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Abstract The outbreak of avian influenza virus HSN1 has
raised a global concern because of its high virulence and
mutation rate. Although two classes of antiviral drugs, M2
ion channel protein inhibitors and neuraminidase inhibitors,
are expected to be important in controlling the early stages
of a potential pandemic. Different strains of influenza
viruses have differing degrees of resistance against the
antivirals. In order to analyze the detailed information on
the viral resistance, molecular dynamics simulations were
carried out for the neuraminidase (NA) complex with
oseltamivir. The carboxylate of Glu276 of H252Y NA
faces toward the O-ethyl-propyl group of oesltamivir,
Glu276 of wild-type NA adopts a conformation pointing
away from the oesltamivir. 72 and 73 torsional angles
fluctuation of the oesltamivir are relatively high for the
H252Y mutant NA complex. In addition, there are fewer
hydrogen bonds between the oesltamivir and H252Y
mutation NA. The results show that H252Y mutation NA
has high resistance against the drug.
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Introduction

The worldwide spread of the HSN1 avian influenza virus
has caused several diseases in humans and raised serious
concerns about a global flu pandemic [1]. Although
vaccines are the primary line of defense for the prophylactic
control of influenza virus infections, effective antiviral
drugs provide are expected to be important in controlling
the early stages of a potential pandemic. Surface membrane
of influenza virus contains three important proteins:
haemagglutinin, neuraminidase, and M2 protein. Haemag-
glutinin mediates cell-surface sialic acid receptor binding to
initiate virus infection. Neuraminidase facilitates viral
shedding by cleaving the sialic acid linkage formed
between the HA and sialic receptors on the surface of the
host cell. M2 protein regulates the internal pH of the virus,
which is essential for uncoating of the virus during the early
stages of viral replication [2]. Two classes of antiviral drugs
can be used to treat influenza viruses: M2 ion channel
protein inhibitors (amantadine and rimantadine), which act
by hindering proton transfer through M2 channel, and
neuraminidase inhibitors (oseltamivir and zanamivir),
which interrupt influenza virus replication cycle by pre-
venting release of the virus from infected cells and may
interfere with its initial infection [3, 4]. Amantadine and
rimantadine are limited application due to their adverse side
effects [5-8]. Oseltamivir and zanamivir are safe and
effective drugs for prophylaxis and early treatment of
influenza virus infections in humans [9]. However, different
strains of influenza viruses have differing degrees of
resistance against oseltamivir [10—12]. These studies
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describe mechanisms of resistance associated to the
mutations neuraminidase, and their consequence in virus
fitness and transmission [13]. It is required to understand
the mechanism of oseltamivir resistance at the molecular
level.

Molecular dynamics (MD) simulation is a useful
theoretical tool to analyze the protein-ligand interactions
with atomic resolution based on classical mechanics [14—
16]. Previous MD simulations have been carried out on the
drug-target interactions in the catalytic core domain of
neuraminidase [17-20] and the novel druggable loop
domain in the neuraminidase [21, 22]. These studies
showed that important conformational interactions occur
in the active region and open conformation of the loop
residues region, but did not investigate neuraminidase
mutation rendering the antiviral drug resistant fully.

The aim of this investigation is to disclose if there
are significant differences in the dynamical behavior of
the wild-type and mutant NA complex with oseltamivir
based on the references which pointed that H252Y
mutation neuraminidase has high resistance against the
drug [23-25]. Here, we report MD investigation of
interactions between oseltamivir and neuraminidase of
HS5NI1 virus.

Methods
Preparation of the systems

The X-ray structure of neuraminidase subtype N1 com-
plexed with oseltamivir (PDB code: 2HU4, H252Y mutant)
was used as the initial structure of the mutant NA
complexed [26]. The wild type NA structure was obtained
from that mutated residue tyrosine(Y252) of H252Y mutant
NA was changed to Histidine (H252). All missing hydrogen
atoms of the proteins were added using the LEaP module in
the AMBER 9 software package. All ionizable side chains
of amino acid residues in the protein were configured in
their characteristic ionization states at pH 7.0 using the
LEaP module of AMBER. Oseltamivir was parameterized
according to quantum chemical calculations, which includ-
ed performing a geometry optimization with Gaussian98
[27] at the Hartree-Fock/6-31G* level. The resulting atomic
charges were then determined according to the RESP
method [28], and the atom types were assigned by the
antechamber program [29]. Counterions were added to
maintain the electroneutrality of all the systems. Each
system was immersed in a 10 A truncated octahedron
periodic water box, and the structure water molecules were
maintained. The box of water molecule in all cases
contained around 8229 TIP3P [30] water molecules in each
of the complex.
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Molecular dynamics simulations

Molecular dynamics simulations were carried out on the
two systems respectively using the SANDER module of
AMBER 9.0 with the Amber FF03 [31, 32] and GAFF
force field [33]. A 2 fs time step was used in all the
simulations, and long-range electrostatic interactions were
treated with the particle mesh Ewald (PME) procedure [34]
with a 10 A non-bonded cutoff. Bond lengths involving
hydrogen atoms were constrained using the SHAKE
algorithm [35]. All systems were minimized prior to the
production run. The minimization, performed with the
SANDER module under constant volume condition, con-
sisted of 2 steps. First, the solvent molecules were relaxed,
while all heavy atoms in both protein and oseltamivir were
restrained with forces of 500 kcal mol ™' A2 Then the
whole systems were relaxed without any restraint. The 2
steps above involved 10,000 cycles of steepest descent
followed by 5000 cycles of conjugate gradient minimization
respectively. After the relaxation, 300 ps of MD simulations
were carried out at constant volume, with 10 kcal mol ' A2
restraints on solute. Then the 10ns of NPT MD simulation
were carried out on all systems at constant pressure of 1 atm.
All simulations were performed at 300 K.

Results and discussion
Protein perturbative changes in the two models

To evaluate the stability of the simulated systems, RMSDs
of wide-type and mutant complexes with inhibitor (all
atoms) obtained during the 10-ns MD simulations relative
to the initial structure. RMSD of the both systems are fairly
stable around 2 A, which indicated that the solvated
systems are stable over the course of the simulation. A
qualitative examination of the RMSD trajectories from
these simulations systems suggest that both neuraminidase
molecules might have undergone the similar conformation
changing.

Comparing the superimposition of the two average
structures were obtained from all simulations. Figure 1
indicates that the different conformational features observed
in wild-type and mutant enzyme complexes.

The conformation of the active site residue Glu 276
marked rearrangement on drug binding to neuraminidases
in the different complex [26], so we focused some
attention on this residue. The carboxylate of Glu 276
makes bidenate interaction with the guanidinium group of
Arg 224 on the both complexes, in the mutant NAcom-
plex, carboxylate of Glu 276 faces towards the O-ethyl-
propyl group of oesltamivir and press the hydrophobic
group of oseltamivir, it may destroy the interactions



J Mol Model (2011) 17:587-592

589

Fig. 1 Superposition of the
wild-type (green) and H252Y
mutant (yellow) neuraminidase
average structures obtained
from all simulations

between ammonium group of oseltamivir and active site
residue Aspl51 and presume that the H252Y mutant
neuraminidase may resist to oseltamivir; by contrast, in
wild-type complex, the carboxylate of Glu 276 adopts a
conformation pointing away from O-ethyl-propyl group of
oesltamivir, this makes more space for O-ethyl-propyl
group of oesltamivir. By the further analyses, residue
Tyr252 of H252Y mutant NA affects the conformation
changing of the bulkier residue Tyr273 and Tyr275 by
hydrogen bonds, and the conformation change of residue
Tyr275 cause partially displacing for Glu 276; in wild-type
NA, there is a smaller residue His at position 252, leaving
space for His 274 to occupy without perturbing Glu 276.
This is in agreement with reference [26].

Conformations of the inhibitor structure

It is well-known that small change to ligand structure can
result in dramatically different binding orientation in the
acceptor-ligand complex. The interaction between neur-
aminidase and oseltamivir in the two complexes as well as
the influence of the inhibitor on the structural and
dynamical properties of the active site region have been
clarified by analyzing the trajectory data obtained from the
MD simulations.

Figure 2 shows that the RMSDs of oseltamivr embed-
ded in the neuraminidase pocket vs. simulation time.
Interestingly, in wild-type NA complex, the RMSD of
oseltamivir remains below ~1.5 A during the whole
simulation, and in H252Y mutant NA complex, it remains
below ~2.0 A during the first 4 ns, it reaches ~2.5 A in
following 1.5ns, afterward. And it descends back to ~2.0
A again. The result reveals that oseltamivir is more

flexible in H252Y mutant NA complex. To assess the
structural flexibility of the oseltamivir, the torsional angles
of their side chains were monitored. Five torsional angles,
Tl—715, are described by sets of four heavy atoms as
defined and indicated by arrows in Fig. 3. The plots were
evaluated over the last 4ns of MD trajectories of the two
systems studied and are compared in Fig. 4. 71 torsional
angle of both neuraminidase complexes is found at almost
5°. This may be that the carboxylate group (—COO-) was
observed to lie parallel to the oseltamivir 's ring and form
H-bonds with residue Arg292 of neuraminidase. In the
wild-type system, the 72 and 73 torsional angle of inhibitor
fluctuates around —140° and —110° respectively, and in the

NW
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Fig. 2 RMSD of oseltamivir with respect to the equilibrated
conformation as a function of time in the wild-type (red) and
H252Y mutant(black) NA complexes
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Fig. 3 Torsional angle for the oseltamivir inhibitor. 71: C9-C2-C1-O1, 72: C4-C5-N1-C6, 73: C5-C8-04-C10, 4 :04-C10-C12-C13, 75: O4-
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mutant system it shows the range from —70° to —130° and
from 80° to 160° respectively. This may be due to more
conformational change of active site residues in the
H252Y mutant NA. The 74 and 75, the hydrophobic
group, can rotate rather freely between —180°and 180° in
the both complexes. By further analyses, the mutant
residue Tyr252 changes the position and orientation of
residue Glu276, which was proposed to determine the low
susceptibility of the ligand in inhibiting the neuraminidase
enzyme [12].

Hydrogen bonds in the inhibitor-enzyme complex

The time evolution of the hydrogen bonds from the
inhibitor-enzyme complex provided an approach to
evaluate the convergence of the dynamical properties of
the system. To qualify an interaction as a hydrogen-bond,
we have used the default geometric criterion as defined
in the program: the donor-acceptor heavy atom distance
had to be shorter than 3.5 A, the maximum distance
between a hydrogen atom donor and an acceptor of 2.5
A, and the donor-hydrogen-acceptor angle had to be
larger than 120°.
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Figure 5 shows that a high number of strong hydrogen
bonds (% occupation>80) is measured between the
carboxyl group (-COO-) of the oseltamivir and its nearest

Fig. 4 Plots of oseltamivir torsional angles distribution sampleing
over the last 4ns of MD simulation in the wild-type (black) and
H252Y mutant (red) NA complexes
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Fig. 5 Percent occupation pattern of hydrogen bonds between
oseltamivir and binding pocket residues of the wild-type (red) and
H252Y mutant (blue) NA

residues. About six hydrogen bonds with Arg292and
Arg371 were formed for two complexes, this is consistent
with previous reports [18]. The ammonium group of
oseltamivir in the wild-type is stabilized by hydrogen
bonding interactions with the two negatively charged
residues Glul19 and Aspl51. Referring to Masukawa et
al. [17], hydrogen bonds with Asp151 were also found for
the different neuraminidase complexes. Meanwhile, Glu119
makes hydrogen bond nets with residue Argll8 and the
ammonium group of the oseltamivir, it should show that
neuraminidase is more sensitive to oseltamivir in the wild-
type complex. For amide group of oseltamivir, the
inhibitor-enzyme interactions of the two complexes are
comparable with hydrogen bonds with Argl52 residue,

Fig. 6 The hydrogen bonds
between oseltamivir and the
binding pocket residues of wild-
type (green) and H252Y mutant
(yellow) NA

there is more higher hydrogen bonds occupations (92%) for
the wild-type NA complex. This could be the reason why
the amide side chain of oseltamivir in the wild-type system
rotated only within a narrow range at the position around its
preferential configuration (see 72 in Fig. 4). Figure 6 shows
that the hydrogen bonds between oseltamivir inhibitor and
the pocket residues of wild-type (green) and H252Y mutant
(yellow) neuraminidases. From Figs. 5 and 6, it can be seen
that there are more hydrogen bonds between the oseltamivir
and wild-type NA, and presume that H252Y mutant NA
has high resistance against the oseltamtivir.

Conclusions

We have analyzed in detail the dynamic behavior of the
wild-type and His252Tyr mutant NA complexes with the
oseltamivir. Significant structural differences of protein was
found at the catalytic residue Glu276, carboxylate of Glu
276 of H252Y NA faces toward the O-cthyl-propyl group
of oesltamivir, by contrast, Glu 276 of wild-type NA adopts
a conformation pointing away from the oesltamivir. Major
structural differences of inhibitor were that the 72 and 73
torsional angle of inhibitor fluctuates range are small in the
wild-type NA complex. In addition, there is higher
hydrogen bond occupation (92%) in the wild-type NA
complex. This work has provided insights into some
detailed mechanism of action of the neuraminidase inhibitor
and suggested the cause of neuraminidase inhibition and
drug resistance. Based on these results, it will be useful for
designing new antiviral drugs with high potency against
both wild-type and drug-resistant strains of neuraminidase.
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