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The recent HIN1 (swine) influenza pandemic highlighted the urgent need of having effective anti-viral strategies. In
addition to neuraminidase inhibitors, there is another class of anti-viral drug known as M2 inhibitors that were, in the past,
effective in treating seasonal influenza. However, due to the emergence of M2 inhibitor-resistant influenza viruses, this class
of drugs was not recommended for clinical usage in the latest influenza pandemic. In order to identify novel M2 inhibitors,
we have performed molecular docking using a traditional Chinese medicine database (http://tcm.cmu.edu.tw/index.php).
Docking and subsequent de novo designs gave 10 derivatives that have much better docking results than the control. Of these
10 derivatives, the top three, methyl isoferulate_1, genipin_1 and genipin_2, were selected for molecular dynamics
simulation. During the simulation run, the top three derivatives all had stable interactions with M2 residues, Ser31 and
Ala30. Methyl isoferulate_1 also has stable interaction to His37. Therefore, we recommend these three derivatives for

further biomolecular experiments and clinical studies.
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1. Introduction

The influenza virus contains an M2 proton channel that is
essential for the viral replication cycle. In addition to two
viral surface glycoproteins, haemagglutinin and neurami-
nidase, that are important in viral entry and viral release,
M2 is the third class of membrane protein that activates at
low pH and allows protons to enter the viral interior [1].
The influx of protons into the viral interior facilitates the
dissociation of M1 matrix protein from viral RNA, which
is crucial for the subsequent release of viral genome into
the cytoplasm [2]. In terms of structure, M2 is a small,
tetrameric protein that consists of a short N-terminal, a C-
terminal tail and a transmembrane domain known to be
responsible for proton transport [3,4].

In the past, adamantane-based M2 inhibitors were used
to treat seasonal influenza. However, the prevalence of
adamantane-resistant virus in recent influenza HINI1
pandemics has greatly curtailed the effectiveness of this
class of anti-viral compounds [5,6]. Nevertheless, the
recent emergence of neuraminidase inhibitor-resistant
influenza viral strains has called attention to the need for a
novel anti-viral strategy [6], and hence, research for novel

M2 inhibitors is as important as for new neuraminidase
inhibitors [7].

In the hope of finding novel M2 inhibitors, we
introduced a traditional Chinese medicine (TCM) database
(http://tcm.cmu.edu.tw/index.php) into our research.
Natural products, generally, have a large chemical
diversity, thereby could be a great source for searching
novel lead compounds. Furthermore, in the past, several
novel anti-cancer or anti-inflammatory compounds have
been discovered from medicinal plants [§—10]. Overall,
we based our research on structure-based techniques and
performed molecular docking and molecular dynamics
(MD) simulation. Both molecular docking and MD
simulation techniques were successfully implemented in
drug design [11-20], and we have already used these
techniques for drug design before [21-41].

2. Materials and methods
2.1 Molecular docking

The TCM ingredients obtained from the TCM database
were docked into the M2 protein crystal. The starting M2
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Table 1. Top six candidates and the control, amantadine.

Binding
Name Dock score energy (Kcal/Mol) Ludil Ludi2 Ludi3 — PMF04 Jain
Quinic acid 42.95 —166.976 417 357 345 —-9.21 2.93
Genipin 42.18 —107.598 417 362 320 —12.8 2.27
Syringic acid 41.60 —107.968 269 292 426 76 0.05
Cucurbitine 39.94 —130.047 348 305 291 17.17 3.82
Fagarine 39.39 —57.6988 324 297 590 68.95 2.37
Methyl isoferulate 38.68 —126.665 383 340 317 —3.86 1.33
Amantadine 33.87 —49.0867 235 274 243 -29 0.71

crystal structure was downloaded from the Protein Data
Bank (PDB code: 3C9J) [42]. This high-resolution
crystallographic structure solved by Stouffer et al. [42]
has amantadine in the M2 protein in which the drug
physically occludes the pore. Amantadine binding site is
surrounded by residues (Val27, Ala30, Ser31 and Gly34)
that are often mutated in the amantadine-resistant viral
strains [43]. We, therefore, set the amantadine binding
location in the crystal as our docking site.

The LigandFit program of Discovery Studio 2.5
0.9164 (Accelrys, Inc., San Diego, CA, USA) was used to
dock the TCM ingredients. In preparation for docking, all
water molecules were removed from the protein.
Forcefield of Chemistry at Harvard Macromolecular
mechanics (CHARMm) was applied on both the TCM
constituents and amantadine before docking.

The scoring function outputs of amantadine were used
as control. The docking results of other TCM constituents
were then compared with the scores maintained.
Compounds with docking scores higher than the control
were taken for de novo evolution.

2.2 De novo evolution and Lipinski’s Rule of Five

Compounds with higher docking scores than amantadine were
chosen from the previous step. The Ludi algorithm is used in
the de novo design. Fragments from the Ludi-formatted
libraries are fitted into the interaction sites calculated by the

Ludi algorithm [44], and fragments with high Ludi score are
fused or linked to the existing TCM scaffold.

Derivatives generated from de novo evolution were
first screened with Lipinski’s Rule of Five before being
docked back to M2 protein. Lipinski’s Rule of Five is a
general guide for evaluating drug likeness [45].

2.3  MD simulation

Selected M2-derivative complexes were chosen for MD
simulation using Standard Dynamics cascade of Discovery
Studio 2.5. Each system was pre-applied with CHARMm
force field and then energy was minimised with 500 and 500
steps of steepest descent and conjugate gradient minimis-
ation. The system was heated to 310K for 20 ps before
entering 100 ps of equilibration phase. The production phase
was conducted for 40ns on a NVT ensemble at 310K. A
SHAKE algorithm was applied, and the step size was set to
2 fs throughout the entire simulation run. The non-bonded
interaction cut-off was set at 10/08, while spherical cut-off
was used to calculate long range electrostatics. The
trajectory snapshots were saved every 20 ps.

3. Results and discussion
3.1 Docking and de novo design

Compounds from the TCM database were docked into the
amantadine binding site suggested by Stouffer et al. [42].

Table 2. Top 10 derivatives obtained from docking of de novo products.

Binding
Name Dock score energy (Kcal/Mol) Ludil Ludi2 Ludi3 — PMF04 JAIN
Methyl isoferulate_1 57.17 —152.088 613 495 563 10.67 2.61
Genipin_1 55.61 —161.667 593 491 447 —-9.82 3.47
Genipin_2 54.84 —128.943 600 508 464 —7.48 3.69
Methyl isoferulate_2 54.64 —143.905 654 500 539 15.14 1.71
Genipin_6 53.60 —136.371 519 445 407 —4.91 3.73
Genipin_3 53.00 —169.56 548 465 434 —8.82 4.16
Limettin_9 52.49 —85.3504 492 436 426 14.2 343
Limettin_7 52.24 —87.649 399 349 445 22.51 1.76
Genipin_4 52.21 —144.255 505 430 395 —4.69 2.04
Genipin_8 51.72 —103.383 471 419 373 —-9.72 391
Amantadine 33.87 —49.0867 235 274 243 -2.9 0.71
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2D structure of control amantadine and the top three

Amantadine that co-crystallised with the M2 protein was
extracted from the crystal and was re-docked back to the
protein to evaluate the binding pose and binding affinity.
Dock Score implemented in DS 2.5, which evaluates
ligand and receptor interaction energies, was used to rank
the screening results. The screening results of amantadine
and the top six TCM ingredients are shown in Table 1. All
the top six TCM ingredients have dock score and the
binding energy higher than the control, amantadine.

We have taken the docked TCM ingredients to generate
derivatives. To screen out compounds that may have poor
oral bioavailability, derivatives were first screened with
Lipinski’s Rule of Five, before being docked back to M2
protein. Derivative docking results are summarised in
Table 2. All the top 10 derivatives have elevated dock
scores and low binding energy than amantadine and their
parent compounds. The 2D structures and docking poses
of the top three derivatives and the control are shown in
Figures 1 and 2. The alignment of the top 10 derivative
docking conformations is shown in Figure 3. All of the
genipin derivatives have very similar binding confor-
mation, as shown in Figure 3(b). This is a great contrast to
limettin derivatives, in which each compound has very
distinct binding conformation (Figure 3(c)).

By comparing the docking conformations of the top
derivatives with the control, it is clear that there are no
hydrogen bonds formed between the amantadine and the M2

f %Ser 31
g

Figure 2. Docking conformations of (a) amantadine, (b) methyl isoferulate_1, (c) genipin_1 and (d) genipin_2.



protein, whereas several hydrogen bonds could be observed
between the derivatives and M2 residues (Figure 2). As
shown in Figure 2(b)—(d), methyl isoferluate_1, genipin_1
and genipin_2 all have hydrogen bond interactions with
Ala30 and Ser31. Methyl isoferulate_1, in particular, forms
interaction with His37, the residue responsible for the
activation and selectivity of the channel [46]. This

Figure 3. Alignment of all the top 10 derivative products. The
derivatives are divided by their parental compounds: (a) methyl
isoferulate, (b) genipin and (c) limettin.
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interaction may be responsible for the elevated dock score
of methyl isoferulate_1. Genipin_2 also has hydrogen
bonding interaction with Val27, another key residue in
amantadine binding site. Genipin_1 differs from genipin_2
in the addition of a methoxy group that can form hydrogen
bonding interaction with Ala30 of chain A. On other hand,
genipin_2 has an addition of hydroxyl group.

3.2 MD simulation

We selected the top three TCM derivatives for 40 ns MD
simulation. The root mean square deviations (RMSDs) of
the M2-amantadine and the M2-derivative complexes are
shown in Figure 4. The RMSD values of all the structures
were calculated by aligning all of the frames to the initial
production structures. The RMSDs plot shows that each
derivative complex reaches stability at a different time.
The ligand RMSDs graph, however, shows that the TCM
derivatives are relatively stable during the course of MD
simulation (Figure 4). Thus, it is most likely that the large
fluctuations in molecule RMSDs could be due to protein
movement, but not changes in ligand conformations.

A summary of all the hydrogen bonds formed during
the MD simulation is shown in Table 3. The main scaffold
of amantadine is derived from adamantane, which is
extremely hydrophobic. Therefore, it is not surprising for
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Figure 4. RMSDs of the M2-ligand complexes (top) and the
ligands (bottom). The unit is in angstrom (A).
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Table 3.  Summary of hydrogen bonds formed during the 40 ns MD simulation.
Max. distance (A) Min. distance (;\) Ave. distance (A) % of occupancy

D:Ala30 O — Amantadine H12 3.98 1.93 2.77 32.30
D:Ala30 O — Amantadine H13 3.86 2.02 2.90 22.95
A:Ser31 HG — Methyl isoferulate_1 024 2.37 1.70 2.33 72.75
A:Ser31 OG — Methyl isoferulate_1 H25 2.85 1.66 1.99 99.20
D:His37 HD1 — Methyl isoferulate_1 O7 322 1.62 1.95 99.95
C:Ala30 O — Methyl isoferulate_1 H43 3.25 1.82 242 67.10
C:Ser31 HG — Methyl isoferulate_1 O18 3.50 2.38 2.92 0.45
A:Ala30 O — Genipin_1 H12 3.49 1.86 2.50 54.25
D:SER31 OG - Genipin_1 H27 4.45 1.85 3.44 10.35
A:Ser31 HG — Genipin_1 026 3.49 1.73 2.22 91.50
D:Ser31 HG — Genipin_I1 026 4.29 2.00 2.72 18.80
D:Ser31 OG — Genipin_2 H12 293 1.69 2.07 98.05
D:Ala30 O — Genipin_2 H44 2.47 1.61 1.87 100.00
A:Ser31 HG — Genipin_2 O11 2.79 1.77 2.27 95.45

amantadine to have a relatively few hydrogen bonds
(Figure 5). All other derivatives have more ionisable sites
that favour hydrogen bonding interactions with M2.

451(5) [— D:Ala30 O - Amantadine H12 — D:Ala30 O - Amantadine H13 |
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g 35 il | I
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Figure 5. Hydrogen bonds formed between amantadine and M2
residues. The distance unit is in A.
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Figure 6. Hydrogen bond distance (unit in A) of interactions
formed during the 40 ns MD simulation.

For methyl isoferulate_1, five hydrogen bonds were
observed during the course of simulation. Hydrogen
bonding to Ser31 of chain A and His37 of chain D appears
to be most stable during the simulation. The hydrogen
bonding interaction of methyl isoferulate_1 with Ser31
of chain C was originally thought to be negligible, until
a detail examination of the hydrogen bonding pattern
(Figure 6), which shows this hydrogen bond interaction
was maintained during the production run at an average
distance of 2.92 A. For Genipin_1, four hydrogen bond
interactions were observed with the interaction with Ser31
of chain D being the most interesting one (Figure 7). This
interaction was found at the beginning of the simulation,
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Figure 7. Distance (unit in A) of hydrogen bonds formed
between M2 residues and genipin_1 during the 40ns MD
simulation.
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Figure 8. Hydrogen bond interactions formed between M2 and
genipin2 during the 40 ns simulation. The distance unit is in A.

but was diminished after 8ns. For Genipin_2, all
interactions are found to be between Ser31 and Ala30
(Figure 8). All these results demonstrate that the
derivatives are able to bind more tightly than amantadine
to M2 protein and have great potential to become clinical
M2 inhibitors.

4. Conclusions

Our docking and MD simulation gave 6 TCM compounds
and 10 TCM derivatives that serve high potential for being
M2 inhibitors. TCM derivatives, methyl isoferulate_1,
genipin_1 and genipin_2 all have docking results better
than amantadine and already have several hydrogen
bonding interactions with key residues Ser31 and Ala30
prior to docking simulation. MD simulations of the top
three derivatives show that interaction with Ser31 and
Ala30 was maintained throughout the simulation time. In
addition, methyl isoferulate_1 also has interaction with
His37, which is critical for proton selectivity. All these
results suggest that the top three derivatives mentioned
before could be potential M2 inhibitors.
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