
3D structure of N1. As described above, the template (PDB
ID: 3CKZ) we chose had too high homology to model the
structure of N1, whose similarity equals 91.4%. Sequence
alignment and structure superposition reveal that the active
site of N1 is almost identical to that of the template, except
for H274Y. This mutation abolished the hydrogen bond
between the carboxyl group inhibitor and the template.
However, the carboxyl group of the inhibitor formed a
stronger hydrogen bond with Arg293 of N1 [35]. Thus,
the binding affinity of the inhibitor with N1 was not reduced
in comparison with that with the template, and retained the
drug-sensitive from N1. Similar to the crystal structure of
the template sequence, the structure of the model had two
helices, 26 sheets, and 17 turns. By superimposing the 3D
structure of template on the structure of the model, their root
mean square deviation (RMSD) value was 0.07 A (Fig. 2),
which indicated a good overall structural alignment with
template structure. The overall quality of the model was

Fig. 2 Comparison of N1 model with its template protein HSN1 avian
influenza neuraminidase (PDB ID: 2htyF). Magenta ribbon represen-
tation of N1. Cyan ribbon representation of H5N1 avian influenza
neuraminidase. Their root mean square deviation (RMSD) value was
0.07 A

examined by PROFILE-3D [23], and the self-compatibility
score for this protein was 194.30, which was higher than the
low score 78.99 and the top score 175.54. Figure 3 shows
that the scores of all residues are positive value and corre-
spond to ‘acceptable’ side chain environments. Then, the
structure of the model was evaluated by PROCHECK [24],
the statistical score of Ramachandran plot showed that
72.3% residues were in the most favored regions. By checking
with the two different criteria mentioned above, we believed
that the homology model of N1 was reliable.

Virtual screening of natural products database against N1

Virtual screening of compound libraries has become a stan-
dard technology in modern drug discovery pipelines [36]. A
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Fig. 3 The 3D profiles verified results of N1 model, residues with
positive compatibility score are reasonably folded

@ Springer



3448

J Mol Model (2012) 18:3445-3453

good reliable library of natural compounds is required for
virtual screening experimentally. NPD [27] contains com-
pounds from seven vendors that advertise their compounds
as being of natural origin, either pure natural products, or
chemical derivatives of natural products. The "2008/5" ver-
sion of the NPD contains almost 90,000 commercially
available compounds. The target used in our study was the
3D structure of N1 mentioned above. In order to screen
these compounds efficiently within a reasonable time, we
used AutoDock Vina (a new open-source program for drug
discovery) as that offering multi-core capability, high per-
formance and enhanced accuracy and ease of use [25].
Affinity energy, which is the final calculated result and the
core parameters of AutoDock Vina, is an important indicator
ofvirtual screening of effective compounds. When calculating
the affinity energy, spatial effects, rejection effect, hydrogen
bonding, hydrophobic interactions, and molecular flexibility
are taking into account.

After the screening, a large number of novel compounds
were found as the favorable affinity energy with N1. Table 1
showed 34 of these compounds with lower -11 kcal mol™
affinity energy. Two new natural compounds (ZINC data-
base code ZINC02128091, ZINC02098378 Fig. 4a, b) with
the most favorable interaction energy among these com-
pounds were selected for further study.

Ligand binding analysis

In the molecular complex binding process, both the com-
plementarily receptor-ligand binding site and the steric of
ligand in the complex are the key factors. The electrostatic,
Van der Waals, hydrogen bonding, hydrophobic interactions
are the driving force behind the formation of molecular
complex. In order to study ligand binding mechanism, the
two compounds screened were docked into the 3D structure
of N1 by using the Insight II/Affinity module. The total
interaction energy as an estimation of molecular complex
binding was used in this study. In the compound-
neuraminidase complexes, both compounds bind to N1 in
similar orientation (Fig. 5a-b) and some critical residues of
N1 were identified, which suggested that the compounds
had different binding modes compared to the positive anti-
influenza drugs, zanamivir and oseltamivir as described
below.

Both the novel compounds and the control drugs bound
in the active pocket of N1 with strong total interaction
energy and formed hydrogen bond interaction with N1

It had been reported in the literature that Argl18, Aspl51,
Glu278, Arg293, Asn344, Arg368, Tyr402 of N1 were in
the active pocket [37, 38] which could form hydrogen bonds
with its inhibitors. Our docking results in Fig. 5 showed that

@ Springer

Table 1 34 of these

compounds from NPD Compounds Affinity (kcal mol™)

with N1 have affinity

energy lower -11 ZINC02128091  -11.70

(keal mol™) ZINC02098378  -11.70
ZINC02127309 -11.60
ZINC02097182 -11.50
ZINC02090662 -11.30
ZINC04015296 -11.30
ZINC04265785 -11.30
ZINC05433944 -11.30
ZINC02100657 -11.20
ZINC02103725 -11.20
ZINC04270571 -11.20
ZINC08877110 -11.20
ZINC08918445 -11.20
ZINC02103379 -11.10
ZINC02128147 -11.10
ZINC02129180 -11.10
ZINC04236083 -11.10
ZINC04259225 -11.10
ZINC04270586 -11.10
ZINC12296716 -11.10
ZINC12892580 -11.10
ZINC02105418 -11.00
ZINC02108251 -11.00
ZINC02118912 -11.00
ZINC02127034 -11.00
ZINC02150195 -11.00
ZINC03844856  -11.00
ZINC05433942  -11.00
ZINC08792177  -11.00
ZINCO08877567 -11.00
ZINC08918259 -11.00
ZINC12858859 -11.00
ZINC12863203 -11.00
ZINC12874367 -11.00

ZINCO02128091, ZINC02098378, zanamivir and oseltami-
vir, were tightly bound with the active site of N1. To identify
the binding forces contributed to the N1-compound com-
plexes, the Van der Waals energy (Evg4y), electrostatic energy
(Egie) and total interaction energy (Eqp;) of ZINC02128091,
ZINCO02098378, zanamivir and oseltamivir with N1 were
calculated. The total interaction of receptor-ligand is the mo-
lecular recognition process, including electrostatic interaction,
van der waals force, hydrogen bonding and hydrophobic
interactions, etc. The values of the total interaction energy
for oseltamivir and zanamivir shown in Table 2 were consis-
tent with the experimental value [39—41]. Although the ex-
perimental data from different laboratories were different,
most of them had similar trends that the inhibition constant
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Fig. 4 The structures of two a
novel compounds from virtual

screening. (a) ZINC02128091, o
(b) ZINC02098378. And the
structures of anti-influenza
drugs (¢) zanamivir, (d)
oseltamivir

HN NHyp*

of zanamivir was lower than oseltamivir, which was in
good agreement with our calculated results. So, we
account the order that ZINC02128091, ZINC02098378
(-107.921 kcal mol™, -89.2049 kcal mol™') had lower
total interaction energy than the control drug zanamivir and
oseltamivir (-74.9895 kcal mol™, -73.7462 kcal mol™"). More-
over, the total interaction energy of ZINC02128091 was the
most favorable.

Hydrogen bonds formed between compound and the
active pocket of protein were usually contributed to the
stability of the substrate-enzyme complexes, and more

Fig. 5 Schematic drawing of
interrelation between
inhibitors and N1 by protein
contact potential of vacuum
electrostations. Blue represents
positive charge, red represents
negative charge. Inhibitors

are (a) ZINC02128091, (b)
ZINC02098378, (¢) zanamivir,
(d) oseltamivir. All of inhibitors
are located in the center of the
active site of N1, tightly

hydrogen bonds form a more stable complex [42, 43]. In
the present study, the N1-compound complex models were
visualized by PYMOL molecular graphics system. As for
the electron acceptor of the compounds, carbonyl O, car-
boxyl O, enol O and oxenium ion, were necessary to form
hydrogen bonds with the catalytic active pocket of the
protein. Our results shown that both the novel compounds
formed a large number of hydrogen bonds as zanamivir and
oseltamivir: N1-ZINC02128091 complex had four hydro-
gen bonds (Fig. 6), N1-ZINC02098378 complex had one
hydrogen bonds (Fig. 7), zanamivir and oseltamivir, both
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Table 2 The Van der Waals energy (Evqw), electrostatic energy ((Egie),
and total interaction energy (Ej..;) of ZINC02128091, ZINC02098378,
zanamivir and oseltamivir with N1 (kcal mol™)

Compound Ede (EEle Elnter

ZINC02128091 -81.1144 -33.6364 -107.921
ZINC02098378 -78.9251 -28.0894 -89.2049
Zanamivir -82.4703 -32.9628 -74.9895
Oseltamivir -88.4223 -32.9152 -73.7462

formed four hydrogen bonds with N1, respectively (Figs. 8
and 9). It is worthy to note that ZINC02098378, which does
not have as many electrophilic groups as the other three
compounds, forms fewer hydrogen bonds with N1.

From analyzing the hydrogen bonds interaction, some
critical N1 residues were identified (Table 3). The all focus
the active pocket of N1, the residues of Argl18, Glull9,
Aspl51, Argl52, Argl56, Arg293 and Arg368 of N1 were
considered to be important in the interaction. By means of
analyzing the total interaction energy and the hydrogen
bonds interaction, we consider that the novel compounds
have a strong binding energy with N1 as the control drugs.

/
"\, ARG293
Ve 4

\
/

Fig. 6 Hydrogen bonds and pi-pi interaction formed between
ZINC02128091 and the active site of N1. Hydrogen bonds are shown
by green dash line. Pi-pi interactions are shown by yellow solid line
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Fig. 7 Hydrogen bonds and pi-pi interaction formed between
ZINC02098378 and the active site of N1. Hydrogen bonds are shown
by green dash line. Pi-pi interactions are shown by yellow solid line

The novel compounds formed pi-pi interaction with N1

It could also be seen from Fig. 10 that both ZINC02128091
and ZINC02098378 bound not only in the active pocket, but
also in a new hydrophobic cave which contains Arg368,
Trp399, 11e427, Pro431 and Lys432 of N1, which brings a
strong conjugation effect. Normal conjugated effect, also
known as pi-pi interaction, is due to the formation of con-
jugated Pi bond caused by the effect of the molecular nature
of the change [44]. By analyzing the pi-pi interaction results
(Table 4), Arg368 and Lys432 of hydrophobic cave in N1

Vi

Fig. 8 Hydrogen bonds formed between zanamivir and the active site
of N1. Hydrogen bonds are shown by green dash line
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Fig. 9 Hydrogen bonds formed between oseltamivir and the active site
of N1. Hydrogen bonds are shown by green dash line

were identified to be important amino acids in the pi-pi
interaction. Furthermore, Arg293 of N1 also formed pi-pi
interaction with ZINC02098378, which exhibited more total
interaction energy than those with zanamivir and oseltamivir.

The structure differences of the two compounds from
zanamivir, oseltamivir

The two novel compounds, ZINC02128091 and ZINC02098378,
are composed with different chemical groups. ZINC02128091

Table 3 Hydrogen bond interaction parameters for each compound
and N1 residue

Fig. 10 Magnifying graphics of hydrophobic cave in Fig. 5, formed by
Arg368, Trp399, 1le427, Pro431, Lys432 of N1, to bring a strong conju-
gation effect with compound (a) ZINC02128091, (b) ZINC02098378

is composed by coumarin modified o-hydroxy propionic acid
moiety and indole-alanine derivative moiety (Fig. 4a). The
indole-alanine derivative moiety of ZINC02128091 bound to
the active pocket of N1 and coumarin modified «-hydroxy
propionic acid moiety of this compound formed pi-pi interac-
tion with Arg368 and Lys432 of N1 (Fig. 6). ZINC02098378
is a coumarin derivative with pyrimido-indole moiety
(Fig. 4b). Different from ZINC02128091, coumarin derivative
moiety of ZINC02098378 bound to the active pocket of N1
and formed pi-pi interaction with Arg293 of N1. Meanwhile,

Table 4 Pi-pi interaction parameters for each compound and N1 residue

Compound Donors atom Receptor atom Distances(A)
ZINC02128091 Arg293:HH22  ZINC02128091:04 1.83
Arg293:HH22  ZINC02128091: 2.43
020
Arg368:HN ZINC02128091: 2.19
029
Arg368:HH22  ZINC02128091:04 2.12
ZINC02098378 Arg293:HH22  ZINC02098378: 2.01
011
Zanamivir Argl52:HH11  Zanamivor:019 1.96
Arg293:HH11  Zanamivor:08 2.35
Arg293:HH21  Zanamivor:08 1.56
Zanamivor:H36  Aspl151:0D2 1.33
Oseltamivir Argl18:HH11 Oseltamivir:O8 1.79
Argl52:HHI1  Oseltamivir:O14 1.97
Argl56:HH22  Oseltamivir:N10 2.49
Oseltamivir:H29 Glul19:0E1 2.34

Compound Endl End2 Distances(A)

ZINC02128091 ZINC02128091 Arg368:NE  4.12
ZINC02128091 Arg368:NE  4.19
ZINC02128091 Lys432:NZ 5.14
ZINC02128091 Lys432:NZ 6.99

ZINC02098378 ZINC02098378 Arg293:NE 6.38
ZINC02098378 Arg368:NE  4.18
ZINC02098378 Arg368:NE  4.62
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pyrimido-indole moiety formed pi-pi interaction with Arg368
of N1 (Fig. 7). In contrast to the two new compounds, the
antiviral drug, zanamivir, is a carboxylic acid with acetamido,
guanidino, pyran groups, while oseltamivir is an ene carbox-
ylic acid with acetamido, pentan groups (Fig. 4c, d). These
drugs bind to the active pocket of N1 and are structurally
different from the two new compounds. In addition,
ZINC02128091 and ZINC02098378 have more polycyclic
groups, the number of skeleton carbons in the two positive
antiviral drugs are only half of that in the new compounds and
the molecular weights of these two new compounds are about
1.5 times greater than those of zanamivir and oseltamivir.
Both of the two new compounds possess a phenyl-coumarin
or pyrimodo-indole group that could form pi-pi interaction
with Arg293, Arg368 Lys432 of N1, which we called the
hydrophobic head group in this paper, was absent in zanamivir
and oseltamivir.

Worthy of note is that the compounds were virtually
screened, and chemical synthesis experiment should be car-
ried out if one wants a further study. In addition, the com-
pounds were screened from NPD in the ZINC database, which
predicted by ZINC as possible growth hormone secretion
inhibitors. Therefore, the related biological experiments
should also be tested besides the neuraminidase inhibition
experiment.

Conclusions

In this study, the 3D structure of N1 was built by using
homology modeling based on the known crystal structure of
HSNI avian influenza N1 (PDB ID: 3KCZ). By means of
virtual screening technique, two novel compounds which
effectively inhibited N1 have been found. Comparison with
two effective drugs for N1, oseltamivir and zanamivir, the
novel compounds screened exhibited very different structure
characteristic. Then, the molecular docking method was
used to verify the reliability of virtual screening and inves-
tigate the binding mechanism. Our docking results showed
that the two novel compounds not only bound in the active
pocket, but also formed pi-pi interaction with Arg293,
Arg368 Lys432 of N1, which brings a strong conjugation
effect. Consequently, the 3D structures of N1 bound with
these two identified compounds revealed novel insights in
the mode of inhibitory action and may provide basis for the
design of new anti-influenza virus drugs.
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