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A B S T R A C T

To understand how antiviral drugs inhibit the replication of influenza A virus via the M2 ion channel,

molecular dynamics simulations have been applied to the six possible protonation states of the M2 ion

channel in free form and its complexes with two commercial drugs in a fully hydrated lipid bilayer.

Among the six different states of free M2 tetramer, water density was present in the pore of the systems

with mono-protonated, di-protonated at adjacent position, tri-protonated and tetra-protonated systems.

In the presence of inhibitor, water density in the channel was considerably better reduced by rimantadine

than amantadine, agreed well with the experimental IC50 values. With the preferential position and

orientation of the two drugs in all states, two mechanisms of action, where the drug binds to the opening

pore and the histidine gate, were clearly explained, i.e., (i) inhibitor was detected to localize slightly closer

to the histidine gate and can facilitate the orientation of His37 imidazole rings to lie in the close

conformation and (ii) inhibitor acts as a blocker, binding at almost above the opening pore and interacts

slightly with the three pore-lining residues, Leu26, Ala30 and Ser31. Here, the inhibitors were found to

bind very weakly to the channel due to their allosteric hindrance while theirs side chains were strongly

solvated.

� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, pandemics of influenza virus A subtype H5N1
have caused more fatalities in humans and animals worldwide,
resulting in temporary debilitation, with significant economic
consequences [1–3]. An important and growing problem of
resistance to anti-influenza virus drugs calls for the need to
eventually develop more effective therapies for this viral subtype.
The main goal of this study is to understand known drug-target
interactions as well as related properties at the molecular level,
which is the key to success in designing and discovering new and
more potent inhibitors.

The surface membrane proteins of the influenza virus A consist
of three important components, hemagglutinin, neuraminidase,
* Corresponding author. Tel.: +66 22 187602; fax: +66 22 187603.
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and M2 channels [4]. The M2 channel is a homotetrameric protein
consisting of 97 residues per subunit. Each subunit comprises an
extracellular N-terminal domain (24 residues), a transmembrane
(TM) domain (19 residues), and an intracellular C-terminal domain
(54 residues) [5–7]. The viral M2 protein functions as a proton
selective channel which is activated by low pH environments as
found in endosomes [8]. The main functional machinery of the
proton-selective M2 channel is believed to lie within the TM helical
bundle that exhibits proton conductive activity [9]. In the TM
region, the ionizable His37 acts as a proton selectivity with the
indole side chain of Trp41 acts as a proton gate to occlude the pore.
A structural information for M2-TM has been achieved by Fourier
transform infrared spectroscopy [10], solid-state NMR spectro-
scopy [11–13], UV resonance Raman spectroscopy [14], electron
spin resonance [15], cysteine mutagenesis [16], and molecular
dynamics simulations [17].

Based on a tetrameric channel, the protonation on histidine
tetrad has been identified into different possible states [18]. In
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terms of pH estimations, the M2 channel shows pH > 7 for the two
states with neutral histidine (0H) and histidine dimer (2Hd),
representing the closed channel state. Conversely, the acid
activation at pH < 7, such as tri-protonated (3H) and fully-
protonated (4H) histidine tetrad, reveal the opening form feature.
These are suggested by the 15N NMR spectra [19].

Accordingly, two hypothetical mechanisms, proton shuttling
[16] and swinging door [20], have been proposed for the M2 proton
conduction. In shuttling mechanism, one of the His37 tetrad is
necessarily protonated in which an imidazole nitrogen atom is
firstly protonated and then another nitrogen atom at the same
His37 releases its proton to the interior of the virus. For the
swinging mechanism, protons can pass through the water-filled
channel due to the electrostatic repulsion between positively
charged histidine imidazole rings.

Amantadine (1-aminoadamantane hydrochloride) and riman-
tadine (a-mehyl-1-adamantane methylamine hydrochloride), an
amantadine analogue, are commercial drugs (Fig. 1c) used for the
prophylaxis and treatment of influenza A [21,22] by inhibiting the
ion-channel activity of the M2 protein [23–26]. However, the
mechanism of how they interact with the M2 protein is still
controversial. Conventionally, a hypothesis of inhibition invokes
interactions of the drug with the mount of the M2 pore, in which
the inhibitor behaves as a ‘blocker’ [25,27,28]. In this view, the
adamantyl group interacts with Val24 and Ala27 via van der Waals
interactions, while the charged amine group hydrogen bonds with
Ser31. Alternatively, Pinto and co-workers [16,29] proposed
another model: that amantadine binds to a location deeper in
the channel and its ammonium group hydrogen bonds with the
His37 side chain. Binding of the drug is supposed to block proton
channel activity by displacing water molecules that are essential
for proton conduction. It may act as an allosteric inhibitor binding
outside the pore region, which consequently leads to the
conformation changes of the channel from the open state to
closed state [30,31]. 1H NMR spectroscopy data showed that
amantadine interacts weakly with the liposomes, suggesting a
mechanism by which it may first bind to the lipid bilayers and then
block target channels after diffusion across the membrane surface
[32]. Recently, 15N CPMAS NMR spectroscopy was used to study
the effect of amantadine binding to the His37 side chain as a
function of pH, implying a mechanism whereby amantadine
interferes with the histidine facilitation of proton conductance
[33]. In addition, the MS-EVB simulation indicated that the triply
Fig. 1. Schematic of M2 channel and its inhibitors. (a) Side view of the M2 channel with Le

and (c) the two inhibitors, where the distance scale L was used for the density plot show

respectively.
protonated His37 state is the most likely open state with the
estimated pH value of 5.5 and amantadine can reduce the proton
conductance by 99.8% where its primary binding site to the M2
channel is Ala29 [34].

The controversial question above, how drugs inhibit the M2
proton channel, is the ultimate goal of this study. Thus, molecular
dynamics simulations in a fully hydrated lipid bilayer were carried
out, starting from the experimentally determined NMR structures
of the M2 protein with six possible histidine gate protonation
states and their complexes with two inhibitors. The results were
monitored in terms of inhibitor–solvent and inhibitor–protein
interactions, aiming to understand characteristics of the inhibitors
in preventing proton transport through the M2 channel.

2. Computational methods

2.1. Initial structure of the M2 helix bundle and its complexes

The NMR structures of the M2 channel without and with
amantadine taken from the Protein Data Bank [PDB entry codes:
1NYJ [12] and 2H95 [33]] were used for the initial M2 helix bundle
for the free enzyme and two M2-inhibitor complexes, respectively.
The amantadine coordinates are unavailable in the PDB structures
[33]; therefore, molecular docking was then applied using the
program Autodock 3.0 [35] to generate an initial structures of both
M2-amantadine and M2-rimantadine complexes for MD simula-
tions.

2.2. Molecular dynamics simulations

Due to the lack of experimental data on the protonation state
(PS) of the histidine residue of the tetra-M2 helix bundle, the
simulated systems were constructed for six possible states of the
four histidine residues, namely, non-PS (0H), single PS (1H), double
PS at adjacent (2Ha) and diagonal (2Hd) positions, triple PS (3H),
and quadruple PS (4H). Therefore, eighteen different simulations,
six of free forms and twelve of complexes with amantadine and
rimantadine, were taken into consideration.

Each system was separately built according to the designed
protonation state of the M2 channel with/without inhibitor as
described above and then was inserted into a pre-equilibrated lipid
bilayer, initially made up of 80 molecules of 1-palmitoyl-2-oleoyl-
sn-glycerol-3-phosphatidylcholine (POPC) lipid [36] embedded in
u26, Ala30, Ser31, His37 and Trp41 residues, (b) top view of the M2 protein channel,

n in Fig. 2. L = 14 and 50 Å denote coordinates of the ends of the N- and C-terminals,
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2440 molecules of FLEXSPC water [37]. The simulated systems
were neutralized by counterions and the solvated box dimensions
were set to 60 Å � 60 Å � 70 Å.

The simulations were carried out using the GROMACS 3.2.1
package [38] with the GROMACS force field [39], and Dundee
PRODRG2 [40] was used to generate the inhibitor’s topology file.
The whole structure was minimized by the steepest descent
algorithm. In the next stage, the system was equilibrated for 0.5 ns
with position restraints on the protein atoms to improve the
packing of lipids around the protein, following by an 8 ns MD
simulation. The structural coordinates from simulations were
saved every 0.5 ps for analysis.

For all simulations, the periodic boundary condition with the
NPT ensemble was employed. The LINCS algorithm [41] was
applied to constrain bond lengths and angles involving hydrogen
atoms, and a 2 fs time step was used. Systems were coupled
separately to a Berendsen temperature bath [42] at 310 K, using a
coupling constant tT = 0.1 ps. The pressure of 1 bar was kept
constant by semi-isotropic coupling of the system to a Berendsen
pressure bath [42]. Long-range interactions were involved within a
twin-range cutoff: 1.2 nm for van der Waals interactions, and
1.2 nm for electrostatic interactions computed using the Particle
Mesh Ewald (PME) algorithm [43]. The analysis phase was from
4 ns to 8 ns, in which the convergences of energies, temperature,
pressure, and global root mean square displacement (RMSD) were
used to verify the equilibrium of the systems.

3. Results and discussion

3.1. Water transport through the M2 channel

Water transport was monitored in terms of water density
across the M2 channel where L = 14 Å starts from the N-terminal
Fig. 2. Water density plots for free M2 and its inhibitor complexes. Water density

along the M2 channel (see Fig. 1 for the definition of the distance L) for free M2 and

its complexes with amantadine and rimantadine in the 6 protonation states (0H,

1H, 2Ha, 2Hd, 3H, and 4H), where the filled areas (dark gray for amantadine and

light gray for rimantadine) represent distributions of the inhibitor’s coordinates

along the channel and the vertical dashed lines indicate average positions of the

four alanines (Ala30) and four histidines (His37).
(see Fig. 1). To understand the movement of the inhibitors and
their locations relative to the histidine gate and pore lining Ala30,
distributions of inhibitors as well as the average coordination of
the protonated and non-protonated histidine and four alanines
were also plotted in Fig. 2.

Without the inhibitor, water density for the 0H state (Fig. 2, top
panel, dashed line) decreases exponentially and approached zero
at �28 Å, then starting to increase at �40 Å. This character, which
is also true for 2Hd state, indicates a solvent free-region where
water cannot penetrate through the channel. In conclusion, among
the six states of M2 in free form, water transport was observed to
take place in the 1H, 2Ha, 3H and 4H states. A discrepancy was
found in comparison with the previous MD results for free M2
channels [18], in which water was also detected to move through
the channel in the 2Hd state. For clarification, consider the fact that
water transport can take place in the M2 channel only at pH < 7
[23,44–47], for high protonation states of the histidine gate. It was
recently found using NMR measurements that the 2Hd states yield
a pH of 7.3 [19]. This datum supports our finding clearly.

For the M2-inhibitor complexes, non-zero water densities were
noticeably found in the 2Ha, 3H and 4H states of the amantadine
complexes and slightly detected in the 2Hd state of the
rimantadine system (Fig. 2). This leads to the clear conclusion
that water was better inhibited by rimantadine than amantadine.
This fact was strongly supported by the experimental evidence in
which the IC50 value of 0.98 � 0.10 mg ml�1 for M2-rimantadine is
over 10-fold lower than that of 13.8 � 1.7 mg ml�1 for the M2-
amantadine complexes [48]. In addition, the observed decrease of
water density in the 3H state of the amantadine complex agrees well
with that reported using MS-EVB study [34].

In terms of inhibitor mobility in the M2 channel, it was shown
by the distribution plot of the inhibitors (filled areas in Fig. 2) to be
localized at specific binding sites of the M2 channel. It can be also
seen from the plots that distance from the pore (N-terminal) of the
channel to the inhibitor’s center of mass (Ddept) depends directly
on the protonation state of the protein, i.e., the inhibitors were
observed, somehow, to be located deeper in the channels of lower
protonation states. This fact can be described by an increase of the
Fig. 3. Radial distribution functions, g(r). Plots of g(r) from nitrogen atoms of

amantadine (black) and rimantadine (gray) to oxygen atoms of water. First-shell

coordination numbers integrated up to the first minimum (marked by an arrow) are

indicated.
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repulsive interaction due to an increase of positive charge on the
histidine gates of the higher protonation states. However, no
relation can be inferred regarding the Ddept values of the two
inhibitors. Amantadine can approach closer to the histidine gate
for the 0H and 2Hd states, while rimantadine is closer for the 1H
and 2Ha states (the average position of histidines is shown by
vertical dashed lines in Fig. 2). Excluding the 4H system, where the
inhibitors were found to locate almost above the opening pore,
interest is focused on the 2Ha, 2Hd and 3H states, in which non-
zero water densities were found beyond the distribution of the
inhibitor’s coordinates. In other words, water was observed to
penetrate through the inhibitors. An answer to this fact relates
directly to the inhibitor–solvent and inhibitor–protein interac-
tions, which are described in the next sections.

3.2. Inhibitor–solvent interaction

The inhibitor–solvent interaction was monitored in terms of
atom-atom radial distribution functions (RDFs), expressed as gij(r),
the probability of finding a particle of type j in a sphere of radius, r,
around a particle of type i. Fig. 3 shows RDFs centered on the N
Fig. 4. Density of M2 inhibitor center of mass. Frequency (vertical axis) of center of mass

projected onto the square (xy-plane) formed by the four Ca atoms (represented by cyl
atoms of inhibitor side chains and the O atoms of water. The
corresponding first-shell coordination numbers integrated up to
the first minimum are also indicated. All plots show a first sharp
peak at �3 Å, indicating that side chains of both inhibitors were
firmly solvated. No significant difference was found in terms of the
peak position. A clear conclusion can be drawn regarding the first
shell coordination numbers. Excluding the 4H state, the number of
water molecules around the amantadine side chain is significantly
higher than for rimantadine, i.e., the RDF data provide clear
evidence that amantadine is solvated by more water molecules
than rimantadine.

3.3. Mobility of the inhibitor in the M2 channel

In addition to determining the depth to which inhibitors can
penetrate into the channel (Section 3.1 and filled areas shown in
Fig. 2), we also determine their locations in the lateral x and y

dimensions. In Fig. 4, the center of mass of the adamatane group
(excluding the side chains) is projected onto the square formed by
the four Ca atoms of the histidine tetrad, leading to the following
conclusions: (i) all peaks are sharp and pronounced, located away
locations from the twelve simulated systems of (a) amantadine and (b) rimantadine

indrical tubes) of the histidine tetrad.
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from the center of the xy-plane. This indicates localization of the
inhibitors close to the residues of M2. This finding agrees well with
the inhibitor–protein interaction data described in Section 3.4. (ii)
The plots for rimantadine are slightly broader than those for
amantadine. This confirms the N–O RDFs shown in Fig. 3, where
amantadine side chain was found to bind more strongly to the
solvated water molecules compared with rimantadine, thus
allowing the solvated rimantadine to move more freely without
carrying any nearest-neighbor water molecules.

3.4. Inhibitor binding site in the M2 channel

The number and percentage of hydrogen bonds between
inhibitor molecules and the protein were investigated separately
for the 4 units of the M2 tetramer. The bonds are defined by the
default of the GROMACS program, i.e., proton donor–acceptor
distance �3.5 Å and donor–H–acceptor bond angle �1208. The
results are shown in Fig. 5.

Again, the 4H state was not taken into consideration. As shown
in Fig. 5, the plots lead to the following conclusions: (i) the
Fig. 5. Hydrogen bond occupations between M2 residues and inhibitors. The

hydrogen bond occupation between M2 residues and the inhibitors amantadine

(black) and rimantadine (gray) for the ten simulated systems, where I–IV denote the

four units of the M2 protein tetrad.
inhibitors were found to form hydrogen bonds with four binding
sites, located at the opening pore residues (Lue26, Ala30 and Ser31)
and the histidine gate (His37). Interestingly, Leu26 Ala30 and
Ser31 are the three residues previously associated with resistance
to amantadine [12,23,49,50]. (ii) As expected, the inhibitors were
observed to bind very weakly to the channel due to their allosteric
hindrance. The strongest hydrogen bond is formed between the
imidazole ring of His37 and the ammonium group of the inhibitor
in the 0H-amantadine and 1H-rimantadine complexes, with �55%
occupation. (iii) More hydrogen bonds and a higher percentage
occupation were formed in the less protonated complexes, 0H and
1H, than in the more protonated complexes, 2Ha, 2Hd and 3H. This
is due to the effect of repulsion between the –NH3

+ groups of
inhibitors and the positively charged imidazole ring of histidine in
the more protonated systems, which contained a larger amount of
protonated His37. The observed data are directly related to the
distance from the pore (N-terminal) of the channel to the
inhibitor’s center of mass, Ddept, as shown in Fig. 2. (iv) An answer
to the previously mentioned question of why water was better
inhibited by rimantadine than amantadine is indicated by very
weak hydrogen bonding in the 2Ha and 3H states (Fig. 5). For 2Ha
state, rimantadine was detected to be localized slightly closer to
histidine gate compared with amantadine (see distributions of the
inhibitors in Fig. 2) and can facilitate the orientation of His37 to
close the channel. The influence of the inhibitors on the His37
orientation can be obviously exhibited by the protein-amantadine
(0H state) and protein-rimantadine (1H state) configurations as
mentioned in (ii). This finding agrees well with the mechanism
proposed by Pinto et al. based on results from the cysteine
scanning mutagenesis technique [31,47] which stated that
inhibitor binding to the His37 side chain can interfere with the
histidine facilitation of proton conductance. The proposed
mechanism was also supported by the NMR results published
recently by Hu et al. [33].

Besides the above mechanism, an alternative mechanism was
indicated by the interaction between inhibitors and three opening
pore residues, Lue26, Ala30 and Ser31, which are located
approximately 5 Å from the N-terminal (see also Fig. 1a). Binding
to either Ala30 or Ser31 was detected in almost all states of the
drug-blocked complexes while the binding of Leu26 was only
observed in 3H-rimantadine system as shown in Fig. 5. This
mechanism agrees well with a hypothesis that the inhibitor acts as
a blocker by interacting with the mouth of the M2 pore [25,27].
However, referring to the lower inhibition of amantadine than
rimantadine in the 2Ha state (see Fig. 2), this inhibition mechanism
could have a lower efficiency compared with that where inhibitor
binds with the histidine gate. A clear picture of the two
mechanisms and detailed descriptions are given again in Fig. 7
and Section 3.5, respectively.

3.5. Orientation of inhibitor in M2 channel

The orientation of the inhibitor embedded in the channel was
visualized in terms of the distribution of an angle u (see inset of
Fig. 6). The angle was defined by two vectors, of which one points
along the C–X bond, where X denotes an N atom for amantadine
and a C1 atom for rimantadine (see Fig. 1), and the other lies
parallel to the channel and points from the N- to the C-terminal of
the M2 protein. The second vector is parallel to the line connecting
between the center of the two squares formed by the Ca atoms of
the 4 histidines (His37) and the 4 tryptophans (Trp41), respec-
tively, i.e., it lies parallel to the channel and points from the N- to
the C-terminal of the M2 protein. For simplicity, the second vector
was termed the channel axis. The results are shown in Fig. 6. By
definition, this means that the inhibitor points its side chain along



Fig. 6. Orientation of the inhibitors. (a) Distribution of the angle u, defined in (b) by 2

vectors, of which one points along the C–X bond (where X = N and C for amantadine

and rimantadine, respectively) and the other points parallel to the M2 channel from

the N- to the C-terminal (see text for details).

Fig. 7. Position and orientation of inhibitors in M2 channel. Sketches showing the

position and orientation of (a) amantadine and (b) rimantadine as summarized

from Figs. 2 and 4–6 (see text for details).
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the channel in the direction to the C- or N-terminal for u = 08 or
1808, respectively.

The plots show very clearly that the two inhibitors in the 0H and
1H states were found to point their side chains in the direction
toward the C terminal, and maxima of the peaks appeared at
u < 908. At higher protonation states, an increase of partial charges
on the His37 groups leads to a reorientation of the inhibitors as can
be seen of both inhibitors in 3H state. As shown in Fig. 6, the
transition from u < 908 to u > 908 was observed in the 2Ha-
amantadine and 2Hd-rimantadine. The change of the rimanta-
dine’s orientation leads us to understand that symmetrical 2Hd
diprotonation generates a stronger repulsion of the inhibitor side
chain than the asymmetrical 2Ha state. In addition, an easier
reorientation of amantadine (at the 2Ha state) than rimantadine
(at the 2Hd state), could be due to the lower steric effect of its –
NH3

+ side chain in comparison with –CHCH3NH3
+ of rimantadine,

especially when were embedded in a limited space in the M2
channel.

To clearly monitor the above observations in detail, the
positions and orientations of the inhibitors were carefully
determined from Figs. 2 and 4–6. They were sketched relative to
the positions of the four binding residues of the M2 protein, Lue26,
Ala30, Ser31 and His37. The results are given in Fig. 7. Let us
consider amantadine in the 0H state as an example. It was found in
Fig. 2 to be located between Ser31 and His37 at L � 16 Å from the
mouth of the pore and �5 Å above the His37. Its position (Fig. 4) is
not at the center of the M2-channel, i.e., not at the center of the xy

plane defined in Section 3.3. It was also shown in Fig. 5 to form
hydrogen bonds with His37. In addition, its side chain was
observed in Fig. 6 to preferentially point to the N terminal with
u = 208, according to the maximum of the distribution plot in Fig. 6.
With the same procedures, schematic representations of the
position and orientation of the two inhibitors in the M2 channel are
portrayed in Fig. 7.

Besides a clear understanding of the preferential position and
orientation of the two inhibitors for the different protonation
states of the M2-protein channel, the two mechanisms of action
where drugs bind to the opening pore and the His37 gate were
clearly displayed (see discussion in the last part of Section 3.4).

4. Conclusions

We have performed MD simulations on the six possible His37
protonation states of the proton-selective M2 tetrameric channel
in free form and complexed with two inhibitors, amantadine and
rimantadine, in a fully hydrated lipid bilayer. The results indicate
that water density in the channel was noticeably reduced by the
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inhibitors, especially in the M2-rimantadine complex. The
observed data agrees very well with the experimental IC50. In
term of drug-target binding, the simulated results was supported
by the two previously proposed mechanisms of action of the
inhibitors that drug molecules are likely to bind within either the
inner cavity or the external mouth of the channels. The two
corresponding binding sites of the inhibitors in the M2 channel are
near the histidine gate (His37) and the opening pore residues
(Leu26, Ala30 and Ser31). In both important regions, the simulated
data imply a mechanism by which the inhibitor localizes and
interacts weakly with the side chains of the binding site residues.
This will, consequently facilitate the orientation of these side
chains to lie almost perpendicular to the inner surface of the
channel. The proposed mechanisms provide a clear description
toward an ultimate goal of this study, to explain how drugs inhibit
proton transport in the M2 protein channel.
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