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Two neuraminidase inhibitors, oseltamivir and zanamivir, are important drug treatments for influenza.
Oseltamivir-resistant mutants of the influenza virus A/H1N1 and A/H5N1 have emerged, necessitating
the development of new long-acting antiviral agents. One such agent is a new neuraminidase inhibitor
R-125489 and its prodrug CS-8958. An atomic level understanding of the nature of this antiviral agents
binding is still missing. We address this gap in our knowledge by applying steered molecular dynamics
(SMD) simulations to different subtypes of seasonal and highly pathogenic influenza viruses. We show
that, in agreement with experiments, R-125489 binds to neuraminidase more tightly than CS-8958.
Based on results obtained by SMD and the molecular mechanics-Poisson–Boltzmann surface area
method, we predict that R-125489 can be used to treat not only wild-type but also tamiflu-resistant
N294S, H274Y variants of A/H5N1 virus as its binding affinity does not vary much across these systems.
The high correlation level between theoretically determined rupture forces and experimental data on
binding energies for the large number of systems studied here implies that SMD is a promising tool
for drug design.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

In the last century, influenza pandemics occurred in 1918
(Spanish, A/H1N1), 1957 (Asian, A/H2N2) and 1968 (Hong Kong,
A/H3N2) killed millions of people [1,2]. Recently, two types of
influenza virus, A/H5N1 (avian flu) [3,4] and A/H1N1 (swine flu)
[5,6] have occurred and spread all over the world causing death
in both people and millions of poultry. For the time being the
swine flu A/H1N1 is in a post-pandemic phase, [7] but no one
can predict when the next pandemic will occur. Two types of drugs
are licensed to treat influenza virus. The first class is a M2 inhibitor
(amantadine and rimantadine), [8] which blocks the M2 proton
channel of influenza preventing the virus from being able to uncoat
[9]. These drugs are ineffective against influenza B [9,10] and a
number of amantadine-resistant cases have been reported [11].
The second class of drugs involves the neuraminidase (NA) inhibi-
tors oseltamivir (Tamiflu) and zanamivir (Relenza), which are able
to block the release of new virons from an infected cell [12]. These
inhibitors are often effective against both influenza A and B virus,
ll rights reserved.
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[10] but some strains of avian A/H5N1 [13,14] and swine A/H1N1
influenza [15–17] are resistant to Tamiflu. Thus, it is vital to design
a drug that is capable of treating both influenza A and B as well as
their mutants. Furthermore, Tamiflu must be administrated twice
daily for 5 days. An important goal is to produce antiviral agents
that act longer than existing drugs.

In order to achieve these two goals (efficacy in treatment and
long action), experiments have been carried out on the compound
R-125489 and its prodrug, CS-8958 [18–22]. These ligands seem to
be the most promising leads due to its long-acting activity and
good binding affinity to NA of both types A and B, and their vari-
ants. Despite their importance understanding the mode of action
of these drugs has yet to be considered theoretically. One of our
goals is to explore the binding mechanisms of new leads to influ-
enza A and B targets using the steered molecular dynamics
(SMD) method [23]. In agreement with experiments, [18–22] we
have shown that R-125489 displays higher binding affinity than
CS-8958. The reason behind this difference lies in the repulsion be-
tween the long ‘‘tail’’ of CS-8958, which contains 7 aliphatic car-
bons, and the polar residues of the receptor. Using density
functional theory we have shown that the equilibrium free energy
of R-125489 is lower than CS-8958, which explains why CS-8958 is
easily metabolized to R-125489 in the lungs.

Our SMD simulations reveal that the rupture forces and binding
affinities of R-125489 are almost the same for wild-type (WT) and
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mutants N294S and H274Y of A/H5N1. Based on this we predict
that, in contrast to Tamiflu, this ligand is good in treating not only
WT but also tamiflu-resistant mutants of A/H5N1 influenza virus.

SMD is a promising tool for designing drugs [24,25]. However,
previous SMD studies in this area have utilized a limited experimen-
tal data base. Therefore, from a methodological perspective, it is
important to further validate SMD simulation results through the
comparison with a larger set of experimental data. SMD is beneficial
because it is computationally much less expensive compared to
standard methods for estimating ligand binding affinities [25]. In
the present Communication, we show that rupture forces that char-
acterize the stability of receptor–ligand complexes are highly corre-
lated with binding energies experimentally collected for 24 systems
[18–22]. Since this data set is much larger than the previous ones,
[24,25] our findings strongly support that SMD is a powerful tool
for drug design.
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2. Materials and methods

2.1. Set of receptor–ligand complexes

Three-dimensional structures of R-125489 and CS-8958 (Fig. S1
in Supporting information (SI)) were built and optimized with the
help of Gabedit-2.2.12 software [26]. Atomic types, charges and
other parameters of these ligands were assigned using parameters
of the Gromos force field 43a1 [27]. Hydrogen atoms were added
by the Dundee PRODRG2.5 Server (beta) [28] with the same force
field.

Crystal structures of NAs including A/H1N1, A/H5N1, A/H2N2, A/
H3N2, A/N4, A/N6, A/N8, A/N9 and B, were taken from the Protein
Data Bank (PDB ID: 3NSS, 2HTY, 2BAT, 2AEP, 2HTV, 1V0Z, 2HT5,
7NN9, and 3K36, respectively). Only one chain of NAs from dimer
and tetramer structures were extracted for simulation. Ca2+ ions
in the crystal structure were included in the MD simulations. Coor-
dinates of the N294S and H274Y variants of A/H5N1 were taken
from structures 3CL2 and 3CL0, respectively, while other mutants
of NAs were created with the help of the Mutagenesis module
implemented in the PyMOL package (http://pymol.svn.source-
forge.net). Ligands R-125489 and CS-8958 were first docked to each
NA by Autodock Vina 1.1.1 package [29] ( see SI for more details),
and then their configuration in the best docking mode was used to
run MD simulations in the GROMACS 4.5.1 suite [30].

2.2. SMD method

For all-atom simulations NA-ligand complexes were placed in
water (see Fig. S2 for a typical conformation). The SPC/E water
model [27] was been used. Each system contained roughly
13,000 water molecules. After equilibration in the absence of force,
the SMD method was applied to pull ligands from NAs in the
z-direction [25] (the choice of pulling direction is described in
SI) with a constant velocity v = 0.005 nm/ps. The ligand experi-
ences a total force F = k(vt � x), where x is the displacement of
the pulled atom from its original position and k is the cantilever
spring constant that we set to 600 kJ/(mol nm2). To ensure the
robustness of our results four independent trajectories were gener-
ated using different random number seeds.
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Fig. 1. Shown are force-extension (A) and force–time (B) profiles, obtained by
pulling R-125489 and CS-8958 from WT of NA of A/H5N1 and influenza virus B. The
external force is applied along the z-direction and pulling speed v = 0.005 nm/ps.
3. Results and discussions

3.1. R-125489 shows higher binding affinity than CS-8958

Force-extension/time profiles, obtained by pulling two ligands
from binding pockets of WT NA of A/H1N1 and B virus, are shown
in Fig. 1. The main peak defining the rupture force Fmax is located
away from the initial cantilever position at Dz, which depends on
the system under consideration. Before reaching the maximum to-
tal force, F increases almost linearly with Dz. After the maxima in
this profile the behavior becomes more complicated with the
appearance of minor peaks that are irrelevant to the stability of
the system. One can show that the main peak occurs due to abrupt
change of not only the number of hydrogen bonds (HBs) but also
the Coulomb and van der Waals (vdW) interaction between the li-
gand and residues in the 150-loop [25]. The average number of HBs
between R-125489 and A/H1N1 NA is about 2.12 while this num-
ber is reduced to 1.34 if it binds to type B NA (Fig. S4). Besides the
repulsive interaction between the oxygen atom in the amide group
and the carboxyl group of residue Glu277 in both systems, in the
type B complex there exists the repulsive interaction between
two carboxyl group of R-125489 and Asp150 (Fig. S5). Taken to-
gether, R-125489 binds to A/H1N1 NA more tightly compared to
type B NA. For both targets the rupture force Fmax of R-125489 is
higher than CS-8958 (Fig. 1). This also holds for the other receptors
we studied (Fig. 2 and Table S1 in SI) as the correlation between
the experimentally determined binding free energies and Fmax is
very high (R = 0.97). Thus, our results are consistent with experi-
ments [18] that show that CS-8958 does not bind as tightly as
R-125489 because it can be pulled out from the active pocket by
lower external forces. The reason behind this is that CS-8958 has
a very long ‘‘tail’’ with 7 aliphatic carbons and this steric constraint
does not allow it to be easily accommodated within the binding
site. In addition, the vdW repulsion between polar residues of
the receptor and CS-8958 tail favors the ligand location near the
active pocket mouth making it easily exposed to the environment
even under a low applied force.

In an acidic environment the long tail of CS-8958 is reduced as an
ester group is replaced by a hydroxyl group or an acceptor group is
transformed into the donor group. In the SI we show that in this sit-
uation the free energy of binding of R-125489 is lower than that of
CS-8958, having a barrier DG = G(CS-8958) � G(R-125489) �
4.47 kcal/mol. Consequently, CS-8958 easily adopts its active form
in R-125489 with much higher binding affinity. In other words,
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Fig. 2. Correlation between rupture forces and experiment binding energies of
R-125489 and CS-8958 to NAs of influenza virus [18]. Results for Fmax are averaged
over 4 pulling trajectories. The linear fit is y = �191.103–94.611x with a correlation
level R = 0.97.
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the change in CS-8958 conformation reduces the steric effect and
hydroxyl group can interact with polar residues in the active site
leading to an increase in the binding affinity of R-125489 to all
NAs. We note that intranasally administrated CS-8958 is quickly
metabolized to R-125489 in the lungs and can be retained as a
metabolite for a long time [18] (remember that intranasally admin-
istrated R-125489 is quickly removed from lung). This makes it pos-
sible for R-125489 to be used as a long-acting drug.
3.2. SMD is a promising tool for drug design

It was recently demonstrated that SMD is as good as the molec-
ular mechanics-Poisson–Boltzmann surface area (MM-PBSA)
method [31] in predicting the binding affinity of ligands to A/
H1N1 and A/H5N1 NA targets [25]. If one uses, for instance, a pull-
ing speed v = 0.005 nm/ps, then SMD is computationally about 30-
fold faster than MM-PBSA suggesting its great potential for drug
design. Because MM-PBSA involves a number of approximations
(e.g., water is treated as a continuum environment, snapshots col-
lected in MD runs for receptor–ligand complex are also used to
estimate free energies of free subsystems, etc.), the good agree-
ment between results obtained by two methods cannot be used
as the sole criterion to justify the SMD approach. The best criterion
is the direct comparison with experimental results. In previous
studies [24,25] the good correlation between Fmax values and
experimental free energies was obtained only for 5 systems, the
study of larger data sets is therefore highly desirable. Here, we
have obtained excellent correlation between SMD results and
experiment [18] for a much larger data set of 24 systems (Fig. 2).
Therefore, our present study strongly supports SMD as a very
promising for drug design. The main advantage of SMD is that it
is computationally less expensive compared to MM-PBSA, but
Table 1
The rupture force Fmax to pull R-125489 out from the binding pocket of WT, N294S, and H2
and kcal/mol, respectively.

A/H5N1 R-125489 Tamiflu

Rupture Force DGMMPBSA Rupture

WT 926.3 ± 17.4 �27.86 862.9 ± 3
H274Y 898.8 ± 27.2 �27.48 754.7 ± 2
N294S 885.9 ± 29.5 �25.78 687.9 ± 3

a Data from our previous study [25].
b Data from Collins et al. [32].
c Data from Kiso et al. [19].
much more accurate compared to the docking method. In fact,
using Vina 1.1.1 package29 for docking we have obtained binding
energies which do not correlate with experimental results for the
same set of 24 systems ( see SI and Fig. S7). This again shows that
SMD is superior to the docking approach in estimating the binding
affinities of R-125489 and CS-8958.
3.3. R-125489 is good for treating not only A/H5N1 but also its
mutants

It is well known that Tamiflu is susceptible to mutations of A/
H5N1 [32] ( see also Table 2). For N294S and H274Y mutants, for
instance, their inhibitory activity are reduced by about 200- and
700-fold compared to WT, respectively. This observation has been
also confirmed by our earlier SMD calculations [25] showing that
the rupture forces for these mutants are considerably lower than
WT (Table 1). The question we ask is if R-125489 is sensitive to
mutations of A/H5N1 NA. In order to answer this question we have
performed SMD simulations which show that the rupture force
varies little among WT and mutants (Fig. S8). The difference in Fmax

between WT and the mutants is about 27 and 40 pN for N294S and
H274Y, respectively. However, such a minor difference vanishes
considering the error bars in these calculated averages (Table 1).
Therefore, we predict that together with WT, N294S and H274Y
mutants of A/H5N1 do not show resistance to R-125489 making
it efficient for treating not only WT but also Tamiflu resistant mu-
tants of influenza virus. Our prediction is qualitatively supported
by the experiments of Kiso et al. [19] who have shown that
R-125489 displays almost the same inhibition ability for WT and
mutants of VN1203 and HN30408. In fact, using their data on
CI50 one obtains DGexp � �13.11, �11.91 and �12.15 kcal/mol
for WT, N294S and H274Y of VN1203, respectively. This implies
that the binding of R-125489 is insensitive to mutations.

It should be noted that Zanamivir is also insensitive to mutants
of A/H5N119 because the binding energy of WT differs from mu-
tants by an amount less than 1 kcal/mol (Table 1). Our results on
rupture forces obtained by the SMD method are in reasonable
agreement with this experimental observation as mutations do
not alter them much (Fig. S8 and Table 1). The simulations also
show that Zanamivir binds to A/H5N1 slightly stronger than Tam-
iflu, but its binding affinity is comparable with R-125489.

In order to shed more light on the nature of binding of
R-125489 to A/H5N1 variants we have carried out 15 ns conven-
tional MD simulations with the Gromos force field 43a1 [27]. As
evident from Fig. S9, after 11 ns the system reaches equilibrium
as the root mean square displacement (RMSD) becomes saturated.
In the equilibrium state (the last 4 ns of MD run), mutants N294S
and H274Y have a minor effect on the binding mode of R-125489
as its RMSD remains low (Fig. S10). For both mutants the average
value of the equilibrium RMSD is only 0.7 Å. A small variation in
R-125489 structure upon mutation is also seen from Fig. S11 which
shows the superposition of its typical structures in the binding site
74Y variants of A/H5N1 NA and binding free energies. Fmax and DG are measured in pN

Zanamivir

Forcea DGexp
b Rupture Force DGexp

c

9.8 �13.03 912.7 ± 26.8 �13.73
6.8 �10.41 822.4 ± 35.4 �12.55
4.6 �9.71 865.3 ± 36.8 �13.34
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of WT, N294S and H274Y. This partially explains why R-125489 is
not so sensitive to mutations.

Using the MM-PBSA method ( see SI for more details) and snap-
shots collected at equilibrium we have estimated the binding free
energy of R-125489 to the WT and mutants (Table 1). Overall, the
electrostatic interactions play a more important role than the vdW
interactions ( Table S2). Due to the lack of interactions between
Asn294, Tyr347 and carboxyl group of ligand, the average number
of HBs formed by R-125489 and receptor is 4.0, 2.7 and 2.3 for WT,
H274Y and N294S, respectively ( Fig. S12). This makes binding of
R-125489 to mutants a bit softer compared to WT. Moreover,
due to a small contribution of the vdW interaction (Table 1),
H274Y is less stable than others. Thus, both MM-PBSA and SMD
methods support ranking WT ? N294S ? H274Y (Table 1) in
terms of their binding affinity for R-125489.

In conclusion, we have demonstrated that, in accord with
experiments, [18] R-125489 binds to influenza virus more tightly
than CS-8958. We predict that R-125489 can bind not only WT
but also tamiflu-resistant mutants of A/H5N1. It would be very
interesting to check this prediction in vitro as well as in vivo. The
good correlation between theoretically determined rupture forces
and a large experimental data set of binding free energies further
validates SMD as a promising tool for drug design wherein the
binding affinity of a ligand can be judged by its rupture force upon
pulling it from the active site.
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