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Abstract The pH activated M2 H+ channel from
inXuenza A has been a subject of numerous studies due to
following: (1) It serves as a target for the aminoadamantane
drugs that block its channel activity. (2) M2’s small size
makes it amenable to biophysical scrutiny. (3) A single his-
tidine residue is thought to control the pH gating of the
channel. Recent FTIR analysis proposed that the helices of
the channel rotate about their directors during pH activa-
tion. Herein, we report on molecular dynamics simulations
of the X-ray structure of the protein with three charged his-
tidine residues, representing the open form of the protein
and two rotated forms with neutral histidines, representing
its closed form. We compare the channel stability, conver-
gence, interaction with water and hydration of the histidine
residues that have been implicated in channel gating. Taken
together, we show that both forms of the protein are stable
during the course of the MD simulation and that indeed a
rotation of the helices leads to channel closure. Finally, we
propose a mechanism for channel gating that involves pro-
tonation of the histidine residues that necessities their
increased solvation.

Keywords Ion channel · InXuenza · Protein structure · 
Molecular dynamics · M2 channel

Introduction

M2 is a bitopic membrane protein that is essential for the
infectivity cycle of the inXuenza virus. The virus inserts
into the host via endocytotic uptake, where the M2 channel
enables the release of viral RNA into the host cell. M2 is a
homotetrameric protein with a transmembrane region that
forms a pH-activated H+ channel (Pinto et al. 1992;
Sakaguchi et al. 1997). When the endosome is acidiWed,
histidine residues in the transmembrane region of M2
become protonated, leading to the opening of the M2 chan-
nel and to a proton inXux from the endosome into the virus
interior (Wang et al. 1995). The acidiWcation of the virus
interior enables the release of the viral RNA into the host’s
cytoplasm after membrane fusion has taken place. The
replication of the inXuenza A virus can be stopped by
inhibiting the activity of the M2 channel, using antiviral
agents such as amantadine, thereby making M2 an impor-
tant drug-target (Hay et al. 1985, 1979).

Two theories have been brought forth to explain the con-
ductivity mechanism of the channel: gating (Sansom et al.
1997) and shuttling (Sakaguchi et al. 1997). In the gating
mechanism, water molecules penetrate the pore and form a
continuous proton wire that enables the conductance
(Brewer et al. 2001). The His37 residues are thought to pro-
tonate at low pH (5.5–6.0) and control the gating due to
their side-chains repulsion. In the shuttling mechanism, the
histidines are directly involved in the proton transfer mech-
anism through tautomerization or an imidazole ring Xip
(Lear 2003).

An experimentally derived structure of M2 based on
solid-state NMR data (ssNMR) was published in the year
2002 (Nishimura et al. 2002). In an attempt to determine
the channel’s mechanism, various computational studies
were performed on the ssNMR structure to explore its
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dynamics, gating mechanism, ion selectivity and inhibitor
binding properties (Yi et al. 2008; Chen et al. 2007; Kass
and Arkin 2005; Wu and Voth 2005; Im et al. 2003).

Recently, two more experimental structures of M2 have
emerged (both in detergent micelles): an X-ray structure by
DeGrado and colleagues (StouVer et al. 2008), and a solu-
tion NMR structure by Chou and colleagues (Schnell and
Chou 2008).

In a recent FTIR spectroscopic study, the angles between
ten isotopically labeled C=O groups and the membrane nor-
mal were measured for the M2 channel at low and high pH
(Manor et al. 2009). At low pH when the channel is open,
the measured angles were in very good agreement with the
observed angles of the ssNMR and X-ray structures
(Nishimura et al. 2002; StouVer et al. 2008). However, at
high pH when the channel is closed, the angles change sig-
niWcantly indicating the protein underwent a conformation
change.

Rigid body modeling of a single helix of the M2 struc-
ture based on the orientational data derived from the FTIR
study at low pH (Manor et al. 2009), was able to produce a
model of the protein that was indistinguishable from the
ssNMR and X-ray structures (Nishimura et al. 2002;
StouVer et al. 2008). However, modeling based on the
FTIR data collected at high pH, resulted in a diVerent struc-
ture. While the two structures shared the same helix tilt
angle, they diVered by their rotation about the helix axis by
roughly 129°.

2D IR linewidths analysis in the same study, pointed
towards a structural change of the channel in the pH switch,
as well (Manor et al. 2009). 2D IR linewidths revealed that
the accessibility of water to individual amino acids in the
pore oscillates similarly in high and low pH, but the phase
is shifted by one residue (i.e. 100°). This lead to an inter-
pretation that the pore may go through a conformational
change, so that it is lined with a diVerent set of residues in
each conformation, especially in its N-terminal transmem-
brane region (Leu26–Ala30).

Taken together, both linear and 2D IR spectroscopy have
independently suggested that the channel helices rotate by

100°–129° upon pH activation. The rotation makes His37,
among other residues, turn towards the helix–lipid inter-
face. Such conWguration leads to the following questions:
Wrst, how does histidine, a potentially charged amino acid,
reside in the lipid interface? Second, how is histidine con-
nected to the gating mechanism of the channel if it is buried
within the lipids? Third, what makes it rotate in order to
face the pore?

In this study, we use molecular dynamics (MD) to simu-
late the assumed open and closed forms of the channel
according to the above hypothesis, in an attempt to answer
some of these questions. We use the X-ray structure in a tri-
protonated form to simulate an open channel. In order to
simulate a closed channel, the histidines protonation state is
modiWed to be neutral, and each of the channel’s helices is
rotated about its axis by either 130° or by a 100° about their
axes as shown in Fig. 1. Analyses of these systems in terms
of stability, convergence, water conductivity and histidine
hydration is consistent with the channel state.

Materials and methods

Initial simulation setup

The initial structures used in this study were derived from the
experiential X-ray structure, solved in octyl-�-D-glucopyran-
oside micelles, at pH 7.3, PDB code: 3BKD (StouVer et al.
2008). It was used to generate three initial structures: (1) A
tri-protonated channel that is formed when three out of four
His37 residues are charged, emulating an open channel (Hu
et al. 2006). (2 and 3) Two structures in which the helices are
rotated by 100° or 130° about their director, representing a
closed form of the channel according to (Manor et al. 2009).

The principal axis of the helical bundle was aligned to
the bilayer normal, and the proteins were embedded in a
pre-equilibrated dimyristoylphosphocholine (DMPC) bilayer.
The bilayers initially had 128 lipids embedded in 3,687 mole-
cules of SPC water (Berendsen et al. 1987). Colliding lipids
were removed in range of 1 Å of the protein. After the

Fig. 1 A ribbon diagrams of the 
X-ray structure (StouVer et al. 
2008) and the two rotated 
structures, as indicated. Val27, 
Val28 and His37 are shown as 
indicated in the graph

X-ray Structure 100° rotation 130° rotation

H37

V28

V28

V27

V27
V27

V28

H37
123



Eur Biophys J (2010) 39:1043–1049 1045
automatic removal of lipids, a visual inspection was per-
formed, and lipids that clashed with the structure were manu-
ally removed. The original PDB contained crystal water
molecules that were kept during the simulation. However,
they appeared only as oxygen atoms, therefore, hydrogen
atoms were added. In addition, the residues of Selenomethio-
nine were changed to Methionine. Finally, in order to neu-
tralize the system charge for the electrostatic calculations,
Na+ counter-ions randomly replaced water molecules in the
system. The number of counter-ions was determined accord-
ing to the overall charge of the channel. For the neutral
closed channel, four Na+ ions were added, whereas for the
tri-protonated open channel, one Na+ ion was added.

Energy minimization and positional restraints

Each protein system underwent energy-minimization with
the conjugate gradient algorithm and a tolerance of
500 kJ mol¡1 nm¡1, followed by a minimization with the
Broyden–Fletcher–Goldfarb–Shanno algorithm using a
slightly reduced tolerance of 300 kJ mol¡1 nm¡1.

In order to prevent signiWcant perturbations when mov-
ing from the positional restrained system to full MD where
the atoms move freely, we used a gradual positional
restraints (PR) procedure. In the procedure, the force con-
stant constraining the protein and lipid atoms was gradually
decreased from 1,000 to 0 kJ mol¡1 nm¡2.

Two positional restraints protocols were attempted. For the
open channel, both lipid and protein restraints were decreased
in parallel. the procedure began by restraining the atoms using
a harmonic restraint, with a force constant of k = 1000 kJ
mol¡1 nm¡2 for 20 ps. Subsequent PR steps were run with a
lower force constant while linearly increasing the simulation
time to 100 ps at k = 0 kJ mol¡1 nm¡2. Furthermore, the force
constant was decreased by a smaller step size when the force
became less stringent, starting with a step size of �k = 10,
continuing with a step of �k = 5 at k = 200 kJ mol¡1 nm¡2 and
decreasing to �k = 1 from k = 100...0 kJ mol¡1 nm¡2.

For the closed channel, a shorter PR procedure was
applied. First, the protein was restrained while the lipid
atoms restraints were decreased from 1,000 to
0 kJ mol¡1 nm¡2 by steps of �k = 20. This step enabled the
solvation of the protein within the bilayer, so that the lipids
could close the gap created during the removal of lipids,
arranging in proper orientations around the protein. Second,
the protein’s restraints were decreased from 1,000 to
0 kJ mol¡1 nm¡2 by steps of �k = 10. The time of each step
was increased linearly as described above.

MD simulations

The diVerent systems were subjected to a 20 ns MD trajec-
tory. The simulations were conducted using version 3.3.1

of the GROMACS MD simulation package (Lindahl et al.
2001) employing an extended version of the united atoms
GROMOS87 force Weld (Hermans et al. 1984). The DMPC
force-Weld parameters were taken from (Berger et al. 1997).

All simulations were conducted using the LINCS algo-
rithm (Hess et al. 1997) to constrain bond lengths and angles
of hydrogen atoms, allowing for an integration time step of
2 fs. Atomic coordinates were saved every 10 ps. Simulations
were conducted at a constant temperature of 310 K. Solvent,
lipids and protein were coupled separately to a Nome–Hoover
temperature bath (Nome 1984; Hoover 1985), with a coupling
constant of � = 3 ps. The pressure was kept constant by a
semi-isotropic, Parrinello–Rahman pressure coupling
(Parrinello and Rahman 1981; Nome and Klein 1983) of 1 bar,
with a coupling constant of � = 1 ps. A cutoV of 1.2 nm was
used for van der Waals interactions. Electrostatic interactions
were computed using the PME algorithm (Darden et al.
1993), with a 1.2 nm cutoV for the direct space calculation.
The simulations contain approximately »100 DMPC lipids
and »3,600 water molecules in FLEXSPC model (Berendsen
et al. 1987). The total number of atoms was »16,200. The
number of atoms is not identical for all simulation systems
due to the diVerent instances of lipids and water molecules
that were removed in each bilayer insertion process.

Analysis

The simulations were visualized with the Visual Molecular
Dynamics (VMD) program (Humphrey et al. 1996). The
analyses were conducted using in-house VMD (Humphrey
et al. 1996) Tcl scripts and the GROMACS analysis
package (Lindahl et al. 2001).

Results and discussion

The rotation of the helices had caused several polar residues
in the protein to turn away from the pore. For example, in the
130° rotation, His37 faces the helix–lipid interface and Ser31
faces the helix–helix interface. In the 100° rotation, Ser31 is
oriented more closely to the pore, and His37 is closer to the
helix–helix interface, but still interacts with lipids. The rest
of the polar residues such as Arginines, Aspartates and Ser-
ines are located at the edges of the helices, and turn to lipid
head-groups interface mostly. Without His37 or Ser31 in the
pore, most residues of the pore are hydrophobic. The C-ter-
minus now contains a large concentration of bulky hydropho-
bic residues such as leucine and isoleucine.

Stability and convergence

The Wrst element that was examined for the three diVerent
simulation systems was the stability relative to the starting
123
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conWguration as measured by a C�-RMSD (Figure 2). The
tri-protonated channel based on the X-ray structure
diverged from the initial structure by »2 Å after 5 ns of
simulation and essentially remained stable for the next
15 ns of the simulation.

The rotated, neutral channels diverged more, as
expected. The channel that was rotated by 100° diverged by
a C�-RMSD of ca. 3.2 Å after 1.5 ns of simulation and

remained stable throughout the duration of the simulation.
Clustering of the trajectory (C�-RMSD cutoV of 1 Å)
resulted in a few small clusters, and one large cluster that
stretches for the entire simulation. The average structure
was found at 12.3 ns.

The channel that was rotated by 130° was less stable
than the previous and diverged more from the initial struc-
ture, reaching an RMSD o 4–4.5 Å after 12 ns (Fig. 2 bot-
tom panel). Clustering the trajectories with a 1.1 Å cutoV,
indicated that nearly all structures between 12 and 20 ns
belong to the same cluster that diverges from the initial
structure by 4.1 Å.

The substantial diVerences of RMSD in the rotated struc-
tures were expected, since the initial structure of the simu-
lation was not the X-ray structure, even though it originated
from it. The rotation of the helices about their axes,
changed the amino acid orientation so that the pore is
mostly composed of aliphatic amino acids, while the few
polar amino acids in this transmembrane region are either at
the helix–helix interface, or at the helix–lipid interface.
A larger rotation meant that more hydrophobic amino acids
will reside in the pore, thus leading to hydrophobic interac-
tions between helices, which in turn narrows the pore. That,
in turn, resulted in a larger diVerence in RMSD from the
initial structure. However, the structure that was rotated by
100° reached a highly stable state as indicated by the low
divergence from the converged structure (Fig. 2 middle
panel gray line).

Water analysis

The M2 protein is a H+ channel, and as such it is diYcult to
determine explicitly the permeation probability using MD
simulations. However, it is possible to track water behavior
in the channel as it might facilitate proton conductivity via
a Grotthus mechanism. Thus, using in-house Tcl scripts, we
measured the water connectivity of the channel. SpeciW-
cally, a water wire was deWned as a series of water mole-
cules connecting one side of the membrane to the other
with water oxygens spaced from one another no further
than 3.5 Å. In addition, we measured the diVusive perme-
ability of the channel to water as another indirect measure
of the potential of the channel to conduct protons.

The tri-protonated channel based on the X-ray structure
is Wlled with water, especially in its C-terminal region. The
N-terminal region is partially blocked due to Val27, as indi-
cated by DeGrado and coworkers (StouVer et al. 2008).
During the dynamics of the channel, the side-chains of
Val27 move so that a water-wire can sometimes be formed
throughout the channel. This is more visible in simulations
deriving from the bi-protonated channel, where a water
wire is formed during 0.4–25% (data not shown). The tri-
protonated channel does not contain such instances, but it

Fig. 2 Protein stability and convergence of the three systems under
investigation. Top panel: X-ray structure with three charged histidine
residues. Middle and bottom panels: 100° and 130° rotated structures
without any charged histidines, respectively. Dark lines represent the
C�-RMSD of the protein as a function of time from the initial conWg-
uration. Red lines represent the C�-RMSD of the protein as a function
of time from the structure that best represents the outcome of the sim-
ulation
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does allow the passage of an entire water molecule on sev-
eral occasions (3–4). The neutral rotated channels do not
contain such instances of either water-wire formation or
entire water molecule passage throughout the simulations.
This is consistent with the fact that the protein should be
closed at elevated pH and open at low pH (Pinto et al. 1992;
Sakaguchi et al. 1997).

An analysis of water interacting with the protein during
the simulations, shows a decrease of such interactions,
whereby an interaction is assigned for molecules that are sep-
arated less than 3.5 Å from one another (Figure 3). In these
simulations, we see a large decrease of interactions with
water for all three systems. The decrease for the protonated
channel is by ca. 40 water molecules, while the decrease for
the neutral channels is by 25–30 water molecules.

As indicated earlier, the rotated channels present several
hydrophobic pore lining residues. Where Val27 used to
block the open channel (StouVer et al. 2008), Val28 now
blocks it in the same manner, at the N-terminal side.
Furthermore, where His37 and Trp41 used to reside and
provide the gating mechanism, there are now other bulky
hydrophobic residues (Ile and Leu) that shut the pore down
and make it even narrower than before, thereby minimizing
the interaction with water as well.

His37 protonation is known to be connected to the gat-
ing of the channel (Wang et al. 1995; Okada et al. 2001;
Takeuchi et al. 2003; Hu et al. 2006). A recent FTIR study
proposed that His37 may change its rotation during pH acti-
vation. SpeciWcally, His37 rotates such that it no longer
faces the channel lumen at high pH. At low pH, when the
channel opens, the His37 residues rotate along with the rest
of each helix to an open channel formation, where they face
the pore (Manor et al. 2009). In order for His37 to proton-
ate, it needs to be in proximity to water molecules, which

are not very common inside a lipid bilayer. However, since
His37 is rather close to the C-terminal side of the trans-
membrane region, it is possible that its side-chain is close
enough to the lipid head-groups so that sometimes water
can be found near it too.

An analysis of water molecules that interact with indi-
vidual histidines throughout the simulations was under-
taken for each of the neutral rotated channels (Fig. 4). In
the X-ray structure, taken here to represent the open chan-
nel form of the protein, the histidine residues are continu-
ously solvated (data not shown). For the 130° rotated
structure, there is at least one water molecule in proximity
of 3.5 Å to a histidine side-chain during 90% of the simula-
tion time.

It appears that the distribution of water next to individual
histidines is not uniform. The histidine on chain A (His-A),
interacts with 1–2 water molecules during the Wrst 7 ns but
not afterwards. After that, the histidine side-chain rotamer
change to further face the lipids so that they lose contact
with the water. In contrast, His-B interacts with water for
less than 0.2 ns, while His-D only interacts with one water
molecule, when the channel structure converges, for a total
of ca. 1.5 ns during last 5 ns of the simulation. His-C has

Fig. 3 Number of protein–water contacts (·3.5 Å) that each of the
diVerent systems make. The black, red and blue lines represent data for
the X-ray structure, 100° rotated structure and 130° rotated structure,
respectively
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the largest number of interactions with water molecules (0–3),
spread over nearly the entire simulation, for a total of ca.
16 ns.

For the 100° rotated structure, fewer water–His interac-
tions exist, and most of them disappear in the Wrst half of
the simulation. His-A interacts with water molecules for a
total of ca. 1.5 ns and in a similar manner to the 130° simu-
lation, it does so only at the beginning of the simulation.
His-D interacts with water molecules for a total of 9 ns,
during the Wrst 9 ns of the simulation and then again
between 12.5 and 16 ns. Both His-B and His-C do not inter-
act with any water molecules for the entire simulation.
Despite the fact that this structure appears to converge
much faster than the previous one, the dynamics of the
water with the protein is variable throughout the production
time of this simulation, such that there are fewer interac-
tions in the second half of the simulation.

Conclusions: a mechanism for gating

The recent X-ray structure of M2 (StouVer et al. 2008) has
shown that the channel forms a truncated cone, whereby the
N-terminal segment of the channel is tightly packed, and
the C-terminal half is widely splayed apart. This Wnding
posed a conundrum, since the only ionizable residues in the
channel transmembrane domain, His37 was at the C-termi-
nal half of the transmembrane domain. How then can a
change in protonation of His37 results in channel open and
closure?

In this study, we have examined the dynamics of an open
M2 channel versus a closed channel, according to a model
based on FTIR data (Manor et al. 2009). The X-ray structure
(StouVer et al. 2008), with three charged histidine residues,
was taken to represent the open channel. A closed channel
was generated by rotating the helices of M2 about their indi-
vidual axes by 100° or 130°, as proposed by a previous
study (Manor et al. 2009). In the rotated conWgurations the
polar histidines no longer reside in the channel lumen but
rather towards the hydrophobic helix–lipid interface.

It was found that the 130° rotated structure is less stable
and takes more time to converge than the 100° rotated
structure. Furthermore, both structures have less interac-
tions with water molecules than the open structure, and so
they also lose fewer water interactions as the simulation
converges. In addition, it was found that the histidines in
the 130° structure are oriented in a way that makes them
more accessible to water molecules.

One could propose that the histidines face the lipids
when they are neutral, while the channel is closed at high
pH, but that the interaction of its side-chain with water mol-
ecules at low pH is not entirely blocked by its orientation.
The histidines may adopt a dihedral angle that enables their

side-chain to be within interaction distance from water mol-
ecules.

At low pH, such water molecules interactions may result
in histidine protonation, thereby creating an unfavorable
position for the charged histidines within the lipid bilayer.
The charging of the histidines could potentially drive a con-
formational change that enables the histidines to lock in an
“open” orientation while facing the hydrophilic pore. This
conformational change would result in channel opening,
thereby providing a mechanism for channel gating.

Rotational motion leading to gating, is a feature that is
thought to take place in other membrane protein transport
systems. For example, both simulations (Sansom 1995;
Law et al. 2005) and experiments (Miyazawa et al. 2003;
Unwin et al. 2002) propose that the pore lining M2 helices
of the acetylcholine receptor, rotate during the course of
gating that is controlled by acetylcholine binding. It is note-
worthy however that the extent of rotation is still a matter
of active research. Finally, two other channel systems that
undergo signiWcant rotation upon activation, are the large
and small conductance mechanosensitive channels from
Escherichia coli (Bartlett et al. 2006; Edwards et al. 2005).
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