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Neuraminidase inhibitors (NAIs) play vital roles in controlling human influenza epidemics and pandem-
ics. However, the emergence of new human influenza virus mutant strains resistant to existing antiviral
drugs has been becoming a major challenge. Therefore, it is critical to uncover the mechanisms of drug
resistance and seek alternative treatments to combat drug resistance. In this study, molecular dynamics
(MD) simulations and Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) were applied to
investigate the different sensitivities of oseltamivir (OTV), zanamivir (ZNV), and peramivir (PRV) against
the E119G mutant of 2009 A/H1N1 neuraminidase. The predicted binding free energies indicate that the
E119G mutation in NA confers resistance to all of the three studied inhibitors. The ordering of the level of
drug resistance predicted by the binding free energies for the three inhibitors is ZNV > PRV > OTV, which
agrees well with the experimental data. Drug resistance arises primarily from the unfavorable shifts of
the polar interactions between NA and the inhibitors. It comes as a surprise that the mutation of
Glu119 that can form strong H-bonds with the inhibitors in the wild-type protein does not have direct
impact on the binding affinities of both OTV and PRV due to the regulation of the strong unfavorable polar
desolvation energies. The indirectly conformational variations of the inhibitors, which caused by the
E119G mutation, are responsible for the loss of the binding free energies. However, for ZNV, the E119G
mutation has both direct and indirect influences on the drug binding. The structural and quantitative
viewpoint obtained from this study provides valuable information for the rational design of novel and
effective drugs to combat drug resistance.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction There are two principal glycoproteins on the surface of the virus
In the last century, since human influenza pandemic at the first
time occurred in 1918 (Spanish, A/H1N1), influenza viruses have
already killed millions of people (Hsieh et al., 2006; Palese,
2004). In recent years, two types of influenza virus, A/H5N1 (avian
flu) (Ferguson et al., 2004; Yen and Webster, 2009) and A/H1N1
(swine flu) (Neumann et al., 2009; Organization, 2009), have out-
broken and spread all over the world. At the moment, the new sub-
type 2009 Influenza A (H1N1), which is a recombined virus derived
from human, swine, and avian influenza viruses, with high trans-
missible ability among human beings is continually mutating (Gar-
ten et al., 2009), while no one can predict when the next pandemic
will occur.
particles, hemagglutinin (HA) and neuraminidase (NA), which are
both targets of the neutralizing antibodies immune response (Arias
et al., 2009; Organization, 1980). As the virus approaches a cell, HA
plays a starring role in binding to the sialic acid receptor on the cell
surface and facilitating the entry of influenza virus into the cell
(Takeda et al., 2003). After replication of virus in the cell, NA plays
its major role in cleaving the terminal linkage between sialic acid
and virus, releasing the progeny virions from the infected host
cells. This cleavage will facilitate the virus to release and form sites
of infection in the respiratory tract (McKimm-Breschkin, 2000).
Due to its essential role in limiting the progression of influenza
virus infection in the host and its relatively well-conserved active
sites, NA has become an attractive target for structure-based anti-
viral drug development (An et al., 2009; Babu et al., 2000; Feng
et al., 2013; Russell et al., 2006). So far, 17 subtypes of HA (H1-
H17) and 10 subtypes of NA (N1-N10) circulating in avian and
mammalian hosts have been identified (Tong et al., 2012; Von Itz-
stein, 2007). All known subtypes of influenza A viruses can infect
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birds, except for subtype H17N10 that has only been found in bats
(Tong et al., 2012). Among the ten NA subtypes, only N1, N2 and N9
(i.e., H1N1, H3N2 and H7N9) have been found in human viruses
responsible for pandemics and recurrent annual epidemics. When
a new HA or NA subtype within a virus strain appears in the human
population by genetic reassortment, it usually causes a pandemic
because there is no preexisting immunity against the new virus.

Thus far, two types of drugs have been approved for clinical use
against influenza virus. The first class is adamantanes (amantadine
and rimantadine) (Dolin et al., 1982; Hay et al., 1985), which target
the M2 proton channel of influenza (Pinto and Lamb, 2006). These
drugs are not effective against influenza B (Pinto and Lamb, 2006;
Stephenson and Nicholson, 1999), and some amantadine-resistant
strains have also been reported (Monto and Arden, 1992). The sec-
ond type is neuraminidase inhibitors (NAIs), including oseltamivir
(OTV) and zanamivir (ZNV), which play vital roles in controlling
influenza epidemics and pandemics (Moscona, 2005a). Different
from adamantanes, both OTV and ZNV are effective against influ-
enza A and B virus (Stephenson and Nicholson, 1999). Apart from
OTV and ZNV, the cyclopentane analogue, peramivir (PRV) (Babu
et al., 2000; Barroso et al., 2005), has also been tested with promis-
ing results. It has been approved in both Japan and South Korea and
is currently in Phase III studies in the US. The chemical structures of
the three NA inhibitors are shown in Fig. 1.

With the expanding use of these antiviral drugs, the possibility
of mutations in NA, which can cause resistance to corresponding
drugs, increases. In fact, several strains of the avian A/H5N1 (Le
et al., 2005; Webster and Govorkova, 2006) and swine A/H1N1
influenza (Organization, 2009) have been found to cause resistance
to OTV. For example, the OTV-resistant N294S and H274Y muta-
tions in NA have been identified in the A/H3N2, A/H5N1, and A/
H1N1 viruses (Collins et al., 2008; Gubareva et al., 2001; Kiso
et al., 2004; Lackenby et al., 2008; Le et al., 2005). The resistance
of NA to the available drugs, especially OTV, has been widely re-
ported (McKimm-Breschkin, 2000; Moscona, 2005b). The emer-
gence of the drug-resistant NAs for A/H1N1 indicates that the
available drugs currently in use may not fully protect humans. Gi-
ven the possible influenza pandemic caused by drug resistant
strains and the restricted number of approved anti-influenza
drugs, development of a new generation of anti-influenza drugs
is of high priority. A clear understanding of the molecular mecha-
nisms of drug resistance will certainly be beneficial for designing
novel effective drugs against the resistant influenza strains.

In previous studies, molecular dynamics (MD) simulations and
free energy calculations have been successfully applied to investi-
gate drug-protein interactions in the catalytic site of NA and to
identify novel druggable hot spots in the glycoprotein.(Amaro
et al., 2007, 2011; Landon et al., 2008; Lawrenz et al., 2011; Masuk-
awa et al., 2003; Rungrotmongkol et al., 2009; Udommaneethana-
kit et al., 2009) In addition, theoretical approaches have also been
extensively used to expound the molecular mechanisms of the
Fig. 1. Chemical structures of the three NA inhibitors: ose
drug resistance of NA mutants. For example, in 2008, Malaisree
et al., gave insights into the dynamic features of three NA inhibitors
(OTV, ZNV and PRV) embedded in the active pocket of the N1 NA of
the H5N1 avian virus, and their theoretical results given by the
Molecular Mechanics/Poisson Boltzmann Surface Area (MM/PBSA)
binding free energy calculations are in agreement with the exper-
imental data for ranking the inhibitory activities.(Malaisree et al.,
2008). In 2012, Woods et al., applied long-time scale MD simula-
tions to figure out how the I223R/H275Y mutations in NA can lead
to drug resistance and they observed that the binding affinity of
OTV is significantly reduced because of the conformational
changes that generate the open form of the 150-loop (Woods
et al., 2012). Karthick et al., 2012 reported the influence of the
H274Y mutation-induced OTV resistance in the H1N1 subtype
NAs by molecular docking and MD simulations and found that
the wild-type (WT) NA can be more indispensable for the OTV
binding than the mutated NA, as characterized by the minimum
number of H-bonds, high flexibility and largest binding affinity of
the WT (Karthick et al., 2012).

The studies on the resistance mechanisms of A/H5N1 NA mu-
tants have been extensively reported (Hitaoka et al., 2010; Ngu-
yen et al., 2011; Park and Jo, 2009; Rungrotmongkol et al., 2009;
Wang and Zheng, 2009). However, the resistance mechanisms of
the 2009 A/H1N1 NA mutants to OTV, PRV and ZNV are not fully
understood. Recently, we performed homology modeling, MD
simulations and free energy calculations to reveal the drug resis-
tance mechanisms of the H274Y, N294S and Y252H mutations in
2009 A/H1N1 NA to OTV (Li et al., 2012). In the current work,
we intend to characterize the different sensitivities of OTV,
PRV and ZNV against the WT and the E119G mutant of 2009
A/H1N1 NA (Fig. 2). The E119G mutation has been described
in the viruses of the N2 subtype after serial passages in the pres-
ence of ZNV (Gubareva et al., 1997), and is responsible for the
ZNV resistance in A/H3N2 and A/H5N1 viruses (Hurt et al.,
2009; Mishin et al., 2005). It was also reported that the E119G
mutant shows a PRV-resistance phenotype in the 2009 pandemic
influenza A/H1N1 (pH1N1) background but interestingly remains
susceptible to OTV (Pizzorno et al., 2011). To understand the dif-
ferent sensitivity of OTV, PRV and ZNV against the E119G mu-
tant of 2009 A/H1N1 NA, MD simulations of the WT and
E119G mutant bound with each inhibitor were first carried
out. The binding free energy between each inhibitor and NA
was then calculated using the Molecular Mechanics/Generalized
Born Surface Area (MM/GBSA) method. Moreover, the MM/GBSA
binding free energy decomposition analysis was applied to quan-
titatively characterize the contribution of each residue for the
binding of the three inhibitors. By comparing the binding free
energies and the structural features of the three inhibitors to
the WT and mutated NAs, the mystery of the different sensitiv-
ities of OTV, PRV and ZNV against the E119G mutant of NA was
comprehensively discussed.
ltamivir (OTV), zanamivir (ZNV), and peramivir (PRV).



Fig. 2. Ribbon schematic representation of the 2009 Influenza A (H1N1) neur-
aminidase in complex with OTV. The position of the E119G mutation is highlighted
in CPK model.

358 P. Pan et al. / Antiviral Research 100 (2013) 356–364
2. Materials and methods

2.1. Starting structures and protein preparation

The crystal structures of 2009 pandemic H1N1 NA in complex
with OTV and ZNV (PDB entries: 3TI6 (Vavricka et al., 2011) and
3TI5 (Vavricka et al., 2011)) were retrieved from the RCSB Brookha-
ven Protein Data Bank. In order to generate the structure of the
PRV–H1N1 complex, the structures of the PRV–N8 complex (PDB
entry: 2HTU (Russell et al., 2006)) and the OTV–H1N1 complex
(3TI6) were structurally aligned, and PRV was extracted from
2HTU and merged into 3TI6 to generate the corresponding struc-
ture of the PRV–H1N1 complex.

Because the X-ray crystal structures of the studied mutants are
not available, the structures of the E119G mutants were generated
by mutating their corresponding residues in the WT structures
with the Discovery Studio 2.5 Guide and San Diego, 2009. Then,
the six models (three WT and three drug-resistant mutants bound
with OTV, PRV and ZNV) were used as the initial structures for the
following MD simulations.
2.2. Molecular dynamics (MD) simulations

Each inhibitor was optimized and the electrostatic potential
was calculated at the HF/6–31G⁄ level using the Gaussian 09 pro-
gram (Frisch et al., 2009). Subsequently, the atomic partial charges
were obtained by a restraint electrostatic potential fit (RESP) meth-
od (Bayly et al., 1993). The partial charges and force field parame-
ters for the inhibitors were generated automatically by the
antechamber suite in AMBER11 (Case et al., 2005). The general AM-
BER force field (gaff) (Wang et al., 2004) was used for the inhibitors,
and AMBER ff12SB force field (Case et al., 2012) for the proteins. All
missing hydrogen atoms of the proteins were added using the leap
module in AMBER11 (Case et al., 2005). There are eight disulfide
bonds in the protein and they were properly enforced using the
CYX notation. Protonation states for the histidine residues were
determined at pH = 6.5 using the PDB2PQR web server (Dolinsky
et al., 2007). Four counter ions of Cl� were placed to neutralize
the charge of the system. Each system was then immersed into a
rectangular box of the TIP3P (Jorgensen et al., 1983) water mole-
cules, with a distance of 10 Å extended from any solute atom. Par-
ticle Mesh Ewald (PME) algorithm (Darden et al., 1993) was
applied to handle the long-range electrostatics in a periodic bound-
ary condition.

Before the MD simulations, each system was subjected to three-
stage minimizations by the sander program in AMBER11 (Case
et al., 2005). In the first stage, 1000 cycles of minimization (500 cy-
cles of steepest descent and 500 cycles of conjugate gradient min-
imization) were carried out with the backbone carbons constrained
(50 kcal/mol/Å2). Then, 1000 cycles of minimization with relatively
weaker constraint (10 kcal/mol/Å2) were conducted. Finally, 5000
cycles (1000 cycles of steepest descent and 4000 cycles of conju-
gate gradient minimization) of full energy minimization without
any constraint were carried out. After minimization, each system
was gradually heated from 0 to 300 K over a period of 50 ps with
2.0 kcal/mol/Å2 restraints on the complex, and then another
50 ps NPT MD simulations were followed at 300 K. Subsequently,
the MD simulations with a target temperature of 300 K and a target
pressure of 1 atm were performed. The SHAKE algorithm was ap-
plied to constrain all bonds involving hydrogen atoms (Ryckaert
et al., 1977), and the time step was set to 2.0 fs. Coordinates were
saved every 10 ps during the MD runs.

2.3. MM/GBSA binding free energy calculations

The binding free energy for each system was calculated by the
MM/GBSA approach (Kollman et al., 2000; Wang et al., 2006),
which integrates both molecular mechanics and continuum sol-
vent model (Gohlke et al., 2003; Huo et al., 2002a, 2002b; Hou
et al., 2003, 2008a, 2009, 2011; Hou and Yu, 2007; Kuhn et al.,
2005; Kuhn and Kollman, 2000; Li et al., 2012; Liu et al., 2010;
Xu et al., 2013; Xue et al., 2012; Yang et al., 2011; Zhang et al.,
2010). The binding free energy (DGbind) of the inhibitor in each
complex was calculated according to Eq. (1). In the MM/GBSA cal-
culations, the single-trajectory protocol, which has higher stability
of prediction than the separate-trajectory protocol, was used (Hou
and Yu, 2007; Wang et al., 2006⁄⁄⁄).
DGbind ¼ Gcomplex � Gprotein � Gligand ¼ DH þ DGsolvation � TDS

¼ DEMM þ DGGB þ DGSA � TDS ð1Þ

where DEMM is the gas-phase interaction energy between protein
and ligand, including the electrostatic and van der Waals interac-
tions; DGGB and DGSA are the polar and non-polar components of
the desolvation free energy, respectively; �TDS is the change of
the conformational entropy upon ligand binding, which was not
considered here due to the very high computational cost and low
prediction accuracy (Hou et al., 2011; Wang et al., 2006). The polar
contribution of desolvation (DGGB) was calculated using the gener-
alized Born (GB) model with the parameters developed by Onufriev
et al. (igb = 2) (Onufriev et al., 2000). The exterior dielectric constant
was set to 80, and the solute dielectric constant was set to 2. The
non-polar contribution (DGSA) to desolvation was estimated by
the solvent-accessible surface area (SASA) based on the LCPO meth-
od (Weiser et al., 1999): DGSA = 0.0072 � DSASA.

2.4. MM/GBSA binding free energy decomposition

For each complex, the protein-inhibitor interaction spectrum on
a per-residue basis was computed by the MM/GBSA free energy
decomposition analysis supported in the mm_pbsa program of AM-
BER11 (Hou et al., 2008b, 2009, 2012). The residue-inhibitor inter-
actions have four components as shown in Eq. (2):

DGinhibitor�residue ¼ DEvdw þ DGele þ DGGB þ DGSA ð2Þ

where DEvdw and DEele represent van der Waals and electrostatic
contributions to inhibitor-residue interactions; DGGB and DGSA rep-



Fig. 3. Time evolution of the root-mean-square displacements (RMSDs) of the residues within 5 Å around the ligand. (a) The WT NA in complex with OTV, PRV and ZNV
(black: the WT/OTV complex, green: the WT/PRV complex, blue: the WT/ZNV complex); (b) the E119G NA in complex with OTV, PRV and ZNV (black: the E119G/OTV
complex, green: the E119G/PRV complex, blue: the E119G/ZNV complex). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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resent polar and non-polar contributions of desolvation to inhibi-
tor-residue interactions. DGGB was calculated by the GB model with
the parameters developed by Onufriev et al. (igb = 2) (Onufriev
et al., 2000), and DGSA was computed by SASA using the ICOSA tech-
nique (Gohlke et al., 2003). The exterior dielectric constant was set
to 80, and the solute dielectric constant was set to 2.

3. Results and discussion

3.1. Simulation stability of the WT and mutated complexes

To evaluate the structural stability of the dynamic trajectories,
the root-mean-square displacements (RMSDs) of the residues
within 5 Å around ligand for each complex are illustrated in
Fig. 3. For all systems, 30 ns MD simulations were first carried
out to produce the trajectories. However, for the three E119G mu-
tants, extra 50 ns MD simulations were performed. From the time
evolution of RMSDs of the WT and mutated complexes, we can
observe that the WT complexes almost reach equilibration in
10 ns, which are much faster than the mutated complexes. This
phenomenon can be explained by the change of the interactions
between the mutated residue and the surrounding residues,
which might introduce perturbation to the original structure
and therefore longer simulations are necessary to stabilize the
mutated systems. Moreover, it can be observed that the RMSDs
of the mutants, especially the E119G/OTV and E119G/ZNV com-
plexes, are relatively higher than that of the WT complexes,
which indicates that the mutated systems drift further away from
the original structures.
Table 1
The energetic components of the predicted binding free energies between inhibitor and N

Energy WT/OTV E119G/OTV WT/PRV

DEvdw �26.65 ± 0.21 �25.70 ± 0.20 �29.71
DGSA �2.90 ± 0.01 �2.84 ± 0.05 �3.61 ±
DEele �20.77 ± 0.89 �14.95 ± 1.06 �35.16
DGGB 24.69 ± 0.56 19.09 ± 0.36 32.17 ±
DGBind

a �25.63 ± 0.12 �24.40 ± 0.95 �36.31
IC50, nM (Ratio)b 0.46 (1) 1.34 (2.9) 0.09 (1)

a Standard deviations based on two blocks.
b Compared with that of the WT virus.
3.2. Assessment of the different sensitivities of OTV, PRV and ZNV
against the E119G NA mutant by MM/GBSA predictions

MM/GBSA was well known as a successful method to compare
the binding affinities of closely related inhibitors in closely related
binding pockets and to gain rational insights into their differences
of binding. Here, the sensitivity of each inhibitor against the E119G
mutant was quantitatively evaluated by the MM/GBSA binding free
energy between NA and each inhibitor. The binding affinities
(DGBind) and the energetic components predicted by MM/GBSA
for the WT complexes based on the 20–30 ns MD trajectories and
the three mutants based on the 50–80 ns MD trajectories are sum-
marized in Table 1. According to our calculations, the predicted
binding free energies of OTV, PRV and ZNV bound with the
E119G mutant are �24.40, �34.48 and �20.02 kcal/mol, respec-
tively, which are all higher than those of the WT complexes
(�25.63, �36.31 and �28.79 kcal/mol, respectively). The drop of
the binding affinities of OTV, PRV and ZNV indicates that the
E119G mutation in NA confers resistance to all the three inhibitors.
However, the sensitivities of OTV, PRV and ZNV against the E119G
mutant are different. The rank of the resistance level predicted by
the DGBind values for the three inhibitors is: ZNV > PRV > OTV. It is
encouraging that the predictions are well consistent with the
experimental data, where ZNV shows the highest level of resis-
tance (832-fold) and OTV exhibits relatively retained susceptibility
to the E119G mutated NA (2.9-fold).

According to the energetic components of the binding free ener-
gies presented in Table 1, one can observe that the van der Waals
(DEvdw), non-polar desolvation (DGSA) and electrostatic (DEele)
A (ein = 2.0).

E119G/PRV WT/ZNV E119G/ZNV

± 0.78 �31.66 ± 0.11 �26.46 ± 0.15 �25.89 ± 0.80
0.09 �3.73 ± 0.01 �3.07 ± 0.04 �2.86 ± 0.02
± 1.07 �30.80 ± 0.04 �45.72 ± 0.23 �18.72 ± 3.20
1.64 31.72 ± 0.07 46.45 ± 0.39 27.46 ± 1.90
± 1.44 �34.48 ± 0.22 �28.79 ± 0.04 �20.02 ± 0.46

4.61 (51.2) 0.15 (1) 124.9 (832)
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terms are favorable to ligand binding for all systems, whereas the
polar desolvation term (DGGB) is unfavorable. The van der Waals
(DEvdw) contributions for the binding of OTV, PRV or ZNV to the
E119G mutants (�25.70, �31.66 and �25.89 kcal/mol, respec-
tively) change slightly compared with those to the corresponding
WT proteins (�26.65, �29.71 and �26.46 kcal/mol, respectively).
Moreover, due to little variations of the non-polar desolvation
(DGSA) terms among different systems, the total non-polar interac-
tions (DEvdw + DGSA) of all the three inhibitors are stable upon the
E119G mutation in NA. However, the favorable electrostatic (DEele)
interaction and the unfavorable polar desolvation (DGGB)
interaction between the E119G mutant and each inhibitor are
Fig. 4. The protein-inhibitor interaction spectra of the WT a
significantly weakened compared with that between WT and each
inhibitor. Though we should notice that the total polar contribu-
tion (DEele + DGGB) of the E119G/OTV complex is only slightly
influenced compared with that of the WT/OTV complex (from
3.92 to 4.14 kcal/mol). For the PRV (from �2.99 to 0.92 kcal/mol)
and ZNV (from 0.73 to 8.74 kcal/mol) systems, the impacts of the
total polar contributions is more significant. Furthermore, the rank
of the changes of the polar contributions for the three inhibitors
caused by the E119G mutation (ZNV > PRV > OTV) is in good agree-
ment with the ordering of drug resistance. Our findings indicate
that the polar interactions determinate the different sensitivities
of OTV, PRV and ZNV against the E119G mutants of NA.
nd E119G mutants in complex with OTV, PRV and ZNV.



Fig. 5. The structural superimposition and schematic representation of the inter-
actions for (a) the WT/OTV complex (yellow) and the E119G/OTV complex (cyan);
(b) the WT/PRV complex (yellow) and the E119G/PRV complex (cyan); (c) the WT/
ZNV complex (yellow) and the E119G/ZNV complex. All structures are averaged
conformations generated from the stable trajectories. The H-bonds of the WT
complexes are labeled with the yellow dotted lines and those of the E119G mutant
complexes are labeled with the cyan ones. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

P. Pan et al. / Antiviral Research 100 (2013) 356–364 361
3.3. Susceptibility of OTV, PRV and ZNV over the E119G mutation in NA

In order to uncover the binding modes of OTV, PRV and ZNV and
reveal the resistance mechanisms of the inhibitors caused by the
E119G mutation at the atomic level, the protein-inhibitor interac-
tion spectrum on a per-residue basis for each inhibitor bound with
WT or E119G mutant was generated by the MM/GBSA free energy
decomposition analysis and plotted in Fig. 4.

3.3.1. The resistance mechanism of OTV against the E119G mutation
Glu119 is an active site residue that can form direct contact

with OTV. Strong H-bonds between the carboxyl oxygen atoms of
Glu119 and the amino hydrogen of OTV are formed. The E119G
mutation belongs to the replacement of a larger group with a smal-
ler glycine group. It is reasonable to suppose that this alteration
would significantly influence the binding affinity of OTV due to
the removal of the carboxymethyl group, which directly causes
the missing of the interactions between the residue 1119 and
OTV. However, regarding the results from the experiments (Pizz-
orno et al., 2011), the binding affinity of OTV is only slightly de-
creased when Glu119 is mutated to Gly (2.9-fold). To reveal the
influence of the E119G mutation on the binding of OTV and the
corresponding resistance mechanism, the averaged structure of
the E119G/OTV complex generated from the last 30 ns MD trajec-
tories was superimposed to that of the WT/OTV system from the
last 10 ns trajectories (Fig. 5a), and the energetic components of
the important residues are also listed in Table S1 in the Supporting
Information. As we can see from Fig. 5a, OTV can form several H-
bonds with the residue Glu119, Arg152 and Arg292. According to
the energy decomposition analysis (Fig. 4), the essential residues
for the binding of OTV to the WT NA are Arg152, Ile222, Arg224,
Arg292 and Tyr406. It is interesting to observe that the residue
Glu119 almost has no energetic contribution to the binding of
OTV to the WT NA. The detailed energetic components in
Table S1 show that the electrostatic (DEele) interactions between
Glu119 and OTV are strong (�5.46 kcal/mol), whereas the polar
desolvation (DGGB) interactions are more unfavorable (7.20 kcal/
mol), which makes the total energetic contributions of Glu119 neg-
ligible. Therefore, the impact of E119G mutation on the binding of
OTV is quite limited. The structural superimposition of the WT/
OTV and E119G/OTV complexes reveals that the conformation of
OTV only slightly changes upon the E119G mutation
(RMSD = 1.6337 Å), and most residues in the binding pocket of
the two systems are well aligned. The most significant energetic
reduction is found for the residue Arg152, whose contribution
changes from �5.12 to �3.40 kcal/mol. It is noticeable that the
H-bond between Arg152 and OTV still remains, but the length of
the H-bond in the E119G complex (1.778 Å) is longer than that in
the WT complex (1.705 Å), which results in the decrease of the po-
lar contributions of Arg152 to the OTV binding.

3.3.2. The resistance mechanism of PRV against the E119G mutation
Previous study showed that the E119G mutation confers resis-

tance to PRV with 51-fold increase of the IC50 values. As we can
see from Fig. 5b, strong H-bonds of PRV with the residues
Glu119, Arg152, Arg292 and Arg371 in the WT NA can be moni-
tored. Though no H-bond is formed between PRV and the residue
Arg118, the polar interactions between them are quite strong. In
addition to the contributions of these polar residue side chains,
the residues Ile222 and Tyr406, which are non-polar residues, also
have obvious contributions to the PRV binding owing to their rel-
atively strong non-polar interactions with PRV. According to the
detailed energetic components of these residues in Table S2, it is
discovered that the residue Glu119 in the WT complex is slimly
unfavorable to the PRV binding. This phenomenon is similar to
the situation of Glu119 to the OTV binding, where the unfavorable
polar desolvation (DGGB) contribution plays the leading role.
A close-up view of the structural superimposition of the WT/PRV
and E119G/PRV complexes demonstrates that most binding site
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residues do not have huge conformational change upon the E119G
mutation, and most H-bonds found in the WT complex are still
maintained. The RMSDs of PRV between WT and E119G mutant
are 0.9245 Å, which indicates that the variation of PRV upon
E119G mutation is small. However, significant slide of the guani-
dine group of PRV is observed. This conformational change directly
affects the strong polar interactions between Arg118 and PRV
(from �5.62 to �2.10 kcal/mol). The decrease of the energetic con-
tributions of Arg118 is responsible for the development of drug
resistance of PRV against the E119G NA. In addition, several resi-
dues, such as Arg292, Arg371 and Tyr406, are also influenced by
the E119G mutation, but the variations of the energetic contribu-
tions of these residues are limited.

3.3.3. The resistance mechanism of ZNV against the E119G mutation
ZNV exhibits the highest level of drug resistance among the

three studied inhibitors with 830-fold increase of the IC50 values.
As we discussed above, the trend of the binding free energies of
ZNV is well consistent with the experimental data. The protein-
inhibitor interaction spectra are plotted in Fig. 4 with the key res-
idues highlighted. It is observed that the dominating interactions
between ZNV and the WT NA are the bindings to the side chains
of Glu119, Asp151, Arg152, Trp178, Ile222, Glu227 and Tyr406.
Among them, the residues Glu119, Asp151 and Arg152 can form
strong H-bonds with ZNV. Different from the situation of Glu119
for the binding of OTV and PRV, the residue Glu119 plays an impor-
tant role in the binding of ZNV to the WT NA, where the total ener-
getic contribution of Glu119 is �4.36 kcal/mol. When Glu119 is
mutated to a smaller glycine group, the energetic contribution of
Gly119 almost falls to zero due to the loss of the strong interac-
tions between Glu119 and ZNV. Moreover, the geometry of ZNV
is significantly shifted from the original state in the WT complex
(RMSD = 2.7197 Å), which indirectly affects the binding of the sur-
rounding residues. As displayed in Fig. 5c, ZNV moves closer to the
residues Arg224 and Asn294 along with an obvious rotation in the
structure itself. This variation leads to the rearrangement of the en-
ergy distribution of the binding site residues. As shown in Fig. 4, al-
most all the residues that play key roles in the binding of ZNV to
the WT NA are affected and their energetic contributions are signif-
icantly reduced. We can find that the H-bonds between Asp151
and ZNV are disrupted by the conformational change of ZNV, and
the one between Arg152 and ZNV is also strongly weakened since
the length of the H-bond changes from 1.947 Å to 3.221 Å. This
observation is also supported by the energy decomposition results
listed in Table S3, where the favorable electrostatic (DEele) contri-
butions of both Asp151 and Arg152 are prominently diminished. In
addition, some residues, such as Arg224, Glu277 and Asn294,
emerge as new energy contributors to the binding of ZNV, but this
cannot make up for the loss of the energies produced by other
residues.
4. Conclusions

In this study, a sequence of molecular modeling techniques,
including MD simulations, MM/GBSA binding free energy calcula-
tions, and MM/GBSA binding free energy decomposition analysis,
were applied to reveal the mystery of the different sensitivities
of OTV, PRV and ZNV against the E119G mutant of 2009 A/H1N1
NA. The order of the resistance level predicted by the MM/GBSA
binding free energy calculations for the three inhibitors
(ZNV > PRV > OTV) is in good agreement with the experimental
data, where ZNV shows the highest level of resistance (832-fold)
and OTV exhibits relatively retained susceptibility to the E119G
mutant (2.9-fold).
According to the analyses of the energetic components for each
system, we observe that the variations of the polar interactions
play key roles in the emergency of the drug resistance for all the
three studied inhibitors and at the same time determinate the dif-
ferent sensitivities of OTV, PRV and ZNV against the E119G mutant
of NA. For both OTV and PRV, the energetic contributions of the
residue 119 which can form H-bonds with the inhibitors in the
WT NA do not change much upon the E119G mutation due to
the impact of the strong unfavorable polar desolvation interac-
tions. The limited drug resistance of OTV is mainly caused by the
small variation of the residue Arg152. For PRV, the conformational
change of the guanidine scaffold directly affects the polar interac-
tions between Arg118 and PRV, which are responsible for the
development of the drug resistance to PRV caused by E119G muta-
tion. Among the three studied inhibitors, ZNV shows the highest
level of drug resistance. Significant change of the geometry of
ZNV is observed upon the E119G mutation compared with that
in the WT system, and several H-bonds with Asp151 and Arg152
formed in the WT complex are also disrupted. In order to minimize
the impact of the E119G mutation on the binding of NA inhibitors,
future drug design could consider the reduction of the interactions
between inhibitor and the residue Glu119 since more H-bonds do
not always give rise to a much stronger binding affinity but possi-
bly make the inhibitor more sensitivity to the mutation. As the case
in this study, OTV exhibits the lowest level of drug resistance to the
E119G mutation because of the relatively smaller amino-group in
OTV that interacts with Glu119. The structural analysis and quan-
titative viewpoint from this work disclose the mechanisms of the
different sensitivities of OTV, PRV and ZNV against the E119G mu-
tant of NA and provide helpful information for the rational design
of new and effective drugs to combat drug resistance.
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