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ABSTRACT: The mechanisms responsible for drug resistance in the Asn31
variant of the M2 protein of inﬂuenza A are not well understood. Molecular
dynamics simulations were performed on wild-type (Ser31) and S31N
inﬂuenza A M2 in the homotetramer conﬁguration. After evaluation of 13
published M2 structures, a solid-state NMR structure with amantadine bound
was selected for simulations, an S31N mutant structure was developed and
equilibrated, and the native and mutant structures were used to determine the
binding behavior of amantadine and the dynamics of water in the two
channels. Amantadine is stable in the plugging region of wild-type M2, with
the adamantane in contact with the Val27 side chains, while amantadine in
S31N M2 has more variable movement and orientation, and spontaneously
moves lower into the central cavity of the channel. Free energy proﬁles from
umbrella sampling support this observation. In this conﬁguration, water
surrounds the drug and can easily transport protons past it, so the drug binds without blocking proton transport in the S31N M2
channel.

■

INTRODUCTION
The M2 proton channel plays an important role in transporting
protons, both across the viral envelope and across the Golgi of
the infected cell in inﬂuenza A or B. The structure and
dynamics of water molecules in the channel is of fundamental
importance for the transport of protons through the channel.
Blocking the M2 channel arrests these important proton
transport processes in the viral replication cycle and prevents
infection.
Drugs such as amantadine and rimantadine, which were once
eﬀective at treating inﬂuenza A, have become obsolete due to
widespread resistance.1 Inﬂuenza A with M2 featuring a
mutation from Ser31 to Asn31 (S31N) has become prevalent
worldwide,2 and no eﬀective anti-M2 inﬂuenza medication is
currently available for its treatment. Understanding why drugs
lose eﬃcacy after viral mutation can help inspire changes to
existing drugs or lead to the invention of novel drugs adapted
to existing and future mutations.
Molecular modeling and dynamics simulations have proven
useful in studying biological systems, and many studies have
been performed on M2 channels3−6 and its inhibitors.7−10
Some of the most salient recent observations include the
general shape of the free energy proﬁle for the passage of
amantadine through wild-type (WT) and V27A M2,11 the three
main amino positions observed for amine compounds in the
WT channel,7 the C-ward amine conﬁguration for amantadine
in the WT channel and N-ward isoxazole conﬁguration for a
novel S31N M2 blocker in the S31N channel,12 and the
agreement with experimental eﬃcacies for relative binding
© 2014 American Chemical Society

energies calculated using free energy perturbation for a set of
adamantane compounds in WT and S31N M2 channels.13 The
important roles of luminal water in the binding cavity have
been highlighted in these studies, all of which used TIP3P water
to maintain consistency with the protein, lipid, and ion force
ﬁelds. They all use 4-fold symmetric, homotetrameric M2truncate structures. However, they vary in the precise M2
structures, which have been determined with diﬀerent methods,
at diﬀerent temperatures, and in diﬀerent lipidic or detergent
environments; and which vary in M2 His37 and drug titration
states. These important physical factors, among others
(presence or absence of counterions in the channel, structure
of the protein N- and C-termini, lipid characteristics, etc.), are
still poorly established and are currently in the process of
evaluation. Although recent FRET data indicate that the
functional protein may be dimeric in cells,14 we continue to
focus on the homotetrameric structure for this investigation to
agree with earlier structural15,16 and functional studies.17−19 We
describe our more comprehensive rationale for selection of the
other physical factors mentioned. This study aims to use
molecular dynamics simulations to compare binding behavior
of amantadine when positioned inside WT or the primary
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Unrestrained Dynamics of Drugged WT and S31N
Systems. The solid-state NMR amantadine-bound structure
by Cady et al., 2KQT, was ultimately selected to model WT
M2, and from the same structure, an S31N mutant homology
model was created with Swiss-PdbViewer,46,47 which was
subsequently hydrated and equilibrated as performed for the
other channels. The M2 blocker, amantadine, was used in each
system to test for an aqueous path for proton conductance with
drug present for both WT and S31N M2 channels. Force ﬁeld
parameters for amantadine were generated using adamantane
parameters from the CHARMM general force ﬁeld (CGenFF)
version 3648,49 using ParamChem.50,51
In the initial simulations with unrestrained drug molecules,
protonated or deprotonated amantadine molecules were added
to previously hydrated WT and S31N M2 channel systems.
Drugs were inserted with adamantane carbon atoms positioned
≥2.2 Å away (in the C-terminal direction) from the Val27 side
chain atoms and oriented with the amino group pointing
toward the C-terminus in order to agree with previous
ﬁndings.52 For electroneutrality, a chloride ion (Cl−) was
added near the amine group in systems with protonated drug.
Water molecules within 2.2 Å of amantadine were deleted, and
several rounds of energy minimization were performed.
Each system was heated and equilibrated with ﬁve diﬀerent
initial random velocity sets and then independently simulated
for 10.5 ns with a time step of 1.5 fs, using NAMD. Following
simulations, center-of-mass positions were determined from the
simulation trajectories, oriented frame-wise to the protein
backbone, using CHARMM. Two-dimensional density proﬁles
were produced using the VMD Density Proﬁle Tool,53 threedimensional volume densities were calculated using VMD’s
VolMap plugin, and volume-density maps were processed from
VolMap output using OpenDX.
Potential of Mean Force Computation. Umbrella
sampling of protonated amantadine in hydrated WT and
S31N M2 channels was carried out using CHARMM37. A
harmonic restraint of 0.1 kcal/mol-Å2 was applied to hold each
protein backbone atom to the highly colocalized protein
backbone coordinates averaged over all 17 2KQT PDB models.
These channel backbone restraints allow only modest
ﬂuctuations of the tetramer, such that the drug binding cavity
is readily explored on a short time scale, at the obvious cost of
not fully simulating the protein backbone mobility at each drug
umbrella position. 2KQT was determined with amantadine in
the binding site. There, and at most other sites, where the
compound is smaller than the cavity, such ﬂuctuations are not
expected to impact the free energy signiﬁcantly. A zdimensional harmonic restraint of 10 kcal/mol-Å2 was applied
to the center of mass of the drug’s adamantane cage as an
umbrella potential.
Langevin dynamics were used to bring each system to 310 K,
after which the Nosé−Hoover thermostat and the Verlet
leapfrog algorithm54 were used to equilibrate each system at
constant pressure and temperature for 1.5 ns with a 1.5 fs time
step. The eﬀects of initial amantadine orientation were explored
by inserting amantadine at each umbrella window with its
amine group oriented either toward the positive-z dimension or
negative-z dimension along the simulation z axis, after which
any overlapping water was removed. The preliminary studies
showed that Cl− would ﬁt in the channel with amantadine, but
we reasoned that the probability of Cl− being in the channel at
the time of amantadine entry, or entering the channel in
conjunction with amantadine, would be low, so we excluded

amantadine-insensitive M2 (S31N) with the goal of identifying
the mechanism of resistance.

■

METHODOLOGY
M2 channel structures used in the study were derived from the
RCSB Protein Data Bank. The homotetrameric protein was
embedded in a membrane (situated perpendicular to the z axis)
comprised of 96 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) lipid molecules to agree with the lipid used for most
solid-state NMR structure determinations. Periodic boundary
conditions with unit cells of about 60 × 60 × 90 Å3 in x, y, and
z dimensions were used for all systems, and TIP3P20 water
molecules with ∼150 mM NaCl (net electroneutral system)
encased the bilayer. Molecular dynamics packages
CHARMM37,21 NAMD 2.9,22 and VMD 1.9.123 were used
for simulations and analysis, and the CHARMM36 all-atom
empirical force ﬁeld was used, except as noted, to describe
proteins and lipids.24−28
Unless otherwise noted, all simulations were performed with
positively charged amantadine and neutral His37 residues.
Despite solid-state NMR data that shows the pKa for the His37
tetrad is near 8.0 for the ﬁrst two His37 protonations,29 we
reasoned that each His37 side chain would be protonated only
at the Nε site under conditions of neutral pH with positively
charged amantadine bound.30,31 Although amantadine has a
pKa of 10.1 in aqueous solution and has been shown by solidstate NMR to be neutral in the M2 channel at pH 8.0,32 we
reasoned that the pK shift expected upon binding in the low
dielectric region would probably not be suﬃcient to result in
deprotonation of the drug under neutral, or at least under
acidic, conditions.
Using the Nosé−Hoover Langevin piston pressure control33,34 and Langevin dynamics, systems were kept, after initial
heating, near 1 atm isotropically (i.e., zero surface tension) and
310 K to achieve the NPT ensemble. Long-range Coulombic
interactions were calculated using the particle mesh Ewald
(PME) algorithm.35 The Shake method36 was used to keep all
bonds with hydrogen rigid at ideal lengths and angles, and
short-range electrostatic and van der Waals forces were
smoothed using a switching distance of 11 Å.
Channel Hydration and Initial Equilibration. RCSB
Protein Data Bank structures 1NYJ,37 2H95,38 2KAD,39
2KIH,40 2KIX,41 2KQT,42 2KWX,43 2L0J,31 2LJB,44 2LJC,44
2LY0,12 2RLF,45 and 3LBW16 were imported, residues beyond
position 46 were truncated, and the transmembrane domains of
the M2 channels were embedded in DMPC lipid in water, as
described previously. Multiple phases of energy minimization
with decreasing harmonic restraints were performed to bring
the systems toward an energy minimum under the CHARMM
force ﬁeld. Following minimization, water molecules were
inserted into channel pores in either excess (overhydrated) or
low (underhydrated) amounts in separate systems to provide
starting points for water to begin equilibration. With the
protein backbone lightly restrained to the average backbone
coordinates of each channel’s set of models (or, if the structure
consists of just one model, to the backbone of that model), the
systems were equilibrated for 6 ns without drug present to
allow water to exit or ﬁll the channel pore. Varying randomnumber-generator seeds for initial velocity assignments were
used to produce three distinct runs of 6 ns each, which proved
to be suﬃcient time to essentially equilibrate the overﬁlled
channels. CHARMM was used to postprocess the trajectories
for RMSD and water-content calculations.
1226
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Figure 1. Averages over the last 2 ns of three 6 ns simulations with light backbone constraints, here using the CHARMM27 force ﬁeld. Each M2
channel’s (a) average protein-backbone RMSD of residues 26−43 from model 1 of its PDB structure, (b) average water content between residues
27−41, and (c) initial/ﬁnal trajectory frames are shown. The end-view snapshots of the initial (blue) and ﬁnal (red) structures below demonstrate
the relative stability of the tilted helix bundle. Side views better show the variations between PDB models,56 but the end-view was chosen here to
demonstrate the volume of the central cavities.

Cl− from the channel for these studies. Two runs with
randomized initial velocity assignments were performed for
each amantadine orientation. Windows were sampled at 0.25 Å
intervals from −4 to 12 Å along the simulation z axis for a total
of 65 windows. For each trajectory frame, adamantane centerof-mass positions were extracted and processed with the
weighted histogram analysis program, WHAM,55 for the
potential of mean force (PMF) calculation. A convergence
tolerance of 1 × 10−6 and 750 bins were used to produce the
PMF for each channel, orientation, and starting velocity. After
examining the results and ﬁnding substantial amantadine
orientation sampling, the PMFs from the four runs, each
referenced to its global minimum, were averaged and then rereferenced to the global minimum of the average PMF for each
channel.

and reﬁned in liquid crystal bilayer conditions with amantadine
present, 2KQT was used for the remainder of the study and as
the template structure for the creation of an S31N homology
model.
Amantadine Protonation and Orientation. With neutral
amantadine positioned in the hydrated WT M2, unrestrained
dynamics simulations showed that the amine nitrogen of
amantadine ﬂipped between facing the C-terminus and the Nterminus and back in three out of ﬁve 10.5 ns simulations of
WT M2 protein (see Figure S2 in the Supporting Information).
In contrast, with protonated amantadine and a Cl− in the
channel, in none of the ﬁve 10.5 ns simulations did the amine
nitrogen ﬂip to face the N-terminus.
During simulations, the Cl− generally stayed near the amine
group of amantadine. Apparently, the ionic interaction between
the Cl− in the channel and the protonated amino group of
amantadine was strong enough to prevent amantadine from
reversing direction and Cl− from leaving the channel. When
Cl− was excluded and the amine group left deprotonated,
amantadine was more prone to reverse orientation toward the
N-terminus.
Amantadine Localization: WT vs S31N Channel.
Starting from the hydrated, equilibrated amantadine+-WT and
amantadine+-S31N systems, unrestrained simulations of 10.5 ns
were performed using NAMD. Adamantane center-of-mass
positions were compared from the simulation trajectories
(Figure 2a). In WT M2 simulations, amantadine stayed
relatively stable between 6 and 7.5 Å along the z axis. In
simulations of S31N M2, amantadine rapidly drifted toward the
C-terminus (in some cases before the end of the heating phase)
and, throughout the ﬁve separate simulations, appeared to be
less stable, with positions ranging from 2 to 6 Å along the z axis.
Mass-density proﬁles of the adamantane amino carbon (C1)
averaged over the ﬁve simulations for each channel conﬁrm this
result (Figure 2b).
The carbon mass-density proﬁle and center-of-mass positions
indicate signiﬁcantly diﬀerent binding-site behavior between
WT and S31N M2 channels in the presence of amantadine.
When placed in WT M2, amantadine stayed very stable within

■

RESULTS AND DISCUSSION
Preliminary Equilibration. The number of water molecules and the root-mean-square deviation (RMSD) in protein
atom position for the set of 13 aforementioned M2 channels
from the RCSB Protein Data Bank were studied (see Table S1
in the Supporting Information). Each channel was placed in
DMPC lipid, hydrated, and allowed to equilibrate. The average
amount of water contained in a sphere spanning protein
residues 27−41 over the last 2 ns of simulation, the average
backbone RMSD of residues 26−43 over the last 2 ns of
simulation, and snapshot comparisons between initial PDB
structures and structures from ﬁnal, equilibrated trajectory
frames were determined for each structure (Figure 1).
The M2 crystal structure, 3LBW, had the smallest average
RMSD when equilibrated but had signiﬁcantly less water
content (about 12 lumenal molecules) than all of the other
structures, each of which have over 18 water molecules in the
channel lumen. After ﬁlling and equilibrating the solid-state
NMR M2 protein (see Figure S1 in the Supporting
Information), 2KQT had the next-lowest average RMSD and
water content (about 22 lumenal molecules) more closely
matched the water content of the other structures tested. For
these reasons, and because the M2 structure was determined
1227
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above the drug in the channel pocket (Figure 4a), where S31N
M2 shows signiﬁcant water density in this region (Figure 4b).

Figure 4. Amantadine (red) and water (blue) cross-sectional volume
densities are shown for both (a) WT and (b) S31N M2 channels
averaged over ﬁve simulations. Trajectory snapshots of two M2
monomers (green ribbons) are superimposed, with stick ﬁgures for
Val27, Ser/Asn31, His37, and Trp41 side chains from top to bottom,
respectively.

Figure 2. Amantadine positions during ﬁve unrestrained simulations of
WT (blue) and S31N (red) M2. (a) Superimposed adamantane center
of mass z-dimension trajectories for ﬁve runs. (b) Carbon mass-density
proﬁle of the adamantane C1 averaged over all ﬁve simulations. Black
arrowheads in part b denote the mean α-carbon positions for Gly34
(left) and Ser/Asn31 (right).

It is also noticeable in Figure 4 that the amantadine density is
more distributed in the binding site in the S31N channel, with
only modest density N-ward from the Ser/Asn31 side chains, in
contrast to WT M2. Furthermore, amantadine density appears
to favor one side of the channel, allowing water to ﬁll the
available space laterally. It appears that amantadine is repelled
oﬀ of the channel axis by water molecules attracted into the
space, as there are no obvious attractive forces in the walls of
the symmetrical channel that would pull it away from the axis of
the channel.
The diﬀerence in water density is readily observed when
visualizing the trajectories as movies. It is rare to see any water
molecules approach the upper portion of amantadine in WT
M2 (see snapshot in Figure 5a); however, in S31N M2,
amantadine is often oriented in such a way that continuous

just a few angstroms of the Val27 residues (Figure 2a and b,
blue). However, when placed in S31N M2, amantadine drifted
toward the C-terminus, with greater diversity between runs and
throughout each simulation (Figure 2a and b, red). Thus, it
appears that the S31N mutation alters the binding site of M2,
preventing amantadine stability within the narrower region of
the channel between residue positions 27 and 31.
Water Density. To determine whether drug position aﬀects
the location of water molecules and the potential to form waterwires for Grotthus transport of protons in M2, linear water
densities throughout all simulations were calculated (Figure 3).
The water-density proﬁles show that the WT M2 channel has
very low water density from 4 to 6 Å on the z axis, and in S31N
M2, signiﬁcantly more water density is observed in the same
region. Cross-sectional volume-density maps conﬁrm this
ﬁnding: WT M2 shows very little water density around and

Figure 3. Water density, averaged over the ﬁve unrestrained
simulations of Figure 2. WT (blue) and S31N (red) M2 channels
with protonated amantadine and Cl− in the central cavity. Black
arrowheads denote the mean α-carbon positions for Gly34 (left) and
Ser/Asn31 (right).

Figure 5. Trajectory snapshots showing water molecules, two adjacent
protein monomers (with the N- and C-termini arranged from top to
bottom, respectively), and amantadine (shown in red) in (a) WT and
(b) S31N M2 systems.
1228
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show that amantadine can return to the blocking position at 6 Å
from the lower free energy well at 3 Å. In two out of ﬁve runs,
amantadine returned spontaneously to the blocking position at
6 Å within a few ns and remained stable (see Figure S3 in the
Supporting Information).
The S31N PMF in Figure 6 exhibits a sharp rise in free
energy between 4 and 7 Å. The plugging site at 6 Å is clearly
inhospitable compared with deeper positions in the central
cavity, as observed in the unrestrained trajectories. A signiﬁcant
free energy well at 4 Å, with steep barriers on either side,
indicates a strong binding preference for protonated
amantadine in this region. The lack of a shelf or well-deﬁned
local minimum for the adamantane center of mass near the
Asn31 residues is a key indicator of its instability in that region,
compared to amantadine in WT M2.
The forces underlying the steep free energy well inside the
S31N channel need to be further investigated. From the
simulations presented here, it appears likely that attraction of
the more polar Asn31 side chains to water molecules may be
the driving force, as well as decreased stability of amantadine in
proximity to the bulkier Asn31 side chains, as other studies
have suggested.9,10

strands of water can be observed to form at diﬀerent times
throughout the simulations (Figure 5b).
The results illustrate that WT M2 with amantadine present
has much less water density near the Val27 residues or lateral to
the amantadine. S31N M2 has much more water density above
amantadine, especially as it drifts toward the C-terminus, as well
as a visible amount of water density surrounding the drug in all
simulations. The region between Ser/Asn31 and Gly34,
according to volume densities and adamantane-cage position
plots, seems to allow for amantadine to be more ﬂexible in its
amine orientation and lateral motion, thus preventing
consistent block of proton conductance.
Umbrella Sampling of WT and S31N Channels. To
investigate the reasons behind the diﬀerence in binding
behavior of amantadine to WT and S31N M2, free energy
proﬁles of amantadine through each channel were computed
via umbrella sampling. The potential of mean force (PMF) for
each channel was calculated by analyzing the position of the
adamantane cage of amantadine, the center of mass of which
was constrained to speciﬁc z coordinates at 0.25 Å intervals, in
independent simulations (Figure 6).

■

CONCLUSIONS
Molecular dynamics simulations on the inﬂuenza A M2
channels provide an explanation for why amantadine blocks
WT M2 and fails to block S31N M2, as observed
experimentally. Amantadine’s stability and narrow region of
occupancy near the V27 sphincter of the M2 channel appears to
result in a very dry region in which proton conductance by
water-wire formation or hydronium-ion diﬀusion cannot occur.
Amantadine’s instability and unusual binding behavior in the
S31N M2 channel, as well as the steep free energy drop
between the plugging site and the deeper noninhibitory binding
site, suggest that interactions between the channel and water
molecules drive the drug too deep into the channel. Hence, in
the S31N channel, even if the drug can bind, it cannot block
proton conductance.

Figure 6. Free energy landscapes of amantadine in WT (blue) and
S31N (red) M2 channels. The free energy minimum of each channel
was set to 0 kcal/mol. One standard deviation between runs is shown
in dotted lines of the corresponding color above and below each trace.
Gly34 and Ser/Asn31 mean α-carbon positions (black arrowheads) are
shown for reference from left to right, respectively.
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water content, amantadine orientation, and amantadine
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The WT PMF shows deep wells at around 0 and 4 Å, with a
broad, low shelf at around 6 Å along the z axis. In contrast, the
S31N structure produces a steady decline in the free energy
proﬁle as amantadine moves from the Val27 entryway, followed
by a very steep decline between 6 and 4 Å. For the WT, the
shelf at 6 Å represents a level energy landscape where
amantadine can dwell with its adamantane center of mass
positioned near the Ser31 residues. Here, the adamantane cage
is plugged into the Val27 sphincter, ﬁlling the lumen as in the
simulations of Figure 2b. The deeper well at 3.5 Å indicates a
somewhat lower free energy for amantadine sunk deeper into
the central cavity by a few Å. However, the modest diﬀerence
between the two free energy levels suggests that the amantadine
can frequently and rapidly return to the blocking position at 6
Å. Furthermore, water molecules below the Ser31 region in WT
are more ordered, and are consequently less likely to be
displaced.7 In contrast, in the S31N construct, the free energy
proﬁle would drive amantadine relentlessly to the deeper region
of the central cavity, as observed in the unconstrained drug
simulations above.
Additional unconstrained 50 ns simulations with amantadine
started at the lower position in WT M2 (and a Cl− nearby) also
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