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Abstract We have used steered molecular dynamics sim-
ulation to investigate the molecular interactions between
four M2 inhibitors (amantadine, rimantadine, and two other
amantadine derivatives) and the M2 protein channels of
influenza A virus H5N1, including the wild type (WT) and
three previously identified drug-resistant variants (G34A,
S3IN, and V27A). The binding free energies between
these four inhibitors and the M2 channel of the WT and the
three mutants were also determined by use of the molecu-
lar mechanics—Poisson-Boltzmann surface area method.
Our study provides important insight into binding affin-
ity, including detailed energy components and interactions
at the molecular level of four potential inhibitors with the
M2 channel of drug-resistant strains; this may assist further
experimental study and strategies for rational design of new
inhibitors.
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Introduction

The influenza A M2 channel protein is regarded as an
important target in anti-influenza drug design because of its
importance in viral infection (Holsinger and Lamb 1991;
Sugrue and Hay 1991; Takeda et al. 2002). The tetrameric
structure of M2 protein forms a pH-dependent channel
through the viral membrane which controls proton conduct-
ance when the virus penetrates infected cells (Pinto et al.
1992; Pielak and Chou 2010; Lin and Schroeder 2001).
Acidification weakens electrostatic interactions between
matrix proteins and ribonucleoprotein (RNP) complexes,
causing disintegration of the viral membrane and release
of uncoated RNPs into the cytosol for transportation to the
nucleus. Because of its crucial importance in influenza viral
pathogenesis, to enable structure-based drug development a
variety of structures of the M2 channel have been solved
(Tran et al. 2013) by use of different techniques, for exam-
ple site-directed infrared dichroism (Kukol et al. 1999), UV
resonance Raman spectroscopy (Okada et al. 2001), elec-
tron spin resonance spectroscopy, and solid-state nuclear
magnetic resonance (NMR) spectroscopy (Nishimura et al.
2002; Kovacs et al. 2000; Tian et al. 2003; Schnell and
Chou 2008).

The M2 channel has four identical subunits (monomers)
each of which contains 97 residues (Lamb et al. 1985) and
comprises three main segments: an extracellular N-terminal
segment (residues 1-23), a transmembrane (TM) segment
(residues 24-46), and an intracellular C-terminal segment
(residues 47-97) (Pielak and Chou 2010). The transmem-
brane (TM) segment is the main region responsible for pro-
ton conduction and is important in the search for a means
of inhibition of the channel. Hence, to investigate proton
conductance of M2 channel proteins for drug development,
the primarily focus should be on this segment (Nishimura
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et al. 2002; Hu et al. 2007; Stouffer et al. 2008; Cady and
Hong 2008; Cady et al. 2010; Acharya et al. 2010). Resi-
dues 24—46 of the four monomers form a TM helix bundle
lined by polar residues (Val27, Ser31, Gly34, His37, Trp41,
Asp44, and Arg45). The tetrameric His37-Trp4l clus-
ter is at the center of acid activation and proton conduct-
ance (Tang et al. 2002; Venkataraman et al. 2005; Hu et al.
2006). The ionizable His37 is essential for proton selectiv-
ity and acts as a channel sensor (Wang et al. 1995). Trp41
is important for unidirectional conductance and acts as a
proton gate (Pielak and Chou 2010; Tang et al. 2002). It has
recently been proposed that Val27 forms a secondary gate
with His37 (Yi et al. 2008).

Some M2 inhibitors have been approved by the FDA.
1-Aminoadamantane hydrochloride (A1), also known as
amantadine, is the first efficient drug in influenza therapeu-
tics. Al indirectly inhibits virus activity by using a hydro-
phobic cage to prevent proton conduction by the ion-chan-
nel. Another drug approved for treating influenza A, A2
(rimantadine; a-methyl-1-adamantane methylamine hydro-
chloride), has efficacy comparable with that of Al but is
of greater risk because of adverse effects (Stephenson and
Nicholson 2001; Jefferson et al. 2004). However, Al and
A2 are currently under restricted application and not rec-
ommended for influenza A treatment by the WHO because
of the rapid occurrence of drug resistance. To inhibit the
M2 proton channel, new inhibitors have been designed to
fight influenza A epidemics. Amantadine derivatives A3
and A4 have been proposed as potential candidates for
M2 proton channel inhibition in further studies (Tran et al.
2011; Le and Leluk 2011; Tran and Le 2014).

The binding sites of Al and A2 on the M2 channel
have been a controversial issue for more than twenty
years. They have been predicted on the basis of the loca-
tion of drug-resistant mutations at residues 26, 27, 30, 31,
34, and 38 (Hay et al. 1985; Wang et al. 1993). Interest-
ingly, it has been predicted that the side chains of amino
acids 27, 31, and 34 face the channel interior, leading to
the hypothesis that the drugs bind the inside of the chan-
nel (Pielak and Chou 2010). Schnell and Chou (2008),
however, by use of nuclear Overhauser effect (NOE)
experiments, detected four equivalent binding sites of A2
outside the channel. They suggested that, by binding at
a lipid-facing pocket formed by Trp41, Ile42, and Arg45
from one TM helix and Leu40, Leu43, Asp44 from the
adjacent TM helix, A2 acts as a link between two adjoin-
ing helixes and indirectly keeps the channel gate closed.
A recent study has also suggested that binding of amanta-
dine and its derivatives at positions inside the M2 channel
is more energetically favorable (Jing et al. 2008; Ohigashi
et al. 2009). For this reason, complexes which have the
drugs binding inside the channel should be used for fur-
ther investigation.
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The purpose of our research was to investigate, by use of
steered molecular dynamics (SMD) simulation, the binding
pathway of known drugs and new candidates (A1, A2, and
two A2 derivatives) within M2 protein channels, to gain
insight into the mechanism of how points of mutation lead
to drug resistance. Specifically, we conducted the simula-
tion for four inhibitors in complexes with four M2 protein
channels including that of HSN1 wild-type (WT), and three
other drug-resistant mutants (G34A, S31N, and V27A).

Materials and methods
Materials

The 3D structure of the M2 channel was taken from
the Protein Data Bank (PDB entry 2L0J, strain A/
Udon/307/1972); this was derived from a complex embed-
ded in DMPC liposomes (Sharma et al. 2010). The lipid
membrane was used as the model membrane of the DOPC
bilayer; it contained 128 lipid molecules (52 per leaflet)
(Klosgen and Helfrich 1997). The Al drug coordinate was
extracted from complex 3C9J, and the A2, A3, and A4 drug
structures were constructed on the basis of the Al structure
by use of GaussView 5.0. The geometries of all four drugs
were then optimized by use of Gaussian 09 (Fig. 1) (Frisch
et al. 2004).The G34A, S31N, and V27A mutant models
were generated by use of the mutagenesis tool of the soft-
ware Visual Molecular Dynamics (VMD) (Humphrey et al.
1996); these mutants were then energy-minimized by use
of 500,000 steps of the steepest descent minimization algo-
rithm of the GROMACS 4.5.5 package (Hess et al. 2008).
AutoDock Vina software (Trott and Olson 2010) was then
used to identify the site of binding of the drugs to the M2
channel, before SMD simulation as follows:

— Structure preparation Several modifications of the
original protein and drug structures were made by
using different software to facilitate molecular docking.
VMD was used to visualize and separate the receptor
for docking. Auto-dock tools (ADT) were used to con-
vert pdb files to pdbqt files for the docking process. All
ligands and proteins in the pdb format were converted to
the pdbqt format with correction of charges for docking.

— Molecular docking The docking procedure requires
identification of the binding box position, which is the
active site of the protein. This was achieved by use of
the crystal structure of the protein with bound inhibi-
tors. The grid box for protein—ligand docking was
designed to fit the protein surface.

— Analysis of the results The docking results were ana-
lyzed and ranked by lowest binding energy and RMS
deviation. The results indicate high-affinity binding
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Fig. 1 Direction of SMD for the M2 proton channel (/eff) and the four inhibitor structures (right)

sites and possible active site interaction. The binding
conformations of drug molecules with the protein were
analyzed to reveal the basic interactions and to charac-
terize possible active site-related residues responsible
for binding, by use of VMD software.

Steered molecular dynamics (SMD) method

The GROMACS 4.5.5 package (Hess et al. 2008) was
used to run MD simulations with the GROMOS96 force
field (van Gunsteren et al. 1996). The electrostatic and
vdW interactions were set at 1.4 and 1.2 nm cut-off (the
same value was not chosen for both electrostatic and
vdW interactions because the electrostatic interaction has
a longer-range effect than the van der Waals interaction).
The electrostatic interaction was calculated by use of the
particle-mesh Ewald summation method (Darden et al.
1993). The complex was solvated in the SPC water model
(Mark and Nilsson 2001); it was placed in a triclinic box
with edges of 6.6, 6.4, and 12.0 nm; the center of the pro-
tein was placed at 3.3, 3.2, and 2.5 nm. The equilibration
process was performed with coupling with temperature
and pressure conditions. A constant temperature of 310 K
was enforced by use of the Berendsen algorithm (Ber-
endsen et al. 1984) under 500 ps for constant volume and
temperature (NVT); Parrinello-Rahman pressure coupling
(Parrinello and Rahman 1981) in 500 ps for constant pres-
sure and temperature (NPT) was run at 1 bar constant pres-
sure. All bond lengths were constrained with the linear
constraint solver LINCS (Hess et al. 1997) as implemented
in the GROMACS package. We tried pulling with speed
v = 0.005 nm/ps, and the spring constant was chosen as
k ~ 1020 pN/nm. Pulling in the z direction was used for
all complexes, and SMD runs of 1000 ps were needed to
entirely move the drug from the M2 channel. Molecular
dynamics simulations enabled integration of the equations

of motion with time steps of 2 fs in the leap-frog algorithm
(Hockney et al. 1974).

MM-PBSA method

Binding free energies between drugs Al, A2, A3, and A4
and the M2 channel of the WT and three mutants were cal-
culated by use of the molecular mechanics—Poisson—Boltz-
mann surface area (MM-PBSA) method (Wang et al. 2001;
Nguyen et al. 2011).

Results and discussion

Steered molecular dynamics (SMD) simulation was used
to study the mechanism of binding of the four inhibitors
(A1, A2, and the two A2 derivatives), and the effect of three
drug-resistant mutations (G34A, S31N, and V27A) on the
binding pocket of the M2 channel of the WT and the three
mutants. The simulation process was conducted to pull the
drugs from the stably bound position inside the M2 chan-
nels and to estimate the energy needed for this process.

The maximum pulling force F,,,, is required to break
hydrogen bonds between the drugs and the M2 chan-
nel and to move the drugs from the M2 channel binding
pocket. The time from the starting point to F,_, is the time
taken to pull drug from the stably bound to the unbound
position (Le et al. 2010). The pulling force profiles dur-
ing the process of steering drugs A1, A2, A3, and A4 from
the binding pocket were followed as shown in Fig. 2.
Details of F,,, and the docking scores for the inhibi-
tors of the M2 channel are shown in Table S1 (support-
ing information). For the WT structure (Fig. 2a), the time
taken to pull A3 (at F,,, 477.206 pN) and A4 (at F,

526.331 pN) out of the M2 channel reached a value of
approximately 200 ps; values for Al (at F,,, 453.922 pN)

ax
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Fig. 2 Pulling force profiles for
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and A2 (at F,,,, 354.202 pN) were approximately 1000 ps
and approximately 600 ps, respectively. Briefly, with the
same starting pulling force, A3 and A4 were seen to leave
the binding pocket of the M2 channel sooner than A1 and
A2. This suggests that the two FDA-approved drugs Al
and A2 are more potent inhibitors of the M2 channel of
WT HSN2 than the newly modified candidates A3 and A4.
In contrast with the WT, for the mutant G34A (Fig. 2b)
the times taken to pull the drugs from the M2 channel
were approximately 250 ps for Al (at F,, 579.902 pN)
and A2 (at F,, 647.058 pN) and approximately 700 ps
for A3 (at F,,, 375.490 pN) and A4 (at F,,,, 524.930 pN).
Therefore, A1 and A2 are more easily pulled from the
binding pocket of the mutant G34A and their complexes
are less stable than those of A3 and A4. This means the
G34A mutation is important in binding of the drugs to the
M2 channel. Figure 2c, d show the pulling force profiles
for mutants S31N and V27A. For mutant S3IN (Fig. 2c¢),
the pulling time is approximately 250 ps for Al (at F

max
376.050 pN), A2 (at F,,, 388.235 pN), A3 (at F,

max
377.311 pN), and A4 (at F,,, 374.510 pN). Similar to
mutant V27A (Fig. 2d), the time needed to pull the drugs
from the M2 channel reach a value of approximately
150 ps for Al (at F,, 413.725 pN) and A3 (at F,,
373.109 pN), and approximately 350 ps for A2 (at F,,,,
420.728 pN) and A4 (at F,, 511.971 pN). So, there are
no significant differences between the complexes of the
drugs for these two mutants. Different from the WT and
G34A, all four inhibitors were found to leave the binding
pocket quickly under the effect of the same initial steering

force for mutants S31N and V27A.
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Interaction energy (including electrostatic and vdW
interactions) between the four drugs and the M2 channel
for the WT and the three mutants G34A, S31N, and V27A,
shown in Fig. 3, is in good agreement with pulling force
profiles. At O ps, the interaction energies between A3 and
A4 and the WT M2 channel were lower than those for Al
and A2 (Fig. 3a). The interaction energies of A3 and A4
with the M2 channel reached O kcal/mol at approximately
250 ps, which is much faster than for A1 (approx. 1000 ps)
and A2 (approx. 650 ps). For mutant G34A (Fig. 3b), the
interaction energies between the drugs and the M2 channel
reach 0 kcal/mol at approximately 375 ps for Al and A2,
which is much faster than for A3, approximately 1000 ps,
and for A4, approximately 850 ps. This means that for
Al and A2 the interaction energy between the drugs and
the M2 channel reached approximately O kcal/mol more
quickly than for A3 and A4. Thus, the interaction energy
profiles confirm that the G34A mutation is important in
the interaction between the drugs and the M2 channel. The
effect of changing the interaction energies of the drugs
with the M2 proton channels of mutants S31N and V27A
are shown in Fig. 3c, d. For mutant S31N the interaction
energy makes a small difference. In particular, the interac-
tion energies of drugs Al and A3 reach 0 kcal/mol after
250 ps; that for A2 reaches 0 kcal/mol after 600 ps and
that for A4 reaches 0 kcal/mol after 375 ps. For the V27A
mutant, the interaction energy between the M2 channel and
all four drugs reaches 0 kcal/mol after 400 ps. Here, there
are no significant differences between the interaction ener-
gies for mutants S31N and V27A. Compared with the WT,
the three mutated residues lead to significant changes in
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Fig. 3 Interaction energy
between drugs Al, A2, A3, and
A4 and the M2 channel for the
WT (a), and for the mutants
G34A (b), S31N (¢), and V27A
(d) as a function of time
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the interaction energy between the M2 channel and these
drugs.

To determine the effect of mutated residues on interac-
tions between the drugs and the M2 channel proteins at
the active site at a molecular level, we showed all hydro-
gen bond and hydrophobic interactions by use of LigPlot
software (Wallace et al. 1995; Roman and Swindells 2011)
(Fig. 4). We found that:

1. for the WT, residues Val27, Ala30, Ser31, and Gly34
were forming hydrogen bonds with Al, A2, A3, and
A4 in the binding pocket, and the Ser31 residue bound
strongly with all four drugs;

2. for mutant G34A, loss of a hydrogen bond with the
binding site residues, because of the effect of a mutated
residue, was observed for A1 and A2 but not for A3
and A4, which is consistent with the high potency of
these two drugs;

3. for mutant S31N, the S31N residue was not seen to
bind directly to A1, A2, and A3 but it did bind to A4

4. for mutant V27A, the V27A residue was seen to form a
hydrogen bond with A1, A2, and A3, but not with A4;
mutation V27A stays close to the drugs but is, in gen-
eral, not a significant mutation because valine and ala-
nine are chemically similar.

To gain insight into the contribution of each energy com-
ponent to drugs’ potency, the binding free energies between
the four drugs and the M2 channel of the WT and the three

. i 1
600 800 1000 O 200 400 600

40 1 ] 1 | 1

800 1000

Simulation time (ps)

mutants were calculated by use of the MM-PBSA method;
the results are shown in Table 1.

In all the simulated complexes, electrostatic interac-
tions, apolar solvation, and polar solvation made no sig-
nificant distribution to binding free energy differences
when the four drugs were compared. The vdW interaction
and entropy, however, are of major importance to the free
energy of binding between the drugs and the M2 chan-
nel proteins. In the WT, the entropy (—TAS) of the com-
plexes fluctuated around —14 kcal/mol for all the drugs,
revealing that the entropy does not make crucial contribu-
tions to the differences between the binding free energies
of these complexes. In contrast, however, the vdW interac-
tion between receptor and drugs is —20.910 kcal/mol for
Al, —24.448 kcal/mol for A2, —4.028 kcal/mol for A3,
and —4.354 kcal/mol for A4; this indicates that the differ-
ent free energies for binding between Al, A2, A3, and A4
and the M2 channel are caused mainly by the vdW inter-
action. The binding free energies for Al (—30.741 kcal/
mol) and A2 (—34.585 kcal/mol) were much smaller than
those for A3 (—17.431 kcal/mol) and A4 (—17.194 kcal/
mol). Our results are in good agreement with previ-
ous experimental results which revealed that Al and A2
strongly inhibit the activity of the M2 channel (Du et al.
2010). For mutant G34A, the entropy values of the com-
plexes are significantly different. In detail, the entropies
of the complexes are —TAS = —16.579 kcal/mol for Al,
—TAS = —7.348 kcal/mol for A2, —TAS = —39.353 kcal/
mol for A3, and —TAS = —39.597 kcal/mol for A4. There-
fore, the entropies of the complexes of A3 and A4 were

@ Springer
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Fig. 4 Hydrogen bonding and hydrophobic interactions between A1, A2, A3, and A4 and the M2 channel of the WT (a), and mutants G34A (b),

S31N (c) and 27A (d). The figure was prepared by use of LigPlot software (Wallace et al. 1995; Roman and Swindells 2011)
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Table 1 Binding free energies (kcal/mol) between the drugs and the M2 channel protein of the WT and the three mutants, calculated by use of

the MM-PBSA method

AE . AE 4w AG o1 AG g —TAS AGyg
Wild type
Al 0.018 £ 0.013 —20.910 £ 3.119 —0.151 £ 0.014 4991 + 1.157 —14.689 + 1.932 —30.741 + 4.317
A2 0.782 £ 0.015 —24.448 +2.702 —0.179 £ 0.017 3974 £0.713 —14.714 £+ 2.003 —34.585 + 3.904
A3 —0.556 £ 0.027 —4.028 £ 1.897 —0.065 + 0.009 1.398 £ 0.370 —14.180 +£2.417 —17.431 +£2.538
A4 —0.138 £ 0.016 —4.354 £ 1.672 —0.063 £ 0.005 1.739 £ 0.283 —14.378 £+ 2.301 —17.194 £ 1.912
G34A mutant
Al —0.035 £ 0.022 —5.405 £ 1.452 —0.089 + 0.007 1.305 £ 0.011 —16.579 £ 2.101 —20.803 + 3.371
A2 —0.165 £ 0.013 —6.125 £ 1.431 —0.094 £ 0.003 2.293 £0.114 —7.348 £ 1.107 —11.439 + 1.426
A3 0.815 +0.032 —24.523 +3.133 —0.483 £ 0.035 3.784 £ 0.233 —39.353 £ 5.212 —59.760 4 4.887
A4 —0.746 £ 0.029 —17.309 £ 2.016 —0.352 £0.011 4.162 +0.772 —39.597 £+ 3.593 —53.842 £ 5.171
S31N mutant
Al —0.034 £ 0.003 —3.583 £ 0.997 —0.062 £ 0.005 1.299 £+ 0.078 —7.865 £ 1.210 —10.245 £ 1.703
A2 0.009 £+ 0.002 —7.125 £ 1.413 —0.119 £ 0.023 2.602 +£0.716 —16.033 +£2.877 —20.666 £+ 2.978
A3 —0.273 £ 0.011 —3354 £ 1.171 —0.057 £ 0.002 1.943 +0.331 —16.384 +£2.071 —18.125 +£2.336
A4 0.026 £+ 0.003 —6.014 £1.733 —0.091 £ 0.010 2.252 +£0.431 —7.808 £ 1.719 —11.635 £ 1.221
V27A mutant
Al 0.028 +0.017 —3.587 £ 0.856 —0.066 £ 0.010 1.447 £ 0.122 —14.575 £2.130 —16.753 £ 2.775
A2 0.087 £ 0.025 —5.509 £ 1.211 —0.091 £ 0.017 2.036 £ 0.787 —14.545 £ 1.839 —18.022 +2.471
A3 —0.362 £ 0.073 —4.003 £ 0.444 —0.073 £0.018 1.693 +£ 0.301 —7.260 £ 0.975 —10.005 £+ 1.102
A4 —0.426 £ 0.033 —6.112 £ 1.229 —0.097 £ 0.008 2.512 £ 1.079 —7.339 £ 1.103 —11.462 +£2.178

smaller than those of the complexes of Al and A2. This
means the positions of complexes of A3 and A4 in the
active site of mutant G34A varied substantially. In addition,
the vdW interactions between the drugs and the receptor are
also very different for the four complexes——5.405 kcal/
mol for A1, —6.125 kcal/mol for A2, —24.523 kcal/mol for
A3, and —17.309 kcal/mol for A4. The differences for both
entropy and vdW interactions among the complexes leads
to the different binding free energies between the drugs and
M2 channel for mutant G34A. As a result, the binding free
energies for A3 (—59.760 kcal/mol) and A4 (—53.842 kcal/
mol) were much smaller than those for A1 (—20.803 kcal/
mol) and A2 (—11.439 kcal/mol). That A3 and A4 were
found to bind more strongly than Al and A2 to the M2
channel by MM-PBSA calculations is in good agreement
with the SMD result. Similar to the WT and mutant G34A,
the entropy and vdW interactions for mutants S31N and
V27A are also crucial to the different binding free ener-
gies between the drugs and receptor. For mutant S31N,
the binding free energies for A2 (—20.666 kcal/mol) and
A3 (—18.125 kcal/mol) are smaller than those for Al
(—10.245 kcal/mol) and A4 (—11.635 kcal/mol). A2 and
A3 have greater affinity for the M2 channel than A1 and A4.
For mutant V27A, Al and A2 have greater binding affin-
ity for the M2 channel than A3 and A4. The binding free
energies for A1 (—16.753 kcal/mol) and A2 (—18.022 kcal/
mol) are smaller than those for A3 (—10.005 kcal/mol) and

A4 (—11.462 kcal/mol). The different binding energies for
mutant V27A are highly similar to the results for the WT,
which is reasonable because valine and alanine are chemi-
cally similar.

Conclusions

By using SMD simulation to study the mechanism of bind-
ing of four inhibitors (Al, A2, A3, and A4) to influenza
A M2 channel proteins, including the wild-type and three
mutants (V27A, S31N, G34A), we made the major discov-
ery that drugs A1 and A2 bind strongly to influenza A virus
wild-type M2 and to mutant V27A but may not bind effi-
ciently to mutant G34A because of loss of hydrogen bonds,
possibly as a result of the point of mutation. However, the
reverse effect was observed for inhibitors A3 and A4. For
mutant S31N, inhibitors A2 and A3 bound more effectively
than A1 and A4. Our MM-PBSA results were not only in
good agreement with experimental and SMD results but
also revealed that the vdW interaction and entropy contrib-
ute substantially to the binding energy of the interaction
between the inhibitors and the influenza A M2 proteins, in
contrast with electrostatic interactions, and polar and apo-
lar solvation. Our study provides important insights into the
mechanism of binding of four potential inhibitors to the M2
channel of drug-resistant strains of influenza A virus. This
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may assist further experimental studies and strategies for
rational design of M2 channel inhibitors.
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