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Key features for designing M2 proton channel anti swine flu inhibitors
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A B S T R A C T

M2 is a crucial influenza virus proton channel that facilitates viral infection. One of the common

treatments for influenza is to inhibit M2 function. However, these commercially available M2 inhibitors

became less effective against new drug-resistance viral strains, such as the H1N1 influenza virus that

caused 2009 flu pandemic. Therefore, it became urgent to develop more effective drugs against the new

influenza strains. This study focused on identifying potential M2-inhibiting compounds from traditional

Chinese medicine (TCM) using a freely accessible TCM database (http://tcm.cmu.edu.tw/) (Chen, 2011). The

compounds were analyzed by computer-simulated protein–ligand interactions and then monitored through

molecular dynamics (MD) simulation. The MD simulation has identified and conformationally validated five

potential M2 inhibitors. Further bio-molecular experiments would be required to validate their bioactivities.

In addition, the MD simulation technique provides insights to next generation of drug design.

� 2011 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The M2 proton channel is a class of influenza membrane protein
that plays an important role in the viral replication cycle. A functional
M2 tetramer consist a short N-terminal, a C-terminal tail, and a
transmembrane domain for transporting protons (Pinto et al., 1997;
Sugrue and Hay, 1991). The primary function of M2 is to facilitate
proton entry to viral interior (Helenius, 1992). The acidic pH at viral
interior caused by influx of protons triggers the dissociation of viral
matrix protein and result the entry of viral genome (Pinto and Lamb,
2006). Hence, abolishing proton influx through M2 proton channel is
an effective antiviral strategy against influenza.

The M2 inhibitor, amantadine, is a widely used influenza drug.
However, amantadine-resistant viral strains, such as 2009 H1N1
pandemics, have been increasingly reported (Cheng et al., 2009;
Ilyushina et al., 2005). Intriguingly, single amino acid change in M2,
such as at residue 31N in H1N1, causes the protein to be insensitive
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to the drug (Squires et al., 2008). Therefore, the development of
novel anti-viral strategy is brought to attention (Cheng et al., 2009).
In this article, we investigated potential novel M2 inhibitors as well
as new neuraminidase inhibitors (Du et al., 2010).

We applied TCM Database@Taiwan, the world’s largest
traditional Chinese medicine (TCM) database (http://tcm.cmu.e-
du.tw/) (Chen, 2011), to investigate novel M2 inhibitor lead
compounds. The TCM database has been used to screen for several
novel anti-cancer or anti-inflammatory compounds (Hsieh et al.,
2010; Su et al., 2008; Tang et al., 2009). Furthermore, the diverse
chemical properties of each TCM compound makes the TCM
database a great source for screening novel lead compounds.
Previous studies show that our research protocol has been
successfully implemented for investigating new drug leads (Chen,
2007, 2008a,b,c, 2009a,b,c,d,e, 2010a,b,c; Chen and Chen, 2007;
Chen et al., 2008a,b, 2009a,b, 2010; Huang et al., 2010a,b,c).

2. Materials and methods

2.1. Molecular docking and Lipinski’s Rule of Five

The LigandFit program included in the Discovery Studio 2.5
(Accelrys Inc., San Diego, USA) was performed for ligand docking.
hed by Elsevier B.V. All rights reserved.
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Table 1
TCM database docking results. Shown in below are the top 5 ingredients and the

control, amantadine.

Name Dock Score

Canavanine 137.66

a-(Methylenecyclopropyl)glycine 109.388

Quinic acid 100.616

2-Hydroxy-3-(3,4-dihydroxyphenyl)propanoic acid 90.553

b-D-Fructofuranose 79.211

Amantadine 33.87
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The high-resolution crystallographic structure of M2 was obtained
from Protein Data Bank (PDB code: 3C9J) (Stouffer et al., 2008). The
amantadine present in the original M2 crystal structure was
removed to obtain pure M2 structure. The amantadine was used as
a control ligand. In addition, the amantadine docking region was
set as the as the ligand-binding domain for the molecular docking
algorithm. Compound set used for docking was obtained from TCM
database (http://tcm.cmu.edu.tw/) (Chen, 2011). All compounds
from the TCM database were screened and ranked by Dock Score.

Both protein and ligand structure were prepared to obtain high
binding resolution. All water molecules were removed before sent
for docking. Forcefield of the Chemistry at Harvard Macromolecu-
lar mechanics (CHARMm) were applied on both the TCM
compounds and the amantadine before docking. Compounds
having docking scores above the control (amantadine) docking
score were evaluated for their drug-likeness using Lipinski’s Rule
of Five (Lipinski et al., 2001). Five compounds with highest docking
scores (top 5) were chosen for further analysis.

2.2. Molecular dynamics simulation

Molecular dynamics (MD) simulation is applied on selected
protein–ligand complexes as well as the control complex using
Standard Dynamics cascade of Discovery Studio 2.5. Each simulation
system was pre-applied with CHARMm force field and then energy
minimized with 500 and 500 steps of steepest descent and conjugate
gradient minimization. Each system was heated to 310 K for 20 ps
before entering 100 ps of equilibration phase. The production phase
was conducted for 60 ns on a NVT ensemble at 310 K. SHAKE
algorithm was applied with 2fs step size throughout the entire
simulation run. The non-bonded interaction cutoff was set at 10 Å.
The spherical cutoff was used to calculate long range electrostatics. A
trajectory snapshot was taken every 20 ps.

3. Results and discussion

3.1. Molecular docking

To screen for TCM compounds that have similar functions as
amantadine on M2, we docked the candidate molecules into the
Fig. 1. The 2D structure of control aman
amantadine binding site. For control, we captured the amantadine
3D structure from the co-crystallized M2-amantadine structure
(PDB code: 3C9J). Each ligand–M2 pair was evaluated and ranked
using Dock Score. The Dock Score function was implemented in DS
2.5 to calculate binding affinity based on receptor–ligand
interaction and ligand internal energy (Venkatachalam et al.,
2003). Top 5 compounds and the control are listed in Table 1. The
compounds show significantly higher Dock Scores than amanta-
dine, suggesting stronger binding affinities would be observed.
Intriguingly, the control and all top 5 compounds do not share
similar molecular structures (Fig. 1). This could imply variations of
key residues that bind to each ligand.

The docking conformations were investigated to further study
the interactions between each ligand–M2 pair at the key residues
in the binding site (Fig. 2). For all compounds, including the
control, the docking conformations show close approximation to
each Ser10 residue in each protein chains. Furthermore, each
ligand forms hydrogen bonds (H-bonds) with at least two Ser10
residues. However, no H-bond is observed in amantadine’s docking
conformation, which implies lower binding affinity between
amantadine and the docking site. This observation could explain
the difference of the Dock Scores between top 5 compounds and
the control.

3.2. Molecular dynamics simulation

To further analyze each protein–ligand conformation, molecu-
lar dynamics simulation is used to evaluate the stability after
docking. Root mean squared deviation (RMSD) was used to
tadine and the top five compounds.

http://tcm.cmu.edu.tw/


Fig. 2. The docking conformations of amantadine and top five compounds in M2 binding site.
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calculate the atomic fluctuations at each time point with reference
to the initial structure. MD simulation captures 50 conformational
‘‘snap shots’’ every nano-second for 60 ns after the initial docking
conformation. RMSDs for protein–ligand complexes, as well as for
ligands and for M2 proteins at Cas separately in each complex,
were calculated (Fig. 3). The RMSDs for each protein–ligand
complex and for each ligand become stabilized after 50 ns. Similar
trends observed between the RMSDs for complexes and the RMSDs
for protein-only suggested that the fluctuations of the side chains
have limited impact on RMSDs.

The canavanine–M2 complex had several stable conformations:
5–15 ns, 17–49 ns, and then stabilized after 49 ns. Based on the
corresponding RMSDs, the ligand canavanine underwent a pose
shift near 15 ns, and then slight shift at 49 ns, which can possibly
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Fig. 3. Root mean square deviation of the M2–ligand complexes, C alpha and the
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explain the alterations in the binding complex. Conversely, a-
(methylenecyclopropyl)glycine and quinnic acid conformations
stabilized after 5 ns. In addition, their corresponding RMSDs for the
protein and the complex stabilized after 15 ns. All selected
compound-protein complexes stabilized after 27 ns, except the
least stable b-D-fructofuranose–protein complex, in which slight
ligand fluctuations result steady conformational changes in M2
after 42 ns. For the control amantadine, RMSDs for the protein–
ligand complex revealed a conformational change after 36 ns. The
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Fig. 4. Total energy of M2 complexes with amantadine and top five compounds.
conformation stabilized after amantadine underwent a post shift
around 47 ns.

The observed RMSD trend for each protein–ligand complex is
validated by total energy (Fig. 4). Stable total energy drops were
observed for protein–ligand complex of a-(methylenecyclopro-
pyl)glycine and quinnic acid. The multiple stable energy states for
canavanine–protein complex corresponded accurately to the
multiple stable conformations. Gradual declining total energy
for the control amantadine after 36 ns also suggested a potential
shift in the binding structure conformation.
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the 60 ns molecular dynamics simulation.
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The changes in RMSDs and total energy suggested fluctuations
in each protein–ligand conformation. Hence, the stabilized docking
conformations after MD simulation were re-investigated for the
binding interactions. In particular, H-bonds, which were key
players in stabilizing energetically favored ligands (Patil et al.,
2010), were evaluated (Table 2). Surprisingly, the NH2 group from
the control amantadine skeleton formed an H-bond with Ala9 on
one of the M2 subunits at distance of 3 Å. The H-bond formed after
MD simulation implied a relatively more stable protein–ligand
conformation. Furthermore, the stable amantadine pose main-
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Table 2
Summady of hydrogen bonds formed between amantadine, top 1 (canavanine), top 2 (alpha-(methylene-cyclopropyl) glycine), top 3 (quinic acid), top 4 (2-hydroxy-3-(3,4-

dihydroxyphenyl) propanoic acid), and top 5 (b-D-fructofuranose) during the 60 ns molecular dynamics simulation.

Compound H-bond Max. distance Min. distance Ave. distance % of occupancy

Amantadine H12/D:ALA9:O 4.91 1.93 2.97 23.00

H13/D:ALA9:O 5.86 2.02 3.23 15.00

Top 1 H22/A:ALA9:O 3.92 1.86 2.74 14.90

H24/A:ALA9:O 4.03 1.58 2.25 71.74

H24/A:SER10:OG 4.76 2.10 3.38 2.17

A:SER10:HG/O12 6.04 1.71 2.76 62.61

H25/B:SER10:OG 2.68 1.57 1.90 99.90

B:SER10:HG/O6 3.72 2.03 2.83 10.03

B:SER10:HN/O6 3.80 2.13 2.76 13.93

H18/C:VAL6:O 6.62 1.71 3.33 20.83

H19/C:VAL6:O 6.59 1.72 3.27 22.73

H20/C:VAL6:O 6.74 1.68 3.16 36.25

H18/C:SER10:OG 6.13 1.58 3.69 17.09

H19/C:SER10:OG 6.13 1.60 3.65 18.99

H20/C:SER10:OG 6.11 1.60 3.38 35.22

C:SER10:HG/O11 5.54 2.06 4.24 3.20

H18/D:SER10:OG 4.72 1.60 2.65 50.78

H19/D:SER10:OG 4.50 1.55 2.57 60.48

H20/D:SER10:OG 4.53 1.55 2.83 41.09

D:SER10:HG/O11 5.30 1.94 3.31 21.09

D:SER10:HG/O12 4.65 1.73 2.64 41.12

Top 2 H18/D:SER10:OG 2.32 1.55 1.87 100.00

Top 3 H21/B:ALA9:O 2.79 1.82 2.30 90.33

H21/B:SER10:O 3.22 2.06 2.67 15.20

O12/C:SER10:HG 3.78 2.33 3.05 0.23

O13/C:SER10:HG 3.14 1.70 2.12 97.33

O10/D:SER10:HG 3.09 1.84 2.37 80.57

Top 4 H22/A:ALA9:O 5.69 2.11 3.56 7.10

H23/D:ALA9:O 4.55 1.89 2.89 41.15

A:SER10:HG/O4 3.50 1.74 2.19 97.70

A:SER10:HG/O5 2.48 1.73 2.02 99.97

A:SER10:HN/O5 3.57 1.92 2.65 26.92

D:SER10:HG/O14 4.09 1.69 2.79 32.12

D:SER10:HN/O14 4.68 2.43 3.58 0.03

Top 5 H21/A:SER10:OG 5.06 1.74 4.19 6.27

H21/C:SER10:OG 6.12 1.96 2.96 39.77

H21/D:SER10:OG 3.92 1.63 2.79 18.10

H22/A:ALA9:O 4.51 1.97 2.87 19.83

H22/A:SER10:OG 4.09 1.70 3.42 4.03

B:H23/ALA9:O 5.26 2.34 3.27 0.17

H23/C:ALA9:O 4.63 1.91 3.97 3.60

H24/C:ALA9:O 3.44 1.80 2.28 90.10

O4/A:SER10:HG 5.29 1.78 4.26 4.40

O6/A:SER10:HG 3.30 1.72 2.24 90.60

O6/A:SER10:HN 4.03 2.13 3.36 4.57

O10/C:SER10:HG 5.53 1.83 4.81 1.30

O4/C:SER10:HG 6.39 2.11 3.19 3.47

O4/D:SER10:HG 4.40 1.90 2.56 67.10

O4/D:SER10:HN 5.23 2.43 4.39 0.03
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tained each M2 subunit at close approximation. This conformation
suggested the blocking of M2 proton transportation function.

Based on the calculation of potential H-bonds during the 60 ns
MD simulation, Ala9 and Ser10 in each homologous M2 subunits
appeared to be critical sites for H-bond formation. For the control,
amantadine formed H-bonds to the nearby Ala9 residues (Fig. 5).
All top 5 ligands formed at least one H-bond to the nearby Ser10
residues (Table 2 and Figs. 6–10). In addition, these ligands, except
a-(methylenecyclopropyl)glycine, formed H-bond with one of the
Ala9 (Figs. 6–10). Interestingly, canavanine formed another H-
bond with the nearby Val6 on one of the M2 subunit (Fig. 6). This
additional H-bond suggested a more stable canavanine–M2
interaction.

The structural information and the H-bond data suggested that
the all Ser10s in the M2 tetramer were critical for ligand binding.
This is in agreement with other researches on M2 structures (Du et
al., 2010). The distances between a ligand and each of the Ser10 are
illustrated in Fig. 11. For amantadine, Ser10 on M2 subunit chain C
was brought to closer approximation to the ligand at 46.18 ns
during MD simulation (Fig. 12, Video S1). This implies that
amantadine is able to hold the M2 subunits close at around 6 Å
range under stable docking conformation, and consequently block
the ion channel. This result agreed with the inhibitory effect of
amantadine. In each selected ligands, the stable molecular poses
were approximately 4 Å distance to each of the Ser10, implying
their potency in blocking ion channel. In a closer observation, the
first three selected compounds, canavanine, a-(methylenecyclo-
propyl)glycine and quinic acid, maintained stable and close
distances to each Ser10. Conversely, 2-hydroxy-3-(3,4-dihydrox-
yphenyl) and b-D-fructofuranose held only three out of four Ser10s
at close approximation. Nevertheless, the short distances between
Ser10s and each ligand implied closed ion channel conformation.



Fig. 11. Schematic diagram for ligand position. The distance between the ligand and

Ser 10 in M2 binding site are represented by a–d.
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4. Conclusion

This study investigated the inhibitory potency of a selected set
of TCM compounds using MD analysis. The best-fit TCM
compounds as well as the control were selected after docking to
M2. MD simulation on each selected protein–ligand complex
identified Ala9 and Ser10 on each M2 homologous subunit were
key residues in stabilizing M2 inhibitors. All five candidate
compounds, canavanine, a-(methylenecyclopropyl)glycine, quinic
acid, 2-hydroxy-3-(3,4-dihydroxyphenyl)propanoic acid, and b-D-
fructofuranose, show stable bindings to the M2 ion channel during
simulation. This research implied new potential compounds for
influenza treatment. Furthermore, MD analysis on M2–ligand
conformations determined the key M2 residues for stabilizing
inhibitors. This discovery provides insights to target-specific drug
design.
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