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Influenza A Virus Guide the Binding Preferences of Ammonium-

Based Inhibitors
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Abstract

WT A/M2 Proton Channel Amt bound to WT AIM2  S31N AI/M2 Proton Channel
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The tetrameric M2 proton channel of influenza A virus is an integral membrane protein
responsible for the acidification of the viral interior. Drugs such as amantadine target the
transmembrane region of wild type M2 by acting as pore blockers. However, a number of
mutations affecting this domain confer drug resistance, prompting the need for alternative
inhibitors. The availability of high-resolution structures of drug-bound M2, paired with
computational investigations, revealed that inhibitors can bind at different sites, and provided
useful insights in understanding the principles governing proton conduction. Here, we investigated
by computation the energetic and geometric factors determining the relative stability of pore
blockers at individual sites of different M2 strains. We found that local free energy minima along
the translocation pathway of positively charged chemical species correspond to experimentally
determined binding sites of inhibitors. Then, by examining the structure of water clusters
hydrating each site, as well as of those displaced by binding of hydrophobic scaffolds, we
predicted the binding preferences of M2 ligands. This information can be used to guide the
identification of novel classes of inhibitors.

© 2014 American Chemical Society
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1. INTRODUCTION

The conduction of protons through biological membranes is governed by competing
physical and chemical factors such as the composition of the membrane, the embedded
protein channels, the structural ensemble of water molecules in the regions of confinement,
and the availability of titratable groups that can respond to changes in pH or relay protons
themselves. The M2 channel of the influenza A virus is a 96 amino-acid tetrameric protein
that balances effectively all these factors to conduct protons at a peak rate of 1000 per
second.1~3 This conduction rate is sensitive to pH, due to the presence of four histidine
amino acids at position 37, approximately at the center of the a-helical transmembrane (TM)
segments (Figure 1). A sustained proton flow by M2 under slightly acidic pH conditions is
used to acidify the endosome that contains a viral particle after endocytosis, and to trigger
the infection of a host cell.

The mechanism used by M2 to conduct protons and the strategies used to inhibit it have
been studied extensively by a variety of methods, most notably electrophysiology in cells
expressing M2,2-5 neutron diffraction,® X-ray crystallography,’8 solid-state®-12 and
solution3-17 nuclear magnetic resonance spectroscopy (NMR), and molecular
simulations.8-18-27 One of the most important findings has been the high resolution structure
of the complex between M2 and its best known inhibitor, amantadine (1-adamantylamine,
Amt) (C1oH15NH3%).12 M2 binds Amt at different binding sites:28 a single high affinity site
within the porel2 and four low affinity sites at the interface between the channel and the
lipid membrane.14 Because the high affinity site is much less sensitive to the composition of
the lipid membrane,29:30 it offers deeper insights into the mechanism of proton conduction
and a more viable approach to its inhibition.

The high affinity site can also be seen as mimicking a condition where a hydronium (Hz0%)
is replaced by a less conductible ammonium, and the TM pore is occluded by the cycloalkyl
portion of Amt.12 Proton influx is most likely prevented by the unavailability of water
molecules in the region occupied by the cycloalkyl group (adamantane ring), which can be
inferred by reasons of steric hindrance, and is also confirmed by molecular simulations.’
The ammonium group is positioned between the backbone carbonyls of four serine amino
acids at position 31, two a-helical turns before the four histidines (His37) following the
direction of proton influx (Figure 1). The cycloalkyl group spans the region between the
pore-lining residues 27 and the ammonium, and closely interacts with the side chains of
residue 31. This position offers a straightforward explanation for the ability of certain M2
strains, containing mutations at residues 27 or 31, to maintain a decreased or intact proton
influx in the presence of Amt.3!

To inhibit the amantadine-resistant strains of M2, a viable strategy is to design new
molecules that better adapt to a different local structure and chemical environment at the
high-affinity binding site.32 However, the availability of high-resolution structures makes it
also possible to look for molecules that can bind M2 at alternative positions, while retaining

the central goal of a dehydrated pore. Both strategies have been pursued with encouraging
success.1517:33-36
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Many of the newly developed inhibitors are cycloalkyl-ammonium ions, like Amt. One
recent class of molecules, which inhibits strains carrying the V27A mutation,1” was
designed on the basis of information from preliminary molecular dynamics (MD)
simulations of the amantadine-resistant strains: in those simulations, several inhibitors
including Amt drifted toward the histidines, leaving the outer opening of the pore fully
hydrated. Molecules such as spiro-piperidine3” or spiroadamantaneamine (SAA)L are
capable of binding to wild-type M2 with the ammonium at the new position near residue 34,
and V27A-M2 near residue 31 (the high affinity site of Amt in wild-type M2). Furthermore,
molecules that feature a secondary amine connecting the adamantane group with scaffolds
bearing bulky substituents are able to bind S31N-M2, the most prevalent drug-resistant
mutant, by positioning the ammonium group between residues 27 and 31.15 When analyzed
together, the structures of the complexes between inhibitors of different M2 strains span
three binding sites for the ammonium cation, evenly spaced alongside the helical turns of the
TM domain. For ease of comparison, we number these sites counting from the N-terminal to
the C-terminal end of the TM region, in ascending order with the direction of proton influx:
Site 1 represents the position between the side chains of residue 31 inside the lumen, as seen
for inhibitors of S31N-M2;1° Site 2, the position of the high affinity site for Amt in wild-
type M2, is located near the carbonyl oxygen atoms of residue 31;12 Site 3 is situated near
the carbonyl oxygen atoms of residue 34, and corresponds to the position observed for the
ammonium cation of SAA in wild-type M2.17 Although not observed experimentally,
computational investigation indicated that Amt bound to S31N adopts a binding mode
where the ammonium cation is shifted from its observed location in the WT lumen (Site 2)
toward the C-terminal end of the pore,1” and accommodates halfway between Sites 2 and 3,
in a binding spot called Site 3* (refer to the Results and Discussion section for a full
description).

We investigated, by computational methods, the factors determining the relative stability of
each site for binding diverse ligands in different strains of M2. First, we calculated the free
energy of translocation of methylammonium, the simplest molecule containing the features
of M2 inhibitors, finding that the three positions described above are indeed local minima
along the pathway of translocation. Second, we used the unbound protein and its S31N
mutant to examine the local structure of water molecules in each of these sites, and
determine the relative propensities of binding to ammonium: we found that the higher
prevalence of acceptor water molecules at Site 1 of S31N-M2 explains the activity of known
inhibitors at that site particularly for this mutant but not the wild-type. Lastly, we compared
the structure of the hydrophobic scaffolds of known inhibitors with the structure of water
molecules displaced by them: we found that the adamantane group is a significantly good
match for the water molecules of unbound wild-type M2 but not for those of the S31N
mutant. The interactions between confined water molecules, the ammonium ions, and the
hydrophobic scaffold can explain the principles regulating the physical mechanism of
inhibition.

J Phys Chem B. Author manuscript; available in PMC 2015 April 06.
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2. METHODS

2.1. Molecular Dynamics (MD) Simulations and Potential of Mean Force (PMF) Calculations

We used, as a model for the interaction between the protein and the drug, the TM segment of
M2 (indicated as M2TM), a tetrameric bundle of a-helices spanning residues 25-46 of the
protein (Udorn sequence) at the high-resolution structure solved by X-ray crystallography.®
The four His37 side chains were initialized with a single hydrogen atom at the Ne& position.
Configurations of S31N-M2TM were obtained by replacing the Ser31 side chains with Asn,
initialized in the same rotameric states as the NMR structure of its complex with AIT.15 We
embedded each protein in an 8 x 8 nm? 1-palmitoyl-2-oleoylphosphatidylcholine (POPC)
bilayer, hydrated by a 150 mM KCI water solution: during simulation, K* and CI~ ions did
not enter the pore. We used the CHARMM36,38:3% CGenFF,% and TIP3P4! force fields for
the treatment of protein and lipids, methylammonium and Amt, and water molecules,
respectively.

We used the NAMD program*2 to perform MD simulations with a time step of 2 fs, coupled
to a Langevin thermostat at a temperature of 300 K and Nosé—Hoover/Langevin
barostat*3:44 at a pressure of 1 atm.

We calculated the PMFs via the metadynamics algorithm,#° using as a variable the
projection of the position of the nitrogen atom of methylammonium or Amt with the trans-
membrane axis (Figures 2 and 3). The biasing potential was composed by Gaussian hills
with a magnitude of 0.001 kcal/mol and a width of 0.3 A, added every 2 ps. We performed
200 ns-long calculations using the collective variables module of NAMD.46

Simulations of protein:ligand complexes were run for 65 ns, with harmonic restraints of 0.01
kcal/mol/A2 on (i) the protein side chains and the bound ligands and (ii) on the protein
backbone. In each case, we gradually released these restraints over the first 6 and 30 ns of
simulation for (i) and (ii), respectively, followed by a MD unrestrained run (Figure 4).

2.2. Populations of Hydrogen Bonds in the Binding Sites of the M2 Proton Channel

We calculated the populations of hydrogen-bonded water molecules using a clustering
algorithm#” over the frames of a MD simulation. We defined a hydrogen-bond vector
between a donor and an acceptor atom when the two are at a distance less than 3.5 A and the
donor-hydrogen-acceptor angle is less than 30°. We calculated the clusters of these vectors
over 50 ns-long trajectories of simulation: to define two vectors as belonging to the same
cluster, we used a root-mean-square deviation (RMSD) cutoff equal to 1.5 A. To obtain the
occupancy of a hydrogen bond represented by the centroid of one cluster, we divided the
population of the cluster by the total number of MD frames (thus, the occupancy of a given
hydrogen bond is at most 1).

Figure 5 was produced by drawing cylinders corresponding to the centroids of each cluster,
with thicknesses determined by the clusters’ occupancies. Figures 1 and 5 were rendered
with the VMD program.*8 The total hydrogen bond occupancy at one given site (Table 2) is
given by the sum of the occupancies of all clusters whose end points are within 1.5 A from
the site’s position.

J Phys Chem B. Author manuscript; available in PMC 2015 April 06.
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2.3. Molecular Replacement of Water by Ligand Scaffolds

We calculated the electron density maps of pore ligands (Table 1) and water on a grid of
resolution 0.25 A, defined on rectangular regions centered on the channel’s axis, and
extending 8 A in both directions parallel to the membrane. We chose as boundaries along
the TM direction consecutive binding sites for the ammonium (labeled Site 1, Site 2, and
Site 3 as in the Introduction), as measured in Table 2. When comparing two density maps,
we normalized both by dividing them by their respective integrals, to neutralize any
differences arising solely from the different numbers of electrons, and to quantify instead the
structural differences. We calculated the mean squared difference (MSD) between two
maps, u(r) and w(r), by integrating (u(r) — w(r))? over the grid and dividing the integral by
the volume of the grid. To compare the steepest varying regions of the two density maps,
which correspond approximately to the molecular contours, we computed the Fourier
transforms of both maps over a range of spatial frequencies starting from a chosen
minimum, 1/A¢,:. We then varied 1/ starting from its lowest value (given by the inverse
of the smallest of the three dimensions of the grid) up to the Nyquist frequency.

3. RESULTS AND DISCUSSION

In the M2 channel, the proton conduction mechanism is guided by exchanging protons
between His37 imidazole rings and waters confined to the channel’s interior. Therefore, pH
is a critical factor affecting conduction rates. Among the available experimental structures
measured at different pH levels, the prototype for the protein/drug complex is the solid state
NMR structure of A/M2-TM (Udorn strain) with bound Amt,12 measured at pH 7.5.
Comparisons with both the unbound X-ray structure® (1.65 A), resolved at pH 6.5, and the
structure of S31N-M2TM blocked by AIT,1® measured at pH 6.8, show nearly identical
conformations (backbone RMSD from the unbound structure of 0.7 and 1.2 A A/IM2-TM
bound to Amt and AIT, respectively).4® All of these structures are associated with a state of
proton uptake, as they are “open” at the outer end and “closed” at the inner end.

Within the unifying framework of proton conduction, methylammonium cations, Amt, and
other known M2 binders can be seen as chemical probes that selectively scan one or more
“hot spots” along the channel’s pore as a function of different channel mutants. We used
MD simulations to define these spots as the coordinates occupied by the ammonium groups
of the inhibitors listed in Table 1 in the WT or S31N M2 protein bundles. On the basis of
their localization along the protonation pathway, these sites were named Sites 1, 2, and 3,
including the addition of Site 3*, counting from the N- to the C-terminal ends (center of
mass of the alpha carbons for residues 25 and 46, respectively) of the M2 bundle (Figure 1),
and placing the position of the center of mass of the four alpha carbons in the His37 cluster
in the channel lumen as a reference system (origin of the x, y, and z axes). With the
exception of Site 3* (which has not been measured experimentally), the position of all sites
in our simulations is within one standard deviation from the experimental values.

Site 1 (average cation position 9.53 A) is located in the N-terminal section of the pore,
between Val27 and residue 31 (serine or alanine). It is shown experimentally and
computationally to accommodate the positively charged moiety of AIT bound to the S31N
mutant.1®> Our simulations indicated a similar binding mode for the weaker inhibitor APH,

J Phys Chem B. Author manuscript; available in PMC 2015 April 06.
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the first benzyl-substituted amantadine derivative3 with a slightly better potency than Amt
against S31N while retaining (low) activity against WT (Table 1). A series of substituted
amantadine derivatives of APH were synthesized and tested for inhibition of WT and S31N
along with other mutants of the M2 channel, providing useful drug-design information
through extensive structure—activity relationship studies.33 Thus, we chose APH to compare
with other cycloalkyl-ammonium inhibitors, due to the specific interactions formed by AIT
with the Asn31 side chains, which increase the potency against S31N-M2 but are not
conserved in WT-M2.15

Site 2 lies deeper in the pore (average cation position 5.11 A), at intermediate distance
between residue positions 31 and 34: it is preferred by the positively charged moiety of Amt
in complex with the WT M2 channel.

Further down into the pore is Site 3 (average cation position 1.99 A). Located just above the
entry cluster where also Gly34 residues lie, Site 3 stabilizes the positively charged moiety
of the SAA bound to the WT.17

Lastly, one additional region, situated approximately halfway between Site 2 and Site 3
(average cation position 3.67 A), accommodates the ammonium of Amt in complex with the
S31N mutant. Given its partial overlap with Site 3 (at distance cutoff 1.5 A), we considered
this area as an extension of the latter, and therefore, we named the former Site 3*.

3.1. Energetics of Ammonium Cation Permeation

To model the pathway of permeation of a proton along the pore using a stable chemical
analogue, we used methylammonium in lieu of a hydronium, which has a similar charge
density. We then performed a similar calculation for the motion of the ammonium group of
amantadine, an impermeable cation that inhibits proton conduction through the channel by
occluding its pore. We measured the energetics of the pathways of permeation of these
molecules by calculating PMFs based on metadynamics acting on the relative position of the
nitrogen atom of the ammonium ion as a collective variable.

Permeation of positively charged moieties through the N-terminal section of the lumen of
the influenza M2 channel is relatively unimpeded. The tightly packed His37 tetrad (Figure
1),8 which endows the channel with proton selectivity, is the only structural element
hindering the transit of moieties larger than a water molecule. Accordingly, the PMFs for
translocation of methylammonium, calculated along the channel’s axis of symmetry (z-axis),
are relatively featureless for both the wild-type peptide assembly and the naturally occurring
amantadine resistant mutant S31N (Figure 2).

The free energy landscape in the region adjacent to the channel’s outer opening at VVal27
suggests a small free energy barrier, of approximately 1 kcal/mol relatively to the exterior.
This point is the major steric bottleneck along the permeation pathway toward His37, and is
responsible for desolvating the cations. Within the pore, the PMF suggests a net stabilization
of cations due to their interactions with bulk water molecules confined inside the lumen of
M2, and thus an intrinsic ability to bind loosely positively charged molecules near the His37
tetrad (Site 3 in Figure 2). This stabilization, observed by computational investigations from

J Phys Chem B. Author manuscript; available in PMC 2015 April 06.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gianti et al.

Page 7

independent groups,18:24.50.51 can be explained by the electrostatic field generated by the
phospholipid head groups, the backbone peptides in the helix bundle, and the Asp44/Arg45
dipole.?’

Though overall lower than the bulk value, the free energy of a cation in the N-term section
of the M2 pore shows interesting local variations, where discrete binding spots are apparent,
all within a few kTs. These correspond to the positions along the pore’s axis of the carbonyl
groups of Ala30 and Gly34, and to the side chains of residue 31. Analogy with potassium
channels52:53 suggests that a “cage” of carbonyl groups at each helical turn may provide an
electron rich environment able to stabilize cations, either directly or through an intervening
water molecule.® The cations may even be either transient, as in the case of the Eigen and
Zundel species of H30™, or chemically stable and linked to other groups, as in the case of
amino-adamantane molecules.

This picture of cation permeation as modulated by well-defined anchoring points is
confirmed by the free energy profiles calculated for Amt. Despite the presence of a bulky
adamantane group, the profile of the PMF is preserved (Figure 3): two local minima are
apparent, whose positions coincide with those observed for methylammonium, although
with different free energy values (Figure 2). This observation provides a strong justification
for fragment-based conceptualization of ligand binding to this section of the M2 pore: the
intrinsic preference for positively charged groups shown by specific regions of the pore
provides, simultaneously, a set of constraints on the binding mode(s) and a “molecular ruler”
to make informed guesses on the steric hindrance of the scaffold of the ligand.

Importantly, despite the fact that the positions of the binding spots for the cationic group are
not perturbed by the presence of the adamantane scaffold, the relative free energy difference
between Site 1 and Site 2 changes significantly, and Site 2 becomes more stable than Site 1
by approximately 5 kcal/mol in WT-M2TM (Figure 3). Thus, the net effect of the scaffold
can be envisioned as a selective stabilization of one among the several minima calculated for
methylammonium. In S31N-M2, the most favored minimum corresponds to Site 1: only one
secondary minimum appears at an intermediate position between Sites 2 and 3, indicating
the possibility of an alternative binding site, which we label as Site 3* (~7 kcal/mol higher
than Site 1). No experimental structure for the complex S31N/Amt is currently available;
nevertheless, our calculations show that, in the S31N complex, Amt mostly adopts a
configuration with the ammonium near Val27. However, the simulation protocol does not
allow for quick opening of Val27 and therefore the amantadine molecule does not leave the
pore. Therefore, it is not possible to quantitatively compare minima of the WT- or S31N-
M2TM PMFs as in the case of the methylammonium calculations (Figure 2), where the free
energy values outside the pore were used as the zero of the free energy scale.

To confirm the predictions and understand in clearer detail the mechanism of drug binding
at Sites 2, 3, and 3*, we also used two ensembles of simulations with Amt initialized at
varying positions along the pore of WT-M2 and S31N-M2 and with the ammonium oriented
toward His37 (Figure 4). These show that for WT-M2 Sites 2 and 3 are two alternative
equilibria where the ammonium rapidly converges to a final position: the preference toward
Site 2 can be inferred by one simulation that spontaneously transitions from Site 3. For
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S31N-M2, during the length of the simulations, we did not observe rotations of Amt from
Site 3* to Site 1, and the ammonium of amantadine almost exclusively samples positions
near Site 3*. This suggest either that the free energy barrier is underestimated by the PMF (3
kcal/mol, Figure 3) or that the time scale of 65 ns (35 ns after the initial restraints on the
backbone are lifted) is insufficient to capture motions of the protein backbone compared to
the longer metadynamics simulations (200 ns).

3.2. Hydrogen-Bonded Water Clusters Dictate Suitable Sites for Ligand Binding

We thus proceeded to investigate the intrinsic propensity of the three sites to accommodate
potential inhibitors, by examining their local structure and energetics using the unbound
WT-M2 and S31N-M2.

Stabilization of Cycloalkyl-Ammonium via a Network of Hydrogen Bonds—We
derived relative populations of interactions established at individual regions of the pore
lumen of M2 WT and S31N mutant proton channels upon applying a clustering technique’
that operates on hydrogen bond vectors. According to our approach, hexadimensional
vectors between donor and acceptor atoms are defined for each hydrogen bond: vectors from
an ensemble of simulated MD frames that are less than 1.5 A apart belong to the same
cluster. First, we extracted the position of the cations (cycloalkylammonium moieties of
ligands in Table 1) as averaged over the MD trajectories of individual systems (in Table 2,
these are indicated as reference M2:ligand trajectories) along the pore region (z-axis) of WT-
M2TM and its S31N mutant. Then, for each site, we calculated the donor and acceptor
occupancies as the total number of hydrogen bonds involving the cation (Table 2) within the
cutoff distance. As written earlier, these are interchangeable with the corresponding
experimental values (see Figure 1), only with the added information on the standard
deviations.

Interestingly, comparisons with free energy profiles of the permeation pathway of
ammonium cations obtained by PMFs (Figures 2 and 3) show that the sites are invariably
located at local minima of the PMFs. This observation contributes strong evidence to
establish their ability to be further used as binding targets for fragment- or drug-like
compounds in rational design of novel inhibitors.

In addition, we extended our analysis by deriving, in every M2 channel included in this
study (Table 2), the relative occupancies as the total number of atoms serving as hydrogen
bond donors or acceptors at each site (“donor occupancy” and “acceptor occupancy” in
Table 2).

This analysis allowed defining three possible site behaviors (Table 2), and represents a way
to quickly summarize the pattern of interaction among each ligand, the water molecules in
the pore, and the protein. First, cation stabilization sites are defined as having a high value
for “donor occupancy” and an *“acceptor occupancy” value close to zero. (We did not
observe at any of the three sites the opposite case where the “donor occupancy” is zero but
the “acceptor occupancy” is high.) Second, sites occupied by a nonpolar ligand moiety have
both their “donor occupancy” and “acceptor occupancy” values equal to zero. Third,

J Phys Chem B. Author manuscript; available in PMC 2015 April 06.
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nonzero values for both the “donor occupancy” and “acceptor occupancy” provide the
signature for sites filled by clusters of hydrogen-bonded water molecules within the pore.

Interaction Pattern of Site 1—Defined as the stabilization site for the positively charged
moiety of APH in complex with the S31N mutant (average cation position 9.53 A), Site 1
shows almost equivalent propensities to accommodate non-polar ligand moieties in the two
unbound structures of M2. Furthermore, Site 1 shows different distributions of hydrogen-
bonded waters in the WT versus S31N structures. As a result of the replacement of a serine
by an asparagine in S31N, the strong interhelix hydrogen bonds between Ser31 side chains
visible as light blue cylinders in WT-M2TM (Figure 5A,B) disappear altogether (Figure
5D,E). This change results in an increase in the hydrogen-bond donor and acceptor
propensities at the ammonium binding site.

Interaction Pattern of Site 2—Targeted by the positively charged substructure of Amt
in complex with the WT channel, Site 2 (average cation position 5.11 A) can also offer
room to accommodate the hydrophobic scaffolds of SAA in the case of WT-M2TM and
APH in the case of S31N-M2TM. For this site, the populations of hydrogen-bonded waters
in the two unbound structures are almost equivalent, suggesting no obvious differences in
their relative stabilities.

Interaction Pattern of Site 3—Selected by the positively charged moiety of the SAA
bound to the WT, Site 3 (average cation position 1.99 A) is located within 3 A from the
nitrogens of His37.8 Analysis of the hydrogen-bond occupancies in both unbound proteins
shows Site 3 to be preferred by a donor. Localized deeper into the channel pore than all the
other sites, it never accommaodates a ligand moiety other than positively charged groups.

Interaction Pattern of Site 3*—Lastly, Site 3* represents the cation stabilization site for
amantadine drug in complex with the S31N proton channel (average cation position 3.67 A).
Comparable numbers of hydrogen bonded water molecules fill Site 3* in unbound M2
structures. As for the WT and S31N channels in complex with a ligand other than Amt, we
observed that Site 3* serves as a hydrophobic site by accommodating nonpolar chemical
moieties.

3.3. Molecular Replacement of “Residual” Water Molecules

So far, our analysis allowed identifying discrete binding sites, namely, individual regions
along the A/M2 pathway of proton conduction, which offer both energetic and geometric
stabilization to ammonium cations. Interestingly, we also observed that, in the absence of a
cation bound to a site, the volume inside the pore is filled with hydrogen-bonded water
molecules that constitute ordered clusters (Table 2; Figure 5). Clearly, these water networks
do no coordinate the cation directly, and therefore, we refer to these as “residual” water
molecules. Theoretically, these could be vehicles for the conduction of protons, and hence
identifying ligand moieties that can effectively displace them is of primary interest to design
inhibitors of the M2 channel.

J Phys Chem B. Author manuscript; available in PMC 2015 April 06.
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We started by computing density maps of water molecules belonging to the same hydrogen
bond network along the pore. Our rationale is that a strong interaction between two
connected water molecules yields a proportionally strong signal in the density map: this
signal represents a pair of water molecules which could be safely displaced, because their
mutual interaction dominates over the interactions with the protein’s pore. We extended this
working hypothesis to clusters of more than two water molecules by calculating three-
dimensional density maps of all donor-acceptor pairs of water molecules in the space
between a cation and the preceding TM region located toward the channel’s opening valve
(Val27). An exception was made for Site 1, which required inclusion of one additional
region situated toward the histidine cluster (as shown in Figure 5G). We then compared such
a map to the density of inhibitor scaffolds to evaluate their similarity in shape.

A number of computational methodologies have been previously developed to generate
descriptors of molecular frameworks based on shape similarity®#-56 or volume overlap.>’
These tools have been typically developed to describe structural or topological properties of
chemical compounds, and used in virtual screening for searching large databases of chemical
structures for molecules similar to query ligands. Here, we calculated a root mean squared
deviation (RMSD) between two ligand density maps by using Fourier transform with a
specified cutoff to control the levels of resolution of the comparison. In the context of target
validation, postprocessing in the Fourier space has been used to identify putative binding
pockets in proteins.8 Instead, thermodynamic analysis of water molecules has also been
used successfully to estimate the binding free energy of given scaffolds.>9:60

Here, we applied a relatively simple shape similarity approach to describe hydrogen-bonded
water clusters, and to compare their maps to those generated by known M2 inhibitors. In
this context, we analyzed the unbound WT and S31N M2 proton channels, and computed
the electron density maps of all residual water localized in the regions adjacent to the
ammonium location inside the TM segment. In addition, we computed analogous density
maps for a set of molecules, including the known inhibitors Amt, SAA, and APH (Table 1).
Then, we used individual electron density maps to derive RMSD values with hydrogen-
bonded clusters of residual water molecules in the unbound proteins. We also used these
mutual RMSDs as a metric to measure the similarity between two inhibitor molecules. In
most comparisons (Figure 6), the agreement is highest (the RMSD is lowest) for a spatial
frequency threshold of 0.7 A~1, which corresponds to a linear dimension of 1.43 A,
approximately the value of the van der Waals radii of the carbons. We then used the RMSD
values around this spatial frequency to rank each conformation adopted by a molecule (for
example, the binding mode of Amt against the proton channel of interest) according to the
degree of similarity to a reference water structure.

Amantadine Preference for Binding Site 2 in the WT Proton Channel—We
initially applied our approach to the study of the binding preferences for Amt toward
different stabilization sites in the WT M2 and the drug-resistant S31N mutant. Our
simulations showed that Amt presents different binding modes in the WT M2 channel
versus the S31N mutant (Figures 3 and 4); this is despite the fact that the hydrophobic
scaffold of Amt does not form specific interactions with residue 31 in either channel.
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We analyzed the electron density maps of all residual water molecules localized between
Site 2 (mean position and relative standard deviation 5.11 + 0.32 A) and the preceding Site
1(9.53 +0.24 A) to infer the Amt preferences for binding the WT channel at Site 2
(reference binding mode in Figure 5H), ultimately achieving selective inhibition of proton
conduction by occluding the pore. Indeed, by evincing a lower RMSD against the WT
signature waters, we proved that the adamantane group is a better structural replacement for
the hydrogen-bonded water cluster between Val27 and Site 2 of the ammonium ion (Figure
6A). When performing this analysis on the drug-resistant mutant S31N, the mismatch
between the adamantane group and the density of residual waters increases significantly. In
agreement with experimental activities (Table 1), we showed that amantadine evinces a
lower degree of similarity to the hydrogen-bonded water clusters of Site 2, and therefore
constitutes a weaker structural replacement of the water clusters belonging to the unbound
S31N channel (Figure 6A).

Binding Preference of APH Ammonium Cation for Site 1 of the S31N Mutant—
We applied the same analysis to explain the binding mode of the poorly selective inhibitor
APHS33 (Table 1). Our simulations suggest that the ammonium cation lies in Site 1, as in the
experimental structure of the selective inhibitor AIT in complex with S31N-M2TM,15
where the isoxazole ring forms direct hydrogen bonds with Asn31. In our simulation of
APH in complex with S31N-M2TM, the 4-phenolic substituent positions itself similarly to
the isoxazole of AIT (reference binding mode in Figure 5G), however without forming
hydrogen bonds with Asn31. In the following, we indicate the position of the center of mass
of the phenol as “Site 0”, only to define a boundary for the density calculation (Site 0 is not
observed as a site for cation binding).

We computed the density map of APH extracted from the complex with S31N-M2TM, over
the compound’s docking region in the M2 channel (Site 0, mean position and relative
standard deviation 12.5 + 0.30 A, to Site 2, 5.11 + 0.32 A). We then calculated relative
RMSDs to compare this map with those generated for hydrogen-bonded water molecules
that solvate the M2 pore areas delimited by Site 0 to Site 2 (Figure 6B, solid lines). To
assess our similarity measure, we also plotted density RMSDs obtained for reference pairs
(Figure 6B, dotted lines). We used the RMSD between Amt and the water cluster at Site 1
of WT-M2TM as an example of two similar density maps (Amt is a strong inhibitor of WT-
M2), whereas the RMSD between Amt and APH indicates density maps with low
similarity.

Analysis of density RMSDs revealed that APH shares the same similarity level to the
hydrogen-bonded water clusters in both M2 channels. The absence of a clear preference is in
agreement with experimental activity data (Table 1), indicating that APH is a weak inhibitor
of both channels (IC5p = 199.9 M against WT-M2, 1C5q = 166.0 pM against S31N-M2).
Although the ammonium forms specific interactions with residue 31, these do not seem
sufficient to achieve high potency. The inhibitor AIT (ICsg = 16.0 uM) has additional
interactions, which are provided by the isoxazole ring, which are specific for S31N-M2.15
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Binding Preference of SAA Ammonium Cation for Site 3 of the WT—Lastly, we
focused our attention on the spiroadamantane compound SAA (Table 1), a potent inhibitor
targeting both the V27A and L26F drug-resistant mutants of M2,17 with ICs values of
about 0.3 and 5.6 uM, respectively. SAA is also known to serve as a high micromolar range
inhibitor of WT-M2 (ICg = 18.7 uM), while being inactive when tested against the S31N
drug-resistant mutant.

Molecular simulations of SAA in complex with WT-M2 and solid-state NMR experiments
revealed a binding mode where the compound is shifted deeper within the pore lumen
toward His37 to establish interactions via a network of water-mediated hydrogen bonds.1’
As a result, the ammonium cation of SAA (reference binding mode in Figure 51) is
stabilized within Site 3 (mean position and relative standard deviation 1.99 + 0.34 A),
leaving the remaining hydrophobic moiety filling into the space up to Site 1 (9.53 + 0.24 A).

We computed density RMSDs, over the area comprised between Site 1 and Site 3, for SAA
extracted from the WT complex versus hydrogen-bonded water molecules hydrating the
pore lumen of WT and S31N channels (Figure 6C). As expected for inhibitors acting in the
micromolar range, the density of SAA is very similar to the WT-M2TM water clusters, with
a profile comparable to that obtained for Amt. However, when plotting the density RMSD
obtained against the S31N-M2TM water clusters, SAA retained the same degree of
similarity, which does not explain the inactivity of this compound against S31N-M2.

To understand this limitation, we recall that strong hydrogen bonds are established between
monomers of WT-M2 through its Ser31 side chains (Figure 5A and B): these interactions
are absent in the corresponding region of the S31N mutant (Figure 5D and E). Superposition
of the hydrophobic scaffold of SAA to the S31N-M2TM structure indicates that the Asn31
side chains are also unable to form hydrogen bonds with protein groups or with water. Our
analysis does not capture the loss of this interaction, by using only geometric descriptors of
the conformation adopted by ligand molecules or water clusters, without taking into account
charge or polarity. This suggests that a good similarity between a scaffold and the water
clusters within the pore is required in all proteins, but in S31N-M2 specifically, the ligand
must also be a hydrogen bond partner of Asn31, as shown in the NMR structure of AIT
within S31N-M2TM.15

CONCLUSIONS

We have used computational techniques to map the multiple binding sites of ammonium-
based inhibitors to an important proton channel, the M2 protein of the influenza A virus. As
in many computational studies of structure-driven protein/ligand binding, a prerequisite to
elucidating the principles governing the formation of stable complexes is the energetics of
water displacement from the binding sites.% This is particularly important for the M2 proton
channel of the influenza A virus, where water molecules not only solvate hydrophobic
regions of the protein bundle but are also the primary vehicle for proton conduction.
Computational approaches can be used toward this goal not only by computing binding free
energies for candidate inhibitors2® but also by using the structure of bound water to guide
the search for new scaffolds.
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As shown recently by high resolution X-ray and NMR structures, three primary binding sites
exist along the pore of the M2 channel, aligned with the turns of its TM helices and with the
corresponding clusters of water molecules. We calculated the energetics of permeation of a
cationic probe (a methylammonium molecule) along these three sites, observing that they
correspond to local minima of a permeation pathway within small free energy differences.
When considering a cycloalkyl-ammonium molecule with a much larger hydrophobic
scaffold such as the drug amantadine, these free energy differences become much larger and
ultimately render some binding sites inaccessible.

We then analyzed separately how the two primary components of each ligand (the
ammonium cation and the hydrophobic scaffold) contribute to the interaction with the
unbound protein at each site. We found that, prior to binding of an inhibitor, all sites are
partially or fully occupied by water molecules that act primarily as hydrogen-bond donors.
This is verified in both the wild-type protein (WT) and its prevalent drug-resistant mutant
(S31N), with one important difference at Site 1, the closest to the channel’s outer opening
(at the N-terminal end of the TM bundle). In WT-M2, the Ser31 side chains form tight
hydrogen bonds between neighboring protein monomers (shown as interhelix blue cylinders,
in Figure 5A), and only a few donor water molecules are observed (the site occupancy for
the apo Site 1 is 0.06 donor atoms, in Table 2). In S31N-M2, all hydrogen bonds formed by
the Asn31 side chains are with the solvent (no interhelix hydrogen bond is indeed present,
Figure 5D), and many of these serve to stabilize a donor water molecule (the site occupancy
for the unbound Site 1 is 0.67 donor atoms, in Table 2, indicating a 10-fold increase over the
WT).

We used this information, together with a geometric analysis, to conclude that the potency
and the selectivity of an ammonium-based inhibitor are determined by its ability to (i)
replace a hydrogen-bonded cluster of water molecules of similar contour and (ii) preserve
any critical interaction formed by these waters with the protein. By generalizing this
approach to ultimately include detailed studies of thermodynamic properties of water
molecules solvating the ammonium binding sites of WT and mutant M2 channels, it can
become possible to identify new scaffolds that inhibit all of the prominent strains of this
viral protein.
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Figure 1.
Structure of the TM domain of M2:8 shown are the pore-lining amino acids Val27, Ser31,

His37, and Trp41. An asterisk marks the sites of drug-resistant mutations. Water molecules
resolved crystallographically within the lumen of the protein8 are shown as red spheres, and
the backbone carbonyls interacting with them, in light blue. Amt is shown in pink carbons at
the same position as the solid-state NMR structure of its complex with M2TM2 and in
yellow carbons from a MD simulation without experimental restraints.’
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Page 19

PMFs of methylammonium (NH3z*CHjz) within WT-M2TM and S31N-M2TM under high
pH conditions from 200 ns simulations. Red arrows indicate the positions of the nitrogen
atoms as identified in the complexes of WT-M2TM with Amt (Site 2)12 and SAA (Site 3)17
and of S31N-M2TM with the secondary amine derivatives of AIT (Site 1).15 The dashed
line indicates the reference free energy values observed in the bulk water solution (0 kcal/

mol). On the horizontal axis, 0 A indicates the center of mass of the four His37 alpha

carbons; Val27 is found approximately at 14 A.
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Page 20

PMFs for the ammonium group of Amt within wild-type and S31N-M2TM under high pH

conditions from 200 ns MD simulations. Amt does not leave the pore within both

simulations (ammonium position <13 A); thus, the zero of the free energy axis is set at the

global minimum of each PMF.
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Figure 4.
Shown are the positions of the amantadine ammonium as a function of time within the pore

of WT-M2TM (A) and within S31N-M2TM (B).
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Figure 5.
Hydration of the binding sites for inhibitors of M2. (A-C) Hydrogen bond vectors in

unbound WT-M2TM, recorded over 50 ns of MD simulation at Sites 1 (A), 2 (B), and 3 (C).
The protein’s heavy atoms are shown as in Figure 1. Hydrogen bond vectors are shown as
sticks, with thicknesses proportional to their occupancy, and colored on a scale ranging from
red to blue according to the relative position of the donor and acceptor (red indicates
hydrogen bonds oriented toward H37, blue in the opposite direction). (D-F) Hydrogen bond
vectors in unbound S31N-M2TM for Sites 1 (D), 2 (E), and 3 (F). (G-I) Hydrogen bond
vectors in complexes with three of the inhibitors listed in Table 1: AIT, bound at Site 1 to
S31N (G); Amt, bound at Site 2 to WT (H); and SAA, bound at Site 3 to WT (I). Black
circles indicate regions within a cutoff distance of 1.5 A from each ammonium site used to
calculate the hydrogen bond occupancies in Table 2.
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Figure 6.

Root mean squared deviations (RMSDs) between densities of bound inhibitors (see Table 1)
and the densities of hydrogen-bonded water molecules within the unbound protein near each
site. A “high-pass” filter is applied to all densities by removing all Fourier terms below a
predefined spatial frequency (see Methods): the leftmost points of each curve (lowest spatial
frequencies) correspond to RMSD calculations without any filter. (A) RMSDs between Amt
(ammonium position at Site 2) and water in the region between Site 1 (mean position and
relative standard deviation 9.53 + 0.24 A) and Site 2 (5.11 + 0.32 A) in WT- and S31N-
M2TM; the RMSDs between Amt and WT-M2 are also shown as a dotted line in parts B
and C for comparison. (B) RMSD between APH (ammonium position at Site 1) and water
in the region between Site 0 (12.5 + 0.30 A) and Site 2 (5.11 + 0.32 A); the black dashed
line indicates the RMSD between the Amt and APH molecules. (C) RMSDs between SAA
(ammonium position at Site 3) and water in the region between Site 1 and Site 3.
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