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Proton Induced Conformational and Hydration Dynamics in the
Influenza A M2 Channel
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A. Voth®"

1Department of Chemistry, Institute for Biophysical Dynamics and James Franck Institute, The
University of Chicago, Chicago, IL 60637, USA

’Department of Pharmaceutical Chemistry, University of California, San Francisco, CA 94158,
USA

Abstract

The influenza A M2 protein is an acid-activated proton channel responsible for the acidification of
the inside of the virus, a critical step in the viral life cycle. This channel has four central histidine
residues that form an acid-activated gate, binding protons from the outside until an activated state
allows proton transport to the inside. While previous work has focused on proton transport through
the channel, the structural and dynamic changes that accompany proton flux and enable activation
have yet to be resolved. In this study, extensive Multiscale Reactive Molecular Dynamics
simulations with explicit Grotthuss-shuttling hydrated excess protons are used to explore detailed
molecular-level interactions that accompany proton transport in the +0, +1, and +2 histidine charge
states. The results demonstrate how the hydrated excess proton strongly influences both the
protein and water hydrogen-bonding network throughout the channel, providing further insight
into the channel’s acid-activation mechanism and rectification behavior. We find that the excess
proton dynamically, as a function of location, shifts the protein structure away from its equilibrium
distributions uniquely for different pH conditions consistent with acid-activation. The proton
distribution in the xy-plane is also shown to be asymmetric about the channel’s main axis, which
has potentially important implications for the mechanism of proton conduction and future drug
design efforts.
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INTRODUCTION

Proton transport (PT) is a ubiquitous process in bio-molecular systems and a functional
component of many channels and transporters.1=4 However, accurately modeling an excess
proton in large, complex biomolecular systems is difficult due to the quantum-chemical
nature of the solvated proton — it does not exist as a hydronium ion, but rather in a complex
hydrogen bonded network that constantly rearranges as bonds break and form dynamically,®
allowing the protons involved in the structure to move according to the Grotthuss shuttling
mechanism.5~7 (Note that the phrase “excess proton” in this work refers to the hydrated
proton structure, which at its core is H3O* but generally is a more complicated structure
including additional water molecules.® It is helpful to think of the solvated proton not as a
fixed particle that hops from water to water, but rather as a positive charge spread across a
water complex that dynamically alters its structure and dynamic properties in response.)
Moreover, the PT process can be coupled to other complex processes such as hydration
changes, electron transfer, and protein conformational changes. One critical implication of
these potential couplings is that the mechanism of PT cannot be easily inferred from
standard molecular dynamics (MD) simulations without an explicit excess proton actually
being in the system, even if “water-wires” are otherwise present (or not). In fact, such
inferences may be wrong. These couplings of PT to other processes also present further
complications for computer modeling, due to the difference in timescales at play: proton
shuttling between any two water molecules can occur on the femto- to picosecond
timescales, whereas other processes influencing the overall PT may take nano- to
milliseconds or longer. To overcome these challenges, Multiscale Reactive Molecular
Dynamics (MS-RMD)8-11 was developed (and Multi-State Empirical Bond, MS-EVB,
before it; see, e.g., Ref. 12) to efficiently and accurately capture the dynamic solvation and
delocalization of the excess proton in complex aqueous phase and biomolecular systems.
Since MS-RMD evolves the system according to deterministic Newtonian dynamics, it is
capable of accessing the longer timescales needed to realize couplings with slower degrees
of freedom and to describe the rare event PT processes that are often biologically relevant.
This method (and MS-EVB before it) has successfully been applied to several protein
systems to predict and explain mechanisms of PT.13-22
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The M2 channel is a homo-tetrameric protein in influenza A viral capsids that is responsible
for the acidification of the viral interior, a critical step in the viral life cycle.23-25 |t is the
target of the antiviral drugs amantadine and rimantadine,26 but the prevalence of drug-
resistant mutants has necessitated a continued effort to understand the PT mechanism and
channel properties in order to better inform drug-design efforts. A critical histidine residue
(His37) located at the center of the transmembrane portion of each helix acts as a “pH-
sensor” and is responsible for enabling activation as the pH is lowered.2” Each His37 can
bind one additional proton, such that the tetrad can have a total charge ranging from +0 to
+4, referred to as the His37 tetrad charge state. As the charge increases and approaches the
activated state, electrostatic repulsion between these residues causes the channel to widen,
opening the Trp41 gate located just below the His37 tetrad28-32 and enabling proton flux to
the viral interior.13: 16.33-37 |t js hypothesized that the channel becomes activated in the +2
state, such that conduction primarily occurs as a cycle through the +2 and +3 states,3® based
on experimentally determined pKa’s, pH-dependent conduction, and computer simulations.
13,16, 39-42 Another important characteristic of the channel is its rectification behavior—
channel activation and inward proton flux occurs when the exterior pH is lowered, but there
is no outward proton flux observed when the interior pH is lowered.43-44

Recently, we carried out multiscale simulations to investigate the PT mechanism and pH-
dependent activation behavior in the influenza A M2 proton channel.13: 16 In contrast to
other prior simulation studies, our work employed multiscale simulations (including MS-
RMD and quantum mechanics/molecular mechanics) with explicit, reactive excess protons
to calculate the free energy profiles of PT through the full transmembrane M2 channel in the
+0, +1, and +2 protonation states, thereby providing definitive insight into both the acid
activation mechanism of M2 and the critical role of the His37 tetrad. This effort
characterized the physical basis of PT through extensive sampling with an explicit proton
and explained the rectification behavior of the channel through the asymmetry of the PT free
energy profiles and estimated rate calculations. Importantly, the calculated rates of
deprotonation and conductance quantitatively agreed with proton exchange rates measured
by NMR#° and experimentally determined conductance values.33: 44 46 While this previous
study revealed some molecular understanding of the acid activation and rectification
mechanisms, the detailed interactions between the excess proton and the channel that
contribute to these behaviors were not explored. In this work, our previously published
simulations are further analyzed to resolve the channel’s dynamic response as an excess
charge moves through the channel and how these dynamic changes enable acid activation.

Water-mediated PT in proteins occurs through three dominant regimes: 1) water is excluded
from the lowest energy structures, but fluctuations allow short water net-works to transiently
form; 2) water forms a single-file hydrogen bonded path in narrow regions; and 3) water
exists in clusters in larger pore regions. The M2 channel exhibits both cases 1 and 3, and is
thus an excellent system for studying the dynamic collaboration between the protein,
porelining residues, and water that enables PT.

We note that a recent computational study from Chen et al. used constant pH MD (CpHMD)
to describe the conformational activation of the M2 channel.4” By simulating the channel at
several different pH’s, rather than in fixed protonation states, they elucidate the pH-
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dependence of equilibrium conformational changes that occur as part of the activation
mechanism. Our work here, in contrast, is focused on the changes coupled to an explicit
proton’s movement through the channel in order to determine the molecular-level details of
the PT mechanism, which should be viewed in tandem with CpHMD results. While they
sample the configuration space at a given pH, we sample the configuration space of the
dominant protonation state in several pH ranges as a function of the excess proton’s
transport through the channel.

To determine the channel’s dynamic response during explicit PT, we focus on the water
structure in different regions of the channel and how the number and orientation of the water
molecules fluctuate based on where the excess proton is in the channel. Importantly, we find
that the channel structure is transiently affected in the presence of the proton, especially for
the +0 state, which exhibits distinct conformations when the excess proton is in different
regions of the channel. Additionally, the three-dimensional spatial distribution of the excess
proton is explored for the first time, revealing an asymmetric path due to asymmetric water
distributions and interactions with pore-lining residues. This analysis further emphasizes that
having an explicit, reactive excess proton MD description is crucial for understanding such a
PT mechanism. It is difficult, if not impossible, to predict or observe the changes and
fluctuations that are coupled with PT from non-reactive empirical MD simulations that do
not explicitly include a dynamically evolving excess proton in them.

METHODS

The analysis performed here was done using previously published simulations; readers are
referred to refl® for more details on the simulation set-up and potential of mean force (PMF)
free energy profile calculations. Briefly, the simulations were initiated from a crystal
structure of the transmembrane portion of the M2 channel (this construct is referred to as
M2TM) resolved at room-temperature and high pH (PDB: 4QKL*8) embedded in a 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer solvated with water. We
have shown that the presence of amphipathic helices, included in the full-length M2 protein,
do not significantly influence the PT mechanism,16 and experiments have indicated proton
conduction is similar for M2TM with or without the amphipathic helices.*° Following
classical equilibration of the +0, +1, and +2 His37 tetrad charge states, MS-RMD
simulations were run using the replica-exchange umbrella sampling method.° The
collective variable (CV) for umbrella sampling was defined as the z-coordinate difference
between the excess proton center of excess charge (CEC) and the center of mass of the 4
Gly34 alpha carbons, referred to as cecz. The excess proton CEC was defined as:®!

N

N N 2

"cEC™ Zci "coc
l

T coc
that state. The sum is over all A/states. The CV was restrained over 75-80 windows every
0.5 A for 1-2 ns each after equilibration of the system, including any hydration changes.
Frames were saved every 10 ps. The PMF calculations were performed with both MS-RMD

where is the center-of-charge of the A diabatic state, and cl.2 is the EVB amplitude of
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and quantum mechanics/molecular mechanics (QM/MM) simulations. While the MS-RMD
methodology allows for reactive amino acids, there is currently no reliable procedure for
fitting the MS-RMD forcefield for four highly coupled residues in a complex environment
(i.e., the His37 tetrad), so QM/MM was used for this region of the channel (cecz = 1.5 to
11.5 A). Due to the significantly improved sampling enabled by the efficiency of MS-RMD
simulations, only the MS-RMD trajectories are used in the following analysis. Thus, proton-
dependent properties are only calculated for cec; = [-22.0, 1.0] and cecy = [12.0, 22.0] A.
Simulations were run until the PMF was converged. Simulations were additionally extended,
following the same protocol, as needed for increased sampling in this study.

The analyses in this paper were performed using all of the MS-RMD umbrella sampling
trajectories to delineate changes as the proton moves through the channel. Since we did not
track unbiased dynamics, our conclusions are based on the assumption that PT through each
part of the channel is slower than the observed hydration and conformational changes. As
partial, though not conclusive, support of this assumption, we note that the reported changes
occur and equilibrate on the sub-nanosecond timescale, while the rate of proton flux is
multiple orders of magnitude slower (100-1000 sec™! at pH 6).46 In the water and radial
distribution analyses, channel properties are calculated with respect to the protein’s principal
axis (PA) rather than the z-axis, which we label Z’ (see Figure S1 for visualization of this
difference). The z-coordinate of the CEC in this new frame of reference is defined as cec-.
This is the z-component of the CEC position along the protein’s PA, rather than the z-axis,
with respect to the center of mass of the 4 Gly34 alpha carbons such that cecz: ~ cecz. This
was done due to the channel’s slightly tilted axis (see Results and Discussion). Thus, Z’
refers to the channel’s principal axis, and cecz- refers to the CEC position along that axis.
Detailed descriptions of all analysis calculations are in the supporting information (SI).

RESULTS AND DISCUSSION

Acid-Activation Mechanism.

In our previous work, multiscale simulation methods were used to calculate PMFs for the
movement of an excess proton through the channel in the +0, +1, and +2 His37 protonation
states to gain insight into the acid-activation mechanism, shown in Figure 1. These PMF
profiles show deep local free energy minima for the excess proton to bind to the His37 tetrad
in the +0 and + 1 states, with large barriers for deprotonation towards the viral interior. The
deprotonation barrier in the +2 state, however, is lower and the calculated conductance
matches the experimental value, indicating how the channel reaches an activated state at low
external pH.

Water Structure and Hydrogen Bonding Networks are Sensitive to Proton Position.

It has previously been shown that a hydrated excess proton can change the water dynamics
in confined areas, including increasing the level of hydration and rearranging hydrogen
bonds.12 5253 Here, we evaluate and show the extent to which an excess proton affects the
water structure in different regions of the M2 channel. To quantify these effects, the
direction of each water-water hydrogen bond was calculated as the cosine of the angle
between the hydrogen bond vector and the z-axis, taking on values from —1.0 to 1.0, as
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defined in Figure 2b. This value was calculated for all hydrogen bonds and averaged over all
hydrogen bonds in each region to determine the average direction of water hydrogen
bonding in a given configuration. This was done for all simulations and proton positions and
then plotted as a function of the proton position to quantify the change as the proton moves
through the channel. See the Supporting Information (SI) for more details.

Figure 3 shows how a cluster of water in the middle of the channel (comprised of all water
contained in the region indicated by a green box in Figure 2a, from roughly 2’ =-5.0 A to
Z’ = 0.0 A) interacts with and responds to the hydrated excess proton charge for three His37
charge states as a function of the CEC position along the Z’ axis. The average direction of
the hydrogen bonds in this middle region is positive before the proton enters and declining
as it moves down the channel. The difference is maximized when the excess proton CEC is
directly above this middle region (CECz: = -6.0 A), at which point the waters are
completely reoriented. However, this effect initiates when the excess proton is several layers
of water away as the rearrangement “trickles down” from the excess charge. The water
follows this trend in all sections of the channel — the average hydrogen bond direction
reaches its minimum value when the proton is situated just above that region, and its
maximum value when the proton is just below that region. As the excess proton moves
through the region, there is a transition as the hydrogen bonds change polarity due to the
excess charge passing through.

The backbone and sidechain atoms also play an important, but dynamic, role in stabilizing
water structures through hydrogen bonding. As the hydrated excess proton moves through
the channel, these interactions transiently shift both in strength and orientation. The detailed
results and discussion of Ser31 hydrogen bonding dependency on the excess proton position
are in the Sl (see Figure S3 and corresponding text).

Altogether, these changes in hydrogen bonding clearly demonstrate that PT in M2 is a
highly dynamic and variable process, with a range of water reorganization trends in response
to both the presence of an excess proton charge and the protein structural changes associated
with the PT. This analysis also provides insight into water interactions that enable PT
through water clusters (regime 3). Considering a hydrated proton approaching from the virus
exterior, the hydrogen bonds of connecting water generally have a negative orientation (as
defined in Figure 2b) for facile PT in accordance with the Grotthuss shuttling mechanism.
The re-arrangement of water as shown above indicates how the proton can, in a sense, “pave
its own path.” Before the proton enters the M2 channel, the water is not arranged optimally
for PT, but the water structure is flexible and rearranges in response to the passage of the
excess proton. Additionally, the changes in water-protein hydrogen bonding shows the
flexibility of such interactions — the presence of the excess proton can result in both
increased and decreased frequencies of these interactions, as well as shift the positions of
involved water molecules. These types of proton-induced changes are expected to play a
critical role in many biomolecular (and other) systems involving PT.

The Water Structure in +2 State is “primed” for PT.

The water and hydrogen bonding analysis can be used to understand aspects of the acid
activation mechanism in terms of the free energy of PT through the channel. The barrier for
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the proton to deprotonate the His37 tetrad and move past the Trp41 tetrad is large (~18, 16
kcal/mol) in the +0 and +1 states, but only ~10 kcal/mol in the +2 state (Figure 1).
Comparison with the relatively lower barriers of deprotonation towards the viral exterior
indicates that these high inward-deprotonation barriers, particularly in the +0 state, are not
just due to the favorable His-binding. To better understand the role of the water structure in
PT from the His37 tetrad to the viral interior, and how it may contribute to the high
deprotonation barrier, we calculated the number of waters and the average direction of
hydrogen bonding (as in the previous section) of water in the region just below the His37
tetrad and above the Trp41 tetrad, which approximately corresponds to the range 6 < Z’ < 11
in Figure 2a. At CEC2 = 12.0 A, the excess proton is sufficiently beyond the His37 tetrad
such that no His37-bound states significantly contribute to its charge delocalization, as
previously determined.3 16 This is also the region where PMF calculations from MS-RMD,
which does not account for His37 contributions to delocalization, and QM/MM, which does,
overlap. Thus, the water structure below the His37 tetrad, when the proton is at that position,
represents the average water structure needed to facilitate proton unbinding from the His37
tetrad towards the interior. As shown in Figure 4a, the number of waters in this region
increases by 3 to 5 water molecules in the +0 and +1 states as the proton passes through
(comparing cecz = 1.0 with cecz» = 12.0 A). However, the number of waters is relatively
constant in the +2 state. Additionally, the average direction of hydrogen bonds between
waters in this region also shows tetrad-charge-dependent changes (Figure 4b). When the
proton is out of the channel (cecz» = —22.0 or 22.0 A) the +0 state has significantly positive
(pointing upward) hydrogen bonds in this region, averaging ~0.4, which need to reorient to
achieve a negative direction for PT to the His37 tetrad. The +1 and +2 states, however, start
negative and do not need to change as much.

The same analysis was also done for the excess proton approaching the His37 tetrad from
the viral exterior, focusing on the water in the region directly above the tetrad, below the
Gly34 residues in Figure S2. The PMF deprotonation barriers as the proton moves from the
His37 tetrad towards the viral exterior are relatively similar for the three charge states: ~12,
14, 11 kcal/mol in the +0, +1, and +2 states, respectively. We can consider how the water in
this region responds to the proton approaching the tetrad by comparing the water when cecz-
=1.0 A, which corresponds to the point at which the proton is completely past the His37
tetrad (by same logic as above). The number of waters in this region at cecz» = 1.0 is nearly
the same as when the proton is out of the channel (ie, cecz:= —22.0). In the +1 and +2 states,
the number of waters above the His37 tetrad is relatively constant as the proton moves
through the channel, but it varies in the +0 state by 3—4 waters. The average direction of
hydrogen bonding in this region is also similar for all three charge-states. Before the excess
proton enters the channel, all three have a slightly positive value corresponding to hydrogen
bonds pointing away from the His37 tetrad, and all three show a similar response to the
proton as it moves through the channel. The +0 state noticeably becomes more negative
more quickly, due to the lack of positive charge on the His37 tetrad to strongly direct
hydrogen bonding. The small changes in the number of waters and the similarity in the
direction of hydrogen bonding across the three charge states suggest that, in contrast to
below the His37 tetrad, the water structure does not significantly contribute to free energy
differences of PT above the His37 tetrad in the different states.

JAm Chem Soc. Author manuscript; available in PMC 2019 September 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Watkins et al.

Page 8

Together, these results indicate how the +2 state is “primed” for PT. Physiologically, the +0,
+1, and +2 states represent the dominate charge state in pH ranges of 8-9, 7-8, and 6—7
(according to recent constant pH simulations#?); these results thus also imply the acid-
activation mechanism of PT. For a proton to be released inward from the His37 tetrad, both
the +0 and +1 states require more water to move into the region to solvate the excess charge.
The water in the +0 state additionally must reorient to a greater degree than the water in the
+1 and +2 states. The +2 state, however, does not need more water to enter this region, nor
does the water need to completely reorient. This stability of the water as the proton passes
through corroborates with the lower barrier in the +2 PMF, corresponding to proton
conduction at low pH.

Water Structure Implications for Rectification Behavior.

This water analysis can also be considered with regards to the fascinating rectification
behavior (i.e., how the channel activates to allow for inward proton flux when the exterior
pH is lowered, but does not activate to allow outward proton flux if the internal pH is
lowered). Our previous work provides a qualitative explanation for rectification based on the
asymmetry of the +0 PMF and the different relative free energy barriers between protonation
and deprotonation in both the inward and outward directions. Essentially, the calculated rate
for His37 protonation from the viral exterior is faster than that of His37 deprotonation
towards the viral interior, such that the channel can move from the +0 to the +1 state, and
similarly from the +1 to the activated +2 state. The relative rates of the reverse process,
however, are flipped—the rate for His37 protonation from the viral /nterioris slower than
that of His37 deprotonation towards the viral exterior. Thus, the rate of deprotonation (Kq¢f)
to the exterior outcompetes the rate of protonation from the interior (ko) and the channel
remains stuck in the +0 state instead of progressing to the +1 and the activated +2 states
when the internal pH is lowered.

The water structure analysis provides further molecular insight into this rectification
behavior. In the +0 state, proton movement from the interior to the His37 tetrad must be
accompanied by several additional waters moving into the channel, requiring the channel to
dilate around Trp41 (the radius also increases ~1A, see below). Additionally, once the
channel reaches the +1 state, the water hydrogen bond network surrounding the His37 tetrad
is directed away from the tetrad, suggesting it would be easier for that proton to move off the
tetrad (His37 to exterior) than an additional proton to move in. By comparing the average
number of water molecules in the regions above and below the His37 tetrad when the tetrad
is protonated (estimated from +1 simulations when the excess proton is out of the channel)
versus when the excess proton is just above or below the tetrad (CECz»= 1.0 or 12.0 A
respectively), we estimate that an additional ~1 waters must move into the region above the
His37 tetrad for deprotonation towards the exterior, and ~2 below for interior deprotonation.
From this analysis, one excess proton near the tetrad may more easily be solvated above the
tetrad, as the change in the number of waters above the tetrad is smaller than that below the
tetrad, requiring less rearrangement. This is consistent with our previous analysis of the
rectification mechanism, showing that when the pH is lowered in the interior, the channel
remains stuck in the +0 state because the kq¢ from the His37 tetrad to exterior bulk
outcompetes the ko, from the interior to the His37 tetrad. This is not true in the opposite
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direction, so the channel jJumps from the +0 to the +1 state only when the external pH is
lowered. Here, we see the explanation of this asymmetry in the +0 PMF is due to the
challenge of hydrating the region below the His tetrad and ease of hydrating the region
above it.

The Proton Transiently Affects the Protein Structure.

The radii profiles of the channel were calculated using the program HOLE®# for each excess
proton position to determine correlations between the proton position and the protein
structure. First, the radius of the channel was calculated for each frame and then averaged
over each proton position. Figure 5 shows these averaged radii profiles for all proton
positions, for each charge state, where each line is the average for a proton position along
the channel. Clearly, the +2 state is more open below the Trp41 tetrad and in the His37 tetrad
region. The narrowest part of the channel in the +0 and +1 states occurs at the His37 tetrad
(~2’ =5 A), and a secondary closure at the Val27 tetrad is seen near Z’ = -10 A. To more
clearly distinguish how the channel radii profile changes are dependent on the proton
position, the profiles are plotted separately for each state in Figure S4. Most striking is the
variation seen in the +0 state that is not seen in the + 1 and +2 states.

The +0 state can be divided into three main conformers based on clustering the radii profiles,
shown in Figure 6. Following the excess proton’s path from the top of the channel: when the
proton is out of the channel and just starting to enter at the top, the channel is narrowest at
the top near Val27, and slightly more open at the bottom of the channel (at this point the
radius near the His37 tetrad is still less than that in the +2 state). As the excess proton
approaches and passes through the Val27 gate, the top of the channel opens up and the
bottom of the channel closes. As the proton moves through the middle of the channel, before
reaching the His37 tetrad, both ends of the channel are closed. Finally, as the proton moves
past the Trp41 gate, the channel returns to its initial conformation. The larger radius near the
Trp41 residues when the proton passes by (seen in the variation near Z’ = 12.0 A in panel 3
of Figure 6b) indicates how the channel must open to accommodate additional water
molecules moving into that region in tandem with His37 tetrad deprotonation. Figure S5
shows a difference plot of these profiles.

The +1 and +2 states also respond to the excess proton position, but to a much smaller
degree. In the +1 state, the top of the channel opens slightly to accommodate the proton
moving through the Val27 gate while the bottom of the pore becomes slightly narrower; the
bottom of the channel opens slightly as the excess proton passes through that portion. The
+2 state exhibits less dependence on the proton position. The different extent of response in
each state is consistent with ssSNMR results that indicate one conformational state with
greater conformational fluctuations at low pH, but the presence of distinct states with small
fluctuations at high pH in thick bilayers.2? This suggests that the charged states (+1, +2) are
more flexible and may have increased natural fluctuations that allow the proton to pass
through, whereas the +0 state is more rigid and requires minor, but distinct, transitions to
accommodate the proton.
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Channel Asymmetry Distorts Proton Path.

The three-dimensional (3D) path of the excess proton has not previously been studied, nor
has the effect of the channel’s asymmetry on the proton path. The M2 channel is not
perfectly aligned with the z-axis, but instead is tilted as seen in Figure S6. In these
simulations, the +2 state is most tilted and the +1 state is least titled, on average. The protein
(initial structure from PDB: 4QKL) was initially aligned with the z-axis in the set-up for
these simulations and became tilted during classical equilibration in fixed protonation states.
It should be noted that on longer timescales the protein will sample tilts around the z-axis,
such that the average principal axis would align with the z-axis. Additionally, we note that
only the transmembrane portion of M2 is used in these simulations, which may affect the
protein’s degree of tilt in the membrane.

To investigate the 3D path of the proton through the channel, system configurations were
first binned according to cecz+, and the two-dimensional (2D) histogram of CEC values
(every 100 fs) was then calculated in the xy-plane for each bin and smoothed using Gaussian
interpolation. Since CEC values were saved much more frequently than the co-ordinates of
the entire system, the CEC coordinate was projected onto the Z” axis of the frame nearest in
time. Figure 7 depicts the 3D path of the excess proton based on most probable locations,
built from 2D histograms such as those shown in Figure 8. It is clear that the proton’s path is
increasingly asymmetric in the +1 and +2 charge states. In combination with the average
radius and center of the channel, as well as average positions of protein atoms involved in
hydrogen bonding in each plane, we are able to identify the distribution of excess proton
CEC values with respect to key pore-lining residues (see Figure 8 and SI Movie 1). This
again shows that the proton does not follow a symmetric path about the z-axis as it moves
through the channel, but tends to cluster near important residues. This is not an artifact of
insufficient sampling, but instead indicates a real preference for the proton to be near the
wall of the channel in certain xy-planes. Interestingly, this preference also corresponds to the
off-centered position of the ammonium group of amantadine and rimantadine,®® which will
be further explored in future work. The uneven distribution along the x- and y-axes is due to
the asymmetric internal environment and density of water in the channel, which is evident in
disparate hydrogen-bonding interactions between water and the channel (see Table S1). The
slightly skewed orientation of each helix relative to the others as a result of the channel’s tilt
within the membrane may contribute to this asymmetry. The protonation of the His residues
in the +1 and +2 also contributes to this asymmetry. A more detailed description of the
excess proton’s path is included in the SI.

Furthermore, due to the protein’s tilt, this analysis shows that the cross-section of the pore is
not well-defined as a circle all through the channel, but is more elliptical on the nanosecond
timescale — the distributions at CECZ’ = -10.0 A, for example, appear to be outside the
channel but in fact the Val27 residues transiently shift to open more space along the edge of
the pore. The method used here to calculate the pore radius does not account for this
asymmetry.

Understanding this asymmetric proton path could be helpful for structure-based drug design
efforts, as it is can be used to identify particular “sticky” spots for the hydrated excess proton
structure. This result also points to the dynamic shape of the pore, which could influence
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new drug shapes and sizes. It is critical as well to realize that the channel structure and helix
tilts are dependent on lipid composition, 2% 56-58 and the precise asymmetries may vary
depending on the composition.

CONCLUSIONS

In this work, extensive MS-RMD simulations were used to understand in molecular-level
detail the specific interactions and structural perturbations that occur during PT in the M2
channel in the +0, +1, and +2 charge states of the His37 tetrad. Our results reveal how the
proton causes subtle shifts in the protein structure to increase the pore volume and water
density in its vicinity, as well as larger conformational changes in the +0 state. Asymmetry
in the channel (persistent on the timescale of these simulations) is shown to influence the
proton pathway, causing sharp deviations from a purely symmetric path. Additionally, water
molecules move in and out of the channel and hydrogenbond networks rearrange in response
to the positive charge defect as the hydrated proton “paves its own path” through the
channel. Specifically, the observed water rearrangements below the His37 tetrad provide
further insight into the acid-activation mechanism, showing how, unlike the +2 state, the +0
and +1 states do not have enough optimally oriented water below the tetrad to facilitate
proton conduction. In contrast, above the His37 tetrad, the hydration required for PT is
reasonably facile in all charge states. This helps to explain the rectification mechanism:
when the pH is lowered in the interior of the virus, the system remains stuck in the +0 state
(it is not activated) because the barrier for proton uptake from the inside to the His37 tetrad
is large and the barrier for release from the His37 tetrad is low. Thus, the rate of
deprotonation of the His37 tetrad to the outside outcompetes protonation from the inside, all
due to the asymmetry in the ease of hydration above and below the His37 tetrad.

Altogether, these results provide a more detailed look at the PT mechanism and give helpful
insight for drug-design efforts to exploit channel asymmetry and hydration changes
associated with acid activation. For example, designing molecules that destabilize hydration
above the His37 tetrad could effectively block PT by switching the dominance of k¢ versus
Kon- Also, designing molecules that do not just block the channel, but increase the barrier for
PT past the Val27 region by binding above the channel and stabilizing a tightly closed
structure, could be an effective strategy. Finally, we emphasize how this study again
illustrates that PT is a highly dynamic process in which hydration and structural changes are
induced during PT. Simulations that include an explicit, reactive excess proton are necessary
to capture these correlated changes. Thus, looking only for “water wires” in experimental
structures or empirical non-reactive MD simulations that omit an explicit excess proton may
sometimes suggest misleading conclusions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Previously calculated and published PMFs for proton transport through M2 in the +0, +1,

and +2 states. Reproduced from ref 11.
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Figure 2.
(a) The M2 channel with pore-lining residues shown as sticks. The green box highlights the

region of water analyzed in Figure 3a. The direction of the z-axis indicates the direction of
proton flux from the exterior to the viral interior. (b) Definition of hydrogen bond directions,
with respect to the channel as shown, used throughout.
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Figure 3.
Hydrogen bond rearrangement as proton moves through the channel. (a) Average and

standard deviation of the direction of water-water hydrogen bonds in the central region of
M2 (see green box in Figure 2a) as a function of CEC position. (b) Example water structures
in the middle region of the +1 channel for CECz- = —16.0 (the proton is near the entrance of
the channel, not in view) and —6.0 A (above this central region — see stars in 3a). Hydrogen
bonds are shown as arrows, colored as a gradient based on direction where blue is +1.0 and
green is —1.0. The most hydronium-like water is shown in green. Front helix and residues on
back helix are removed for clarity.
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Analysis of water in the region below the His37 tetrad and above the Trp41 tetrad. See Sl for
specific definition. (a) The average and fluctuation (standard deviation) of the number of
waters in this region as the proton moves through the channel. (b) The average and standard

deviation of the direction of water-water hydrogen bonds in this region.
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Figureb.
Radii profiles for 3 charge states. Each line is the average for one proton position binned

every 0.5 A, shown for CEC2» = -22.0 to 1.0 and 10.5 to 22.0. The position of pore lining
residues is indicated. See Figure S4 for profiles plotted separately for each state.
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Figure®6.
Distinct conformations observed in the +0 state. The channel can be divided into 3 main

conformers when the excess proton is in different regions, labeled 1-3, based on radii
profiles. (a) The three regions of the channel, indicated by purple, green, and pink boxes.
The backbone of two helices are shown in gray, with pore lining residues as sticks. The
average water oxygen density isosur-face is shown in blue. (b) The radii profiles of the
channel for all proton positions every 0.5 A, separated based on which region the proton is
located. Each colored line is an average radius profile for one proton position in that region.
The black dashed line is the average radius profile when the proton is out of the channel.
Yellow arrows highlight the largest deviations from the average.
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Figure7.
Histogram values of CEC density for each charge state. Each colored dot represents one 2D

histogram bin value, colored and sized according to value. Values from high to low
(indicating high to low probability of the CEC being found in that bin) are large to small,
and red to purple. Bin densities less than 0.01 not shown. The structure is taken from a
trajectory with the excess proton outside the channel and does not show changes associated
with proton position. The front helix is removed for clarity. See movies 2—4 in Sl for a better
3D perspective.
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Figure 8.

X (A)

Density of CEC positions in the xy-plane for bin centered at CEC = -1.6 A. Blue dashed
circles represent the average radius of the channel at Z’ = —1.6 A for this proton position,
centered at the average center of the channel at Z* = —1.6 A based on the center of mass of
backbone atoms. Relevant nearby atoms shown in green, with size indicating proximity
(larger atoms are closer to this plane). Atoms are labeled by residue and chain. See movie 1
in Sl for equivalent slices moving through the channel.
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