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The mechanism of inhibition of the influenza A virus M2 proton channel by the antiviral drug amantadine
has been under intense investigation. The importance of a mechanistic understanding is heightened by the
prevalence of amantadine-resistant mutations. To gain mechanistic insight at the molecular level, we carried
out extensive molecular dynamics simulations of the tetrameric M2 proton channel in both apo and amantadine-
bound forms in a lipid bilayer. The simulation of the apo form revealed that Val27 from the four M2 subunits
can form a secondary gate near the channel entrance and break the water wire in the channel pore. This gate
arises from physical occlusion and the elimination of hydrogen-bonding partners for water molecules. In the
presence of amantadine, the secondary gate formed by Val27 and the drug molecule lying just below form
an extended blockage, which breaks the water wire throughout the simulation. The location and orientation
of amantadine inside of the channel pore as found in our simulation are supported by a host of experimental
observations. Our study suggests a novel role for Val27 in the inhibition of the M2 proton channel by

amantadine.

The M2 protein of the influenza A virus is a tetrameric proton-
selective ion channel activated by low pH, and its channel
activity is essential for the life cycle of the virus. The antiviral
drug amantadine inhibits the replication of the virus by
putatively binding to the transmembrane domain (TMD) of the
M2 proton channel.! However, over 90% of recent influenza A
cases were found to have the S31N mutation on the M2 protein
that confers amantadine resistance.” Along with experiments,>*
extensive computational studies!®-!7 have been performed to
model the structure of the M2 TMD and to understand the
mechanisms of conductance and selectivity of the proton
channel. The tetrad of H37 is part of the putative primary gate
essential for channel conductance and selectivity.>® The structure
of M2 TMD when amantadine is present has been determined
recently by solid-state NMR spectroscopy.'® Here, we report a
study aimed at modeling the binding of amantadine to M2 TMD.
Our results present both mechanistic insight on the inhibition
of M2 by amantadine and possible explanations for mutations
leading to amantadine resistance.

We modeled an amantadine molecule into the structure of
M2 TMD determined in the presence of amantadine (PDB code
2h95;!8 see “Setup of Simulation Systems” and Figure S1 in
Supporting Information). Amantadine was initially positioned
around S31, in line with the central location of this residue in
the constellation of amantadine-resistant mutations (on V27,
A30, S31, and G34).3 Parallel molecular dynamics simulations
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were then carried out for up to 15 ns on M2 TMD in the
amantadine-bound form and in the apo form (the latter based
on the apo structure found in PDB code Inyj'?).

We monitored the radii of the channel pores across M2 TMD
in the apo and amantadine-bound simulations. In both simula-
tions, the data show the existence of two blockages, one toward
the channel entrance and the other toward the exit (Figure 1;
Supporting Information Figure S2). The latter, peaked around
z=—10 A, was bordered mostly by the side chains of the four
W41 residues but also those of H37, and hence, it can be
identified as the primary gate. The other blockage occurred
around z = +10 A and was bordered by the side chains of V27
residues in the apo simulation. This “secondary” gate arose from
physical occlusion by the V27 side chains; an ancillary factor
may be the elimination of water molecules from this region due
to the lack of hydrogen-bonding partners. In the amantadine-
bound simulation, this blockage was extended by the bound
amantadine toward the center of the TMD.

A water wire is an important part of the mechanism for proton
conductance.’® We determined whether continuous water wires
were formed in our simulations by identifying hydrogen bonds
between water molecules in the pores. During the apo simulation
(Figure 2a—d), most of the time, the water wire was broken by
both the primary and secondary gates; occasionally, it was
broken by just one of them; only rarely was a continuous water
wire observed. The fact that the water wire was broken by the
secondary gate most of the time in the apo simulation perhaps
partly explains why the opening probability of the M2 channel
even when activated is very low.?! In the amantadine-bound
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Figure 1. Pore radii of apo and amantadine-bound forms of the M2 TMD in the last 10 ns of simulations. Values of the pore radii, calculated by
the HOLE program3 with a step size of 0.5 A along the channel z-axis (parallel to the symmetry axis of the tetrameric TMD), are represented by
a spectrum from black (0 A) to white (=3 A). The origin of the z-axis was located at the center of the C, atoms of the four G34 residues; side
chains of V27 (yellow), S31 (orange), H37 (green), and W41 (blue) are shown as sticks.

simulation (Figure 2e—f), the continuous blockage formed by
the secondary gate and the bound amantadine always broke the
water wire.

The specific interactions of amantadine with M2 TMD were
analyzed by identifying contacts between the drug molecule and
the channel protein. Two residues, S31 and A30, were found
to contribute most to the binding site for amantadine (Supporting
Information Figure S3). Three neighboring residues, V27, 133,
and G34, occasionally made contacts with the bound drug
molecule. In a typical snapshot (Supporting Information Figure
S4; see also Figure 2e—f), the adamantane group of amantadine,
with a near spherical shape, is wrapped by Cg of A30 and O,
of S31 from the side and is located just below the nonpolar
ring of the four V27 residues. At the bottom, the amine of

b

Figure 2. Representative snapshots from apo (a—d) and amantadine-bound (e—f) simulations showing breakup of water wires in the channel
pores. Water and amantadine are presented as spheres (hydrogen: white; carbon: cyan; nitrogen: blue; oxygen: red); side chains of V27 (yellow),
S31 (orange), H37 (green), and W41 (blue) are shown as sticks.

amantadine formed one or more hydrogen bonds, with partners
alternating among the S31 hydroxyls, the A30 backbone
carbonyls, and water molecules (amantadine made contact with
at least one water molecule essentially all of the time). Thus,
typically, amantadine has a downward orientation inside of M2
TMD (Supporting Information Figure S5), which is opposite
to the orientation of amantadine inside a lipid bilayer.?? In a
recent molecular dynamics simulation,'” amantadine binding
around A29 was presented as “preliminary” results without
further detail.

Neutron diffraction data of Duff et al.”? give direct support
for our observation that the binding site for amantadine is formed
by S31 and A30. The same data also indicate that amantadine
is oriented anisotropically and hint at a downward orientation,
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as seen in our simulation. The low probability of direct contact
between amantadine and V27 seen in our simulation is in line
with NMR data indicating that the dipolar splitting and chemical
shift of this residue are unaffected by amantadine binding.?*
As Figure 2e—f shows, in our simulation, amantadine is typically
separated from H37 by three layers of water molecules. This
separation is in contrast to a direct hydrogen bond between
amantadine and H37 modeled previously? but supported by
NMR data showing that the isotropic chemical shifts of H37
Ny are unchanged upon binding amandatine.'8

The binding site for amantadine found in our simulation
provides rationalizations for mutational effects on the amanta-
dine affinity of M2 TMD obtained by Astrahan et al.?® They
found that the A30T and S31N mutations, which confer
amantadine resistance, abolish amantadine binding. Substitution
by a bulkier side chain at either of these positions would reduce
the volume of the putative binding site; the additional polar
group would also make interactions with the nonpolar moiety
of amantadine less favorable. Astrahan et al. also found that
mutations of V27 (to G, A, S, or T), which too confer
amantadine resistance, nevertheless retain amantadine binding.
It is possible that amantadine binds to V27 mutants in a different
mode. Alternatively, amantadine still binds in a similar mode,
but the blockage is no longer extended by a secondary gate.
We note that S31 corresponds to F in the M2 protein of influenza
B virus. The substitution by a bulky side chain may significantly
reduce the amantadine binding affinity,® which in turn may
explain the inability of amantadine to inhibit the M2 channel
activity and replication of influenza B virus.?’

In summary, our molecular dynamics simulations suggest that
the tetrad of V27 forms a secondary gate. When amantadine is
bound, an extended blockage is formed, leading to breakup of
the water wire and inactivation of the proton channel. Our
simulation results are supported by a host of experimental
observations and provide rationalizations for mutations confer-
ring amantadine resistance. As overexpression of the M2 protein
leads to a deleterious effect on intracellular protein transport®3
(perhaps suggesting that hyper channel activity is undesirable)
and some V27 mutations are known to increase proton con-
ductance,? it is tempting to suggest that the secondary gate
formed by V27 serves an important role for attenuating the
activity of the M2 proton channel.

While this paper was under review, structures of M2 TMD,
determined by X-ray crystallography and solution NMR, were
published.3?3! The X-ray structures confirm the most important
features observed in our MD simulations (Supporting Informa-
tion Figure S6). In particular, the channel pore “is most
constricted near Val27”, providing direct support of our proposal
for a secondary gate. The location and orientation of amantadine
found in our simulation also agree well with those determined
by X-ray crystallography. In the NMR structure, rimantadine
(a close analogue of amantadine) was located in the exterior,
next to residues 140, 142, and L43. Mutations of these residues
did not affect amantadine binding.® Such a location is favored
by amantadine while it is bound to lipid bilayers.??
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