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Aquaporins are an important class of membrane channels selective for
water and linear polyols but impermeable to ions, including protons.
Recent computational studies have revealed that the relay of protons
through the water-conduction pathway of aquaporin channels is opposed
by a substantial free energy barrier peaking at the signature NPA motifs.
Here, free-energy simulations and continuum electrostatic calculations are
combined to examine the nature and the magnitude of the contribution of
specific structural elements to proton blockage in the bacterial glycerol
uptake facilitator, GIpF. Potential of mean-force profiles for both hop and
turn steps of structural diffusion in the narrow pore are obtained for
artificial variants of the GIpF channel in which coulombic interactions
between the pore contents and conserved residues Asn68 and Asn203 at
the NPA signature motifs, Arg206 at the selectivity filter, and the peptidic
backbone of the two half-helices M3 and M7, which are arranged in head-
to-head fashion around the NPA motifs, are turned off selectively.
A comparison of these results with electrostatic energy profiles for the
translocation of a probe cation throughout the water permeation pathway
indicates that the free-energy profile for proton movement inside the
narrow pore is dominated by static effects arising from the distribution of
charged and polar groups of the channel, whereas dielectric effects
contribute primarily to opposing the access of H* to the pore mouths
(desolvation penalty). The single most effective way to abolish the free-
energy gradients opposing the movement of H* around the NPA motif is
to turn off the dipole moments of helices M3 and M7. Mutation of either of
the two NPA Asn residues to Asp compensates for charge-dipole and
dipole—dipole effects opposing the hop and turn steps of structural
diffusion, respectively, and dramatically reduces the free energy barrier
of proton translocation, suggesting that these single mutants could leak
protons.
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Introduction

Biological ion transport

The dielectric barrier of biological membranes

using the control of ion permeation productively.'
Electric current across the membrane of cells results
from ion translocation via ion channels and trans-
porters. Understanding the permeation of ions or
neutral permeants is very significant for funda-
mental and practical reasons. For example, the
rapid diffusion of potassium ions across cell

opposes the movement of ionic species. Living
systems have evolved to exploit that property by

Abbreviations used: AQP, aquaporin; MD, molecular
dynamics; PMEF, potential of mean force; GIpF, glycerol
uptake facilitator.
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membranes via proteins called potassium channels
controls many fundamental biological processes,
including electrical signaling in the nervous
system.” The conduction of chloride ions through
chloride channels governs the electrical activity of
muscle cells and of certain neurons.” The control of
proton translocation across biomembranes is an
essential aspect of biological energy transduction
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(bioenergetics).* In energy-transducing mem-
branes, integral membrane proteins utilize photo-
chemical and/or redox reactions to pump hydrogen
ions against an electrochemical gradient. The
resulting chemiosmotic force is then used produc-
tively to synthesize ATP from ADP.” One of the best
understood examples of proton pumps is bacterio-
rhodopsin, where the translocation of protons is
driven by the photo-isomerization of a retinal
group.®’

In the last two decades, the elucidation of
structural details of gramicidin,®’ the KcsA potass-
ium charmel,2 and the CIC chloride channel,3 has
opened the way to a better understanding of the
molecular basis of biological ion transport. Together
with structural studies, computational studies are
helping to unveil the balance of fundamental
physical forces resulting in ion permeation.'’ In
particular, these advances are providing micro-
scopic insight into the molecular properties of ion
channels compensating for the partial desolvation
of the ion in a low-dielectric environment. Selective
ion channels contain narrow water-filled pores in
which permeating ions are stabilized by short-range
interactions. In the potassium channel, backbone
carbonyl oxygen atoms lining the selectivity filter
provide multiple coordination sites for permeating
cations.” Similarly, to facilitate the diffusion of alkali
metal ions through gramicidin, a bacterial peptide
that mediates the permeation of small monovalent
cations, backbone carbonyl groups directly solvate
the permeating ion via charge-dipole interactions."'*
In the chloride channel, main-chain amide NH
groups are involved in the stabilization of anions.?
In addition, long-range ion—channel interactions are
thought to contribute to lowering the chemical
potential of translocating ions. The electrostatic
field generated by the macro-dipoles of four tilted
o-helices was shown to play a role in the charge
selectivity of the KcsA channel by favoring the
presence of a cation in a water-filled cavity in the
center of the transmembrane region.'® Ton-dipole
interactions arising from side-chains of native and
modified gramicidin channels have been proposed to
modulate the affinity of these channels for protons.'*

The study of proton translocation mechanisms
presents a particular challenge due to the reactivity
of H" in protic media. Protons can shuttle through
hydrogen-bonded networks through a relay process
often referred to as structural diffusion or the
Grotthuss mechanism. Because this process is very
fast, it is extremely difficult to capture experimen-
tally. Theoretical studies have begun to provide
meaningful insight into the molecular mechanism
mediating proton transport in systems of biological
relevance. The delocalized nature of charge in the
hydrated proton in a hydrogen bonded network,
which is intrinsic to the reactivity and the anom-
alous mobility of protons in water,"> has been
analyzed in detail in theoretical studies of proton
transport in bulk water'®'” as well as in water
chains embedded in model non-polar channels or
nanotubes,”> and in the gramicidin channel.*"***

These studies have revealed how structural fluctu-
ations of hydrogen bonded networks give rise to
structural diffusion. In this process, small-scale
fluctuations in the position of heavy atoms result
in the long-range displacement of H in nano-
second timescales. A notable aspect of the hydrated
proton that was shown to favor the solvation and
mobility of protons is the hydrogen bonded
coordination of Gprotonated water molecules by
three acceptors.'®* In bulk water and in water
chains, the rapid transfer or hop of proton between
water molecules is thought to be limited kinetically
by the comparatively slower reorganization of the
hydrogen bonded network.'®*'** The latter process
is complementary to proton hopping and is some-
times referred to as the turn step of the hop-and-
turn Grotthuss relay mechanism. Together, these
two steps give rise to structural diffusion.”**®

Aquaporins

The high permeation rate of neutral solutes
such as water and linear polyalcohols has been
characterized in channels of the aquaporin (AQP)
superfamily.””' The assembly of aquaporins into
homo-tetrameric units leads to the formation of five
pores, one in each monomer and one central pore
that is impermeable to even water molecules.
Aquaporins transport billions of water molecules
per second to relieve osmotic imbalance across the
cell membrane. The mounting evidence of clinical
disorders arising from the physiological malfunc-
tion of aquaporins underlines the need for a
detailed understanding of these channels at the
molecular level. The analysis of human disease
states has confirmed that aquaporins are involved
in many different illnesses, including abnormalities
of kidney function, loss of vision, and onset of brain
edema and arsenic toxicity.”* In spite of the fast
permeation of water molecules, AQPs do not allow
the translocation of any ion, including H* and
OH ™. Nature has helped the evolution of channels
like AQPs, as it is essential for any living cell to
maintain ionic gradients across cellular membranes.

Sequence analysis, cryo-electron microscopy,
X-ray crystallography, and molecular dynamics
(MD) simulations have begun to clarify the struc-
tural basis of aquaporin function. The recent
determination of atomic-resolution structures of
Aqp1,%** GIpF,*® and AqpZ®® has revealed highly
conserved structural elements. Each monomer of
these homo-tetrameric channels consists of six
transmembrane helices defining an hour-glass
pore. The narrow part of the water-conducting
pathway is 20 A long.*>"*° The narrowest part of the
pore, which is referred to as the selectivity filter, is
located at the extracellular mouth and contains a
conserved Arg residue. Residues defining the
selectivity filter in GlpF are W48, G191, F200 and
R206 (F58, H182, C191, and R197 in bovine Aqp1l).
Two highly conserved loops, each containing the
signature Asn-Pro-Ala (NPA) motif, fold back into
the protein and meet in the center of the pore.
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Approximately one half of each loop is non-helical
and defines a curvilinear conduction pathway,
constituted by backbone carbonyl groups that
point toward the channel interior and form hydro-
gen bonds with permeants. The other half of each
loop, known as M3 and M7 in GlpF (HB and HE in
Aqpl), is a-helical. These two helices are arranged
in head-to-head fashion at the center of the channel,
where two NPA motifs come close to each other. As
shown in Figure 1, in the GlpF channel, the macro-
dipoles of M3 and M7 helices point their positive
ends to NPA residues Asn68 and Asn203, respect-
ively, at the center of the channel.

Molecular dynamics studies of water movement
in Aqpl and GlpF have provided meaningéful
insight into the mechanism of water permeation.””®
These studies have shown that up to nine water
molecules fit into the narrow pore of Aqpl and
GIpF, where they assemble in single file and form a
hydrogen bonded chain (Figure 1). The transport of
water molecules through the pore is tightly coupled
to changes in their orientation.’’”®* As water
molecules trickle through the pore, their polariz-
ation changes around the NPA motifs. As high-
lighted in Figures 1 and 2B, on average, water
molecules 1-5 are polarized with hydrogen atoms
pointing toward the periplasmic vestibule, water
molecules 7-9 are polarized toward the cytoplasmic
vestibule, and water 6, which is located between
Asn203 and Asn68, donates both hydrogen atoms to
neighboring water molecules and orients perpen-
dicular to the channel axis. This bipolar organiz-
ation was ascribed to the opposed dipoles of the M3
and M7 helices®™® as well as to hydrogen bond

R206 N203 N68

Figure 2. Representative conformations of the three
polarization states of the chain of water molecules in the
GIpF pore. The three polar side-chains in the pore are also
shown. A, Fully polarized chain with molecular water
dipole moments oriented towards the periplasmic entry;
B, bipolar orientation; C, fully polarized chain with dipole
moments pointing towards the cytoplasm.
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Figure 1. Molecular model simulated here. The monomeric GlpF channel is shown in ribbon representation (a) together
with a close-up of the pore region (b). Three conserved residues, Arg206 in the selectivity filter, as well as Asn68 and
Asn203 from the signature Asn-Pro-Ala (NPA) motifs, are highlighted along with the two half-membrane-spanning
helices, M3 and M7. The nine single-file water molecules embedded in the pore are shown in their preferred bipolar
organization. Water molecules lying on the periplasmic and cytoplasmic side of the pore are shown at the top and at the
bottom, respectively. The molecular pictures in this and all subsequent Figures were generated with the program VMD.?*
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donation by the two amide groups of the NPA
motifs.*®

Several proposals for the molecular origin of
proton blockage were put forward on the basis of
computational studies of the water chain. De Groot
& Grubmiiller proposed that both the resilient
disruption of the hydrogen bonded water chain
observed in the selectivity filter region and unfa-
vorable coulombic interactions between an incom-
ing cation and the conserved Arg residue could
prevent proton permeation through the pore of
Aqp1.*” Tajkhorshid et al. noted that the bipolar
organization of the water chain is incompatible with
the uptake of protons from either side and
speculated that the control of water orientation bX
the channel would result in the exclusion of H
from the single-file region.”® In that line of thought,
Jensen et al. used MD simulations to analyze
coulombic interactions of specific components of
the GIpF channel with water molecules and with a
probe ion in the water permeation pathway.” They
concluded that electrostatic forces due primarily to
helices M3 and M7 and to the Asn side-chains of
NPA motifs give rise to the bipolar arrangement of
the water chain, thereby ensuring proton exclusion
from the pore. However, it should be noted that
none of the above studies considered the presence
of explicit protons in the pore.

Recent studies of proton translocation in
Aquaporins

Four computational studies of the translocation
of an excess proton in AQPs were reported recently.
These studies used different models of the hydrated
proton and different model systems to compute the
free-energy profile of proton translocation. De
Groot et al. combined non-equilibrium molecular
dynamics simulations with stochastic proton jumps
using the QHOP method to determine the effective
free-energy profile opposin% proton transport in
bovine aquaporinl (bAqp1)* using the maximum-
likelihood approach. Burykin & Warshel estimated
the free energy for transferring an excess proton to
the interior of the bAqpl pore using the protein-
dipole-Langevin-dipole method.*' The potential of
mean force for both hop and turn steps of structural
diffusion in the narrow pore of the GlpF channel
was computed using a dissociable and polarizable
water model from equilibrium molecular dynamics
simulations with and without an excess proton,
respectively.*” Finally, Tlan et al. reported non-
equilibrium simulations of proton translocation in
the GlpF channel obtained with an empirical
valence bond model of protonated water.*’

The four computational studies of proton trans-
location in AQP channels differ in their quantitative
estimate of the free-energy profile governing proton
movement and in their conclusions regarding the
physical origin and the mechanism of proton
exclusion. An overall free energy barrier to proton
translocation was computed as approximately 6,*
15,*" 11,*? and 18 kcal/mol (1 cal=4.184]).*> These

disparities reflect significant differences in the
models and methodologies used as well as in the
statistical convergence of the calculations. A com-
parison of free-energy profiles suggests that the
largest quantitative discrepancy is related to diffi-
culties in obtaining a reliable estimate of the
desolvation penalty for moving the excess proton
from bulk water to the channel interior (see
Discussion). Nevertheless, important qualitative
features consistently emerge. Most notably, all
four studies concur in the location of the barrier
top at the NPA motifs. In addition, the potential of
mean force (PMF) for proton movement shows a
shoulder at the selectivity filter in three of these
s’cudies,40'42'43 indicating that the persistent inter-
ruption of the water chain in the absence of H* is
not sufficient to block the proton movement and
suggesting that charge repulsion with the con-
served Arg is not the principal determinant of
proton blockage. Significantly, there is a good
overall agreement between the results obtained for
the single-file region in the study of AQP1 by de
Groot et al.** and that of GlpF by Chakrabarti et al.**
In and around the single-file region, the free-energy
profile obtained by Ilan et al.*® is similar, albeit with
a consistently larger amplitude.

Three of these studies analyze the role of
electrostatic forces in the free-energy barrier oppos-
ing proton translocation**™** but differ in the
assessment of the relative importance of dielectric
and static effects in the mechanism of proton
exclusion. The total electrostatic profile for the
movement of a probe ion can be decomposed into
reaction field and static field contributions.** The
former, which is due to dielectric boundaries,
reflects the penalty for desolvating the ionic charge
in the narrow pore, whereas the latter arises from
the distribution of electric charge in the protein. De
Groot et al.** & Chakrabarti et al.*> compared the
PMF of proton transfer with Poisson—-Boltzmann
continuum electrostatic calculations for the translo-
cation of a probe cation through the pore. The
similarity of the electrostatic profile with the free-
energy profile for the movement of H* supports the
dominance of the electrostatic field in the 20 A long,
narrow part of the channel. Furthermore, Chakra-
barti et al.** observed that the static field inside the
pore is consistent with the proton hop PMF both
qualitatively and quantitatively, and that these
profiles mirror the free energy profile opposing
the reorientation of the water chain, which consists
of a deep well strongly favoring the bipolar
conformation of the chain over either polarized
state. Together, these results indicate that dielectric
effects contribute significantly to the overall free
energy barrier for proton translocation and that the
distribution of polar and charged groups opposes
both hop and turn steps of structural diffusion in
the single-file region.*” This mechanism is consist-
ent with that put forward by de Groot et al.** In
addition, the analysis of water orientation in the
absence and in the presence of an excess proton
indicates that, contrary to previous proposals,®®***
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the bipolar orientation of the unprotonated water
chain does not in itself op ppose proton translocation
through the narrow pore.

The modulation of the PMF for proton movement
inside the e pore by the charge distribution of the
channel**** contrasts with the main conclusion
reached by Burykin & Warshel, who argue that
the barrier to proton movement is essentially due to
dielectric effects and that it is desolvation penalties
(self-energy of a cation going through the channel)
that give rise to the free energy peak at the core of
the membrane, whose location fortultously
coincides with the NPA motifs of aquaporins.
However, this analysis leaves out some important
aspects of the mechanism. While it has long been
recognized that a self-energy penalty opposes the
passage of i ions through the low-dielectric region of
lipid bilayers,* it is a fact that many biological
channels have evolved to become selective to polar
and charged permeants by counterbalancing the
dielectric barrier.! The dielectric barrier cannot by
itself lead to the overwhelming preference for the
bipolar organization of the unprotonated water
chain around the NPA motifs of aquaporms, % such
bipolar arrangement is not observed in other
narrow membrane channels such as gramicidin,
where polarized states of the water chain prevail.*"*°
In that context, it is essential to examine the relative
contributions of polar and charged groups to the free
energy profile of ionic translocation.

Present work

In the present study, we seek to determine the
structural origin of the barrier opposing proton
translocation through the pore of GlpF. Our
previous study suggested that it is the distribution
of charged and polar groups of the channel that
gives rise to the proton barrier inside the pore,* but
did not provide detailed indications as to the
respective contributions of specific structural
elements. The balance of coulombic interactions
leading to the proton barrier is not trivial. For
instance, Arg206 at the periplasmic selectivity filter
does not appear, in itself, to block protons despite its
positive charge. Accordingly, a recent systematic
study of individual contributions to the electric field
for a probe ionic charge in the pore of GlpF suggests
that positive charge is offset by several ne%atrvely
charged groups in the periplasmic vestibule.”” In an
earlier study, the artificial turning off of coulombic
interactions suggested that the dipole moments of
M3 and M7 helices contribute to the bipolar
organization of the water single file.”® Here, we
extend the methodology used in a study*
consider the qualitative and quantitative effects of
structural elements on structural diffusion.

Equilibrium molecular dynamics simulations of
artificial variants in which coulombic interactions
between conserved structural elements of the
channel and the lumen contents of the pore are
turned off are used to compute the reversible
thermodynamic work, or PMF, for both hop and

turn steps of structural diffusion. We chose to focus
on the role of the backbone of M3 and M7 helices
and of Asn68, Asn203, and Arg206, which are the
only polar side-chains in the narrow pore. These
artificial modifications probe the respective role of
dipole, hydrogen bonding, and charge interactions
with water and proton. The free -energy profiles
controlling the movement of H™ are compared with
Poisson-Boltzmann (PB) calculations for the trans-
location of a probe cation throughout the water
permeation pathway. Results confirm that the
location of the barrier to protons at the NPA site is
due to the charge distribution of the channel and
indicate that the single most effective way to abolish
the barriers opposing structural diffusion is to omit
the macro-dipoles of helices M3 and M7, which
leads to a comprehensive model for the blockage of
structural diffusion by dipole-dipole and charge-
dipole interactions in the channel. This model is
exploited to propose single-point mutations that
could compromise the impermeability of aquapor-
ins to protons.

Results

Reorientation of the single-file water chain

The unprotonated single-file chain of water
molecules can adopt three distinct conformational
states (Figure 2). In state A, which corresponds to
u,~ —8e A, the dipole moments of all nine water
molecules are pointing towards the periplasmic
entry. State B, at p,~—1eA, corresponds to a
bipolar organization, with five water molecules
pointing towards the periplasm, three towards the
cytoplasm, and water 6 donating one hydrogen
atom to each of these two polarized half-chains (see
Figure 1). In state C (u,~8e A), all nine water
molecules point towards the cytoplasmic entry. The
PMEF for the turn step of the Grotthuss mechanism is
depicted in Figure 3. In the native channel (wt),
there is an overwhelming preference for the bipolar
arrangement of water molecules, which is favored
by 7 kcal/mol and 12 kcal /mol over states A and C,
respectively.*?

Artificial modifications of the charge distribution
of the channel strongly affect the organization of the
water chain. Turning off the charge of Arg206 (R
channel), leads to a dramatic stabilization of state A,
which becomes degenerate in energy with B. Turn-
ing off backbone atoms of M3 and M7 helices (H
channel) leads to the stabilization of states A and C,
both of which come closest in free energy to the
bipolar state. Turning off the partial charges of
the NPA Asn side-chains (N channel) leads to the
disappearance of the bipolar arrangement of the
single-file water chain as a stable or metastable
state; the PMF in the N channel is otherwise
identical with that of the wt channel. These features
are retained qualitatively when NPA asparagine
residues and the two helix dipoles are turned off
together (HN channel), but the preference of
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Figure 3. Free energy profiles for the reorientation of
the single-file chain of water molecules (turn step of
structural diffusion) in the absence of an excess proton.
The potential of mean force is shown as a function of the
total dipole moment of the nine-water chain projected on
the channel axis z. The GlpF channel and its variants are
as described in Table 1. Labels A, B, and C refer to the
polarization states of the water chain defined in Figure 2.
The total dipole moment (n,) of the water chain was
scaled by a factor of 0.417, the fractional charge of H
atoms in the TIP3P po’cential,54 for consistency with the
results reported elsewhere.*?

polarized state A over C becomes stronger by
6 kcal/mol. Combining all three modifications (i.e.
turning off coulombic interactions between the
water chain and Arg206, Asn68, Asn203, and the
M3 and M7 helix backbones in the RHN channel)
results in an even stronger asymmetry of the PMF
profile than in the HN channel, further exacerbating
the preference for polarized state A, which is now
favored over state C by 21 kcal/mol.

Putting these results together, it appears that the
single most important effect of NPA Asn side-
chains on the organization of the water chain is to
allow the existence of state B, whereas the main
effect of helices M3 and MY is to favor dramatically
the bipolar arrangement B over either polarized
states A and C (provided NPA is there to nucleate
the bipolar arrangement) and the primary effect of
Arg206 is to destroy the stability of state A relative
to the other conformations of the water chain.
Finally, both N68D and N203D mutations lead to
profiles resembling the turn PMF of channel N, with

the absence of bipolar state B as a stable conformer
and a 6-7 kcal/mol preference for state A over state C.

Proton hopping

The PMF profiles for proton transfer along the
single-file water chain (hop step of the Grotthuss
mechanism) in native and modified versions of the
channel are shown in Figure 4. In the native channel
(wt), the hop profile is relatively flat around R206
and is opposed by a barrier of ~4.5kcal/mol
peaking at the NPA region.** Turning off coulombic
interactions between the protonated water chain
and specific structural elements of the channel leads
to significant change in the free energy profiles. In
the variant and mutant forms of the channel
considered here, the barrier found in the wt channel
is replaced by a monotonic change, a flat profile, or
a well. Turning off the charge of R206 in both R and
RHN channels has a profound effect on the PMF,
leading to a steep monotonic increase in free energy
between £~ —2 A and 7-9 A. Inversely, turning off
M3 and M7 helix dipoles (H) or NPA asparagine
residues (N) essentially abolishes gradients in the
PMF. These two profiles are highly similar to each
other, with a shallow well near £~0 A between the
selectivity filter and the NPA region.

Turning off both Asn and helix dipole interactions
(HN channel) inverts the wt barrier, which is
replaced by a broad 3 kcal/mol well centered at

W(¢ ) (kcal/mol)

6 0 6 123 3 9
§A)

Figure 4. Free energy profiles for the transfer of an
excess proton in the single-file chain of water molecules
(hop step of structural diffusion) for the wild-type GlpF
channel and its variants (see Table 1).
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the NPA site (=6 A). A qualitatively similar result
is obtained in each of the two single-point mutants,
N68D and N203D, with a somewhat more pro-
nounced well of ~4kcal/mol located near the
carboxylate groups of the Asp side-chains, atE=6 A
and 5 A, respectively. The similarity between HN,
N68D, and N203D profiles suggests that in each of
these two single-point mutants, charge-charge and
hydrogen bonding interactions between protonated
water and aspartate effectively cancel out the
combined effect of M3 and M7 helix dipole
moments and of the remaining Asn side-chain.

Comparison of hop PMF and static field profiles

The static field for the translocation of a positive
point charge in the water-conduction pathway of
native and modified forms of the GlpF pore was
computed with continuum electrostatic calculations
(see Materials and Methods). Results for the single-
file region are shown in Figure 5 together with the
PMEF profiles presented in the above subsection. All
eight panels of Figure 5 show a good agreement
between the electrostatic potential and PMF pro-
files, indicating that the qualitative result obtained
earlier for the wt channel* can be extended to the
channel variants. In particular, the gradients around
the NPA motifs (wt channel) and in the R and RHN
variants are well captured by the static field. In
addition, both the location and curvature of free-
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Figure 5. Comparison of static field (broken lines) and
hop PMF (continuous lines). The eight panels are
arranged as in Figures 2 and 3. The PMFs were shifted
vertically for a direct comparison.

energy wells in RHN, N68D, and N203D channels
are in very good agreement in both calculations,
indicating that the charge distribution dominates
the free energy profile of the excess proton in the
single-file region. By contrast, the profiles are in
relatively poorer agreement in cases where the PMF
profile is comparatively flat (i.e. in H, N, and HN
channels), suggesting that as the effective polarizing
force acting on the cation gets weaker, the role of
coordination and solvation of the excess proton
becomes increasingly important.

Static field across the permeation pathway

A direct comparison of static field profiles for the
translocation of a point charge obtained in native
and modified channels is shown in Figure 6. These
profiles are nearly identical outside the range
—30<z<30 A but differ markedly in the region of
the channel pore. Results for the channel variants
can be grouped into four distinct categories. Turn-
ing off the partial charges of the two NPA Asn
amide groups has only a moderate effect on the
static field: both wt and N channels consist of a
2-3 kcal/mol barrier at the NPA site. In both
channel variants in which the charge of Arg206 is
turned off, R and RHN, the static field features a

Energy (kcal/mol)

Figure 6. Static field across the permeation pathway.
Results obtained for different channels are as follows:
wild-type (black), and channel variants R (magenta), H
(green), N (blue), HN (cyan), RHN (red), N68D (walnut),
and N203D (gold). In this and subsequent Figures, the
magenta and blue bars highlight the location of the
selectivity filter (—5<z<—1A) and of the fingerprint
NPA motifs (4.75<z<7 A), respectively. The barrier due
to the charge distribution for the wt channel peaks to
3 kcal/mol at the NPA site, whereas for channels R and
RHN, the barrier is replaced by a well at the selectivity
filter. The full profile for the wt channel is shown for the
region —80<z<80 A as an inset together with the effect
of a membrane potential on static field in the wt GlpF
channel. The static field for the wild-type channel is
shown without any trans-membrane potential (black) and
with a transmembrane potential of —65mV applied
along the channel axis (orange). The static field for the
H channel (no voltage) is depicted in green. The
membrane region, which corresponds to the range
—15 A<z<25 A, is highlighted with broken lines.
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deep energy well of 8 kcal/mol and 10 kcal/mol,
respectively, centered at the selectivity filter region.
By contrast, both channel variants in which M3 and
M7 helix dipole moments are omitted, H and HN,
show only minor deviations from the baseline,
which consists of a monotonic increase from about
—2 kcal/mol to 0 kcal/mol over the range —25 A
to 35 A in the absence of a membrane voltage. This
confirms that turning off the dipole moments of M3
and M7 helices is the single most effective way to
abolish the electrostatic gradients opposing the
movement of a cation in the narrow pore of the
channel. Combining H and N modifications (HN
variant) cancels the barrier obtained in the wt
channel. In the presence of a transmembrane
voltage of —65 mV typlcal of physiological values
(—40 mV to —100 mV)," the asymmetry of the static
field in the wt channel is inverted and reduced in
magnitude (Figure 6).

Finally, both N68D and N203D mutations result
in static field profiles that are intermediate between
HN and RHN variants, with broad wells and
energy minima of 6-7 kcal/mol located between
the selectivity filter and the NPA region. The
respective locations of the minima along the
channel axis reflect the fact that N203 is closer to
the periplasmic mouth of the narrow pore than N68.
A pairwise comparison of the results obtained for
wt and N, H and HN, and R and RHN channels
suggests that the static field contributions of
Arg206, the two NPA Asn side-chains, and the
backbone dipole moment of M3 and M7 helices are
roughly additive, with the extremum in the single-
file region dropping by approximately 1 kcal/mol,
3 kcal/mol, and 11 kcal/mol when the partial
charges of the Asn side-chains, of the backbone of
M3 and M7 helices, and of Arg206 are turned off,
respectively.

Total electrostatic energy of a permeating probe
cation

The total electrostatic free energy for the move-
ment of a probe cation through the water per-
meation pathway in various forms of the channel is
shown in Figure 7. The total electrostatic energy can
be decomposed as the sum of static field and
reaction field contributions, which arise from
charge—-charge interactions and from dielectric
boundaries, respectively. Since the only modifi-
cations in the artificial variants of the channel
involve perturbations of coulombic interactions
between the channel contents and the charge
distribution of the channel, the only part that differs
significantly in the five artificial constructs con-
sidered here (R, H, N, HN, and RHN) is the static
field (as shown in Figure 6). The reaction field is
identical in the wt and in these five variants,
because by design, none of these modifications
induces a significant change of the conformation of
the channel. In addition, the reaction field is
retained in the isosteric single-point mutants
considered here (N68D and N203D). As a conse-

Energy (kcal/mol)

z (A)

Figure 7. Total electrostatic free energy for the
translocation of a probe cation along the water per-
meation pathway in native and variant forms of the
channel. Colors are as described for Figure 6.

quence, the ordering in the ESP profiles (see
Materials and Methods) shown in Figure 7 is the
same as that of the static field shown in Figure 6.

In the native channel (wt), the ESP profile consists
of an 11 kcal/mol barrier centered at the NPA site,
with a shoulder at the selectivity filter. The profile
drops off on both sides of the narrow pore, reaching
zero at z=—12 A and 24 A on the periplasmic and
cytoplasmic sides, respectively. Although the mag-
nitude of both the NPA barrier and the shoulder are
reduced, these features are retained in the N, H, and
HN variants. By contrast, neutralizing Arg206
results in strongly asymmetric ESP profiles. Turning
off R206, N68, N203, and backbone of the two
helices leaves the channel largely non-polar (see
Figure 1). Although it remains substantial in the R
form, the NPA barrier drops to zero in the RHN
variant; most significantly, the shoulder at the
selectivity filter is replaced by a well in both R
and RHN variants. Finally, the ESP features largely
vanish in the two ND mutants, where the amplitude
of the total ESP, which oscillates between 2 kcal/
mol and —2 kcal/mol, is smallest.

The latter result stems from the near-cancellation
of static and reaction field contributions to the total
ESP in the two ND mutants. A typical conformation
of the protonated water chain in the N68D mutant is
shown in Figure 8, and the decomposition of the
total electrostatic free energy for the translocation of
a probe cation in that mutant is depicted in Figure 9.
The static field yields a well (~6 kcal/mol) at the
NPA site, whereas the reaction field, which is
related to desolvation penalties, features a barrier
(~8 kcal/mol) peaked at the same region. The total
electrostatic free energy is the sum of static and
reaction fields within approximately 0.5-1.0 kcal/
mol. Although the ruggedness of the reaction field
in the pore region remains in the total ESP profile,
these fluctuations are essentially confined to the
narrow pore, where the reaction field is overly
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Figure 8. Representative conformation of the proto-
nated water chain in the N68D channel, and the channel
groups forming hydrogen bonds with the single-file
water chain are shown. In this conformation, the excess
proton resides on water 6, which is located near the
carboxylate group of D68.

sensitive to molecular details (see Discussion).
However, the drop in the static field as the probe
cation is taken from bulk water into the narrow pore
(approximately 4 kcal/mol and 5 kcal/mol on
periplasmic and cytoplasmic ends) roughly cancels
the desolvation penalty, which is of similar magni-
tude in that region. Replacing Asn68 by Asp
reduces the overall ESP barrier from ~10 kcal/
mol to a much smaller value of ~4 kcal/mol,
suggesting that this mutant (and N203D, for
which similar results are obtained) may conduct
protons.

Discussion

In this section, the mechanism of proton blockage
in aquaporins is discussed in light of the above
results and of recent computational studies. This
analysis sheds a light into the balance of
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Figure 9. Decomposition of the total electrostatic
energy (continuous line) for the translocation of a probe
cation along the permeation pathway of the N68D
channel into (broken line) static field and (dotted line)
reaction field contributions. The vertical broken lines
highlight the boundaries of the single-file region at
z=—6 A and z=14 A, respectively.

fundamental physical forces at play in the biological
control of proton translocation.

Static field

The results of the present study support the
dominance of electrostatic effects in the mechanism
of proton blockage, a propertzf uncovered in three
recent independent studies.**™** The respective
contributions of static and reaction fields to the
electrostatic field are discussed in this and in the
next subsection.

The effect of modifications of coulombic inter-
actions between the channel and its pore contents
confirms that both hop and turn steps of structural
diffusion in the narrow pore of aquaporins are
opposed by the charge distribution of the channel.**
The essential role played by the charge distribution
in the free-energy profile for proton transfer within
the narrow pore of GlpF is supported by the static
field for the translocation of a probe cation. The
PMF for proton movement is nearly identical
(within 1 kcal/mol) with the static field in the
single-file region, both in the native channel and in
the five artificial variants as well as in the two
single-point mutants of the channel considered
above. Discrepancies between the two profiles are
due, in part, to factors neglected in continuum
electrostatic calculations, such as thermal averaging
and the delocalized nature of the charge of the
hydrated proton in a hydrogen bonded network.*?
Nevertheless, the above results indicate unambigu-
ously that in the pore of aquaporins, significant
electrostatic gradients take precedence over the
details of hydrogen bonding coordination and
transfer properties of the hydrated proton. This
property is supported by the agreement between
the proton hop PMF profile throughout the single-
file region in two previous studies usin§ different
model systems and methodologies,*”** and is
consistent with the conclusions of three recent
computational studies.***"*? The thermodynamic
profile for proton movement is dictated by the
strong electrostatic pull away from the NPA motifs.
While this electrostatic effect is not specific to
protons, this does not necessarily mean that the
detail of short-range interactions involved in ionic
solvation would be irrelevant for other ions (anions
or cations), as discussed elsewhere 3442

Desolvation penalties

Together with the charge distribution of the
channel, desolvation penalties arising from dielec-
tric boundaries contribute to the blockage of
protons. Importantly, the present study suggests
that the respective influence of these two effects is
different inside and outside the pore. As discussed
above, the static field is by far the largest contri-
bution to the free energy opposing proton per-
meation inside the narrow single-file region. This
necessarily means that the reaction field should be
essentially constant inside the pore, in contradiction
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to the results obtained from Poisson-Boltzmann
calculations, whereby the reaction field varies by up
to 3 kcal/mol between the selectivity filter and the
NPA motifs (Figure 9). On the basis of the present
study we can discount altogether the two peaks of
the reaction field appearing at the selectivity filter
and the NPA motifs in the narrow pore region. The
contradiction indicates that dielectric boundaries
are an inadequate approximation to describe the
self-energy of the ion within the single-file region of
the pore, where the reaction field is overly sensitive
to small variations in the channel width. This
conclusion could not have been reached on the
sole basis of the study of the wt channel, where
static and reaction fields hafpen to be qualitatively
similar in the pore region.*

By contrast, outside the narrow pore, variations
in the static field, which reaches —2 kcal/mol and
0 kcal/mol near periplasmic and cytoplasmic
entrances, respectively, are relatively small (Figure
6). This suggests that in the vestibules of the
channel, it is desolvation penalties that dominate
the overall electrostatic barrier to proton transloca-
tion. With the present methodology, we obtained a
total electrostatic barrier peak of 11 kcal/mol at the
NPA site and a shoulder 5 kcal/mol below.** If
fluctuations of the reaction field inside the pore are
discounted, the peak of the electrostatic free energy
profile drops to approximately 8 kcal/mol, flanked
by a shoulder at the selectivity filter 3.5 kcal/mol
below. Outside the single-file region, the total
electrostatic free energy drops by 4 kcal/mol.
Although crude, this estimate of the free-energy
barrier outside the pore obtained using macroscopic
continuum electrostatic calculations is consistent
with the results obtained from three previous
studies, where the free-energy profile for the
entrance and exit of H* from bulk to bulk was
computed using explicit atomic models.****

Our results are in good agreement with those
reported by de Groot et al.,** despite the fact that
their free-energy profile reaches minima outside the
pore, then rises again by ~2 kcal/mol and 4 kcal/
mol towards bulk water on periplasmic and
cytoplasmic sides, respectively. Between these two
minima, their PMF features a barrier of 8-10 kcal/
mol peaking at the NPA, a shoulder at the
selectivity filter ~3—4 kcal/mol below the barrier
top, and drops of ~4 kcal/mol between the ends of
the narrow pore and the free-energy minima in the
vestibule regions. Thus, our single-file PMF profile
and our estimate of 4 kcal/mol for proton entrance
into the narrow pore form either side of the channel
are consistent with the magnitude obtained by de
Groot et al.*’ The same magnitude, with somewhat
larger estimates of 6 kcal/mol and 7 kcal/mol for
proton entry from periplasmic and cytoplasmic
sides, was obtained by Ilan ef al ., B while in the work
of Burykin & Warshel,*' the desolvation penalty
appears to be in the range of 10 kcal/mol. A direct
comparison of the results obtained in various
studies is hampered by the difficulty of gauging
the boundary of the single-file region, where the

free-energy gradients are steep. Furthermore, dis-
crepancies between the results obtained in various
studies reflect the difficulty to obtain reliable
estimates of the transfer free energy of an excess
proton between bulk water and the interior of the
narrow pore. Uncertainties in these calculations
include differences in the molecular models and in
the empirical force-fields used, as well as statistical
sampling errors. None of the models included the
lipid membrane or other monomers of the channel
explicitly. Finite-size models were used by all but
one study.*” Some models did not include the effect
of proton delocalization.*”*' In non-equilibrium
simulation approaches used in two studies,***
the water content of the lumen can change with
time, so that the simulations may probe hydration
states different from those in here, where the intrusion
and extrusion of water in and out of the pore were
precluded by construction.*? As the channel vesti-
bule widens, the PMF becomes more and more
difficult to calculate accurately, due to increasing
dimensionality and multiple pathways, whereas
the continuum electrostatic approximation is
expected to become better and better. In that
context, it is significant that the magnitude of the
desolvation barrier estimated by a continuum
model in our earlier*” and present studies is
consistent with free ener 24 changes obtained with
atomistic force-fields.*44 Together, these results
confirm that electrostatic effects are dominant in the
exclusion of protons, with the dielectric term
prevailing outside the narrow pore and the static
field compounding this desolvation barrier by
providing an additional barrier at the NPA site.

Structural determinants of proton blockage

We now turn to the analysis of modulations of the
static field by specific interactions and discuss how
single-point mutations can mitigate and possibly
even compensate for the dielectric barrier opposing
proton translocation. The above results enable us to
identify the respective contributions of specific
structural elements and of physical forces to the
mechanism opposing structural diffusion in the
narrow pore of the GIpF channel. The analysis of
artificial variants indicates that all three structural
elements considered are needed to enforce both the
strong preference for the bipolar organization of the
unprotonated chain and the presence of a free-
energy barrier opposing the passage of an excess
proton at the NPA site. Moreover, the detailed
comparison of hop and turn free-energy profiles
sheds a light into the relative effects of charge
(Arg206), hydrogen bonding (Asn68 and Asn203),
and dipolar (M3 and M7 backbone) interactions on
the mechanism of proton blockage.

Asn side-chains and helix dipoles

The two Asn side-chains of the NPA motifs and
helices M3 and M7 play complementary roles in the
stabilization of the bipolar conformation.
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Neutralizing Asn68 and Asn203 amide groups
prevents the formation of hydrogen bonds with
water molecules at the NPA site, which is sufficient
to eliminate the bipolar conformation of the water
chain (Figure 3). Thus, hydrogen bonding is
necessary to nucleate the bipolar conformation,
although it does not contribute as much to the free-
energy barrier for proton hopping past the NPA
motifs as the two helix dipoles (Figures 4-6). The
single most effective way to remove the free-energy
barriers opposing both hop and turn steps of
structural diffusion is to turn off the dipole
moments of helices M3 and M7 (H channel). This
modification results in the near-degeneracy of all
three polarization states of the unprotonated water
chain, and in a diffusive free-energy profile for the
excess proton in the single-file region (Figures 5-7).
Together, these two modifications (HN channel)
result in the disappearance of the static field barrier
(Figure 6).

Arg206

Turning the charge of Arg206 off generates a
strong asymmetry in the PMF profiles for both hop
and turn steps of structural diffusion. The static
field profile in the R channel suggests that a cation
might reside in the periplasmic vestibule. However,
the amplitude of both static and total fields is very
large, suggesting that single-point mutations
removing the positive charge of residue 206
would not lead to cationic leakage. This result
confirms earlier conclusions that Arg206 is not the
dominant structural feature opposing structural
diffusion in the pore as it fa11s to polarize the
unprotonated water chain®*? and it gives rise to
only a secondargy peak in the PMF opposing proton
permeation.

Other polar and charged groups

The static field features a 2.5 kcal/mol well at
z~—20 A in the periplasmic vestibule of the GlpF
channel. This feature persists qualitatively in all the
variant forms, including in H and HN channels,
even as the barrier to proton translocation in the
single-file region is being abolished, and culminates
in R and RHN variants, where the monotonic
increase of the static field from the periplasmic
mouth to the cytoplasmic side of the pore is most
pronounced. Similarly, the PMF profiles for the
reorganization of the unprotonated water chain
(Figure 3) show a resilient preference for state A,
which is favored by ~7 kcal/mol over state C in the
wt channel, and again (by 4-21 kcal/mol) in the
variant forms of the channel. Together, these results
indicate consistently that the distribution of
charged and polar groups outside the narrow pore
of the channel is strongly asymmetric. This asym-
metry is due to the presence of negatively charged
groups near the periplasmic mouth of the pore. In a
previous study of electrostatic interactions in GIpF,
these groups were identified as E43, E152, and

D207.* Negatively charged residues on the peri-
plasmic side of the pore include D114, D130, E116,
and E127. The intrinsic asymmetry of the static field
of the channel may be implicated in the effective-
ness of cationic blockage at physiological con-
ditions. Accordingly, the electrostatic profile
obtained in the presence of a membrane voltage of
—65 mV (Figure 6) shows that the static field of the
channel partly compensates for this field,
suggesting that aquaporins may have evolved to
function in the presence of an intracellular electro-
chemical gradient.

NPA mutants

Modifying one of the two NPA asparagine
residues to aspartate offers further insight into the
balance of physical forces at play in structural
diffusion. In the absence of a proton, the free-energy
profile governing water orientation in N68D and
N203D channels is similar to that of the channel
variant in which the partial charges of the two Asn
side-chains are turned off (N channel), underlining
the importance of replacing a hydrogen bond donor
by an acceptor to the structure and fluctuations of
the water chain. Replacement of CONH, by COO™
changes the free-energy barrier opposing proton
translocation at the NPA motifs to a well. Attractive
charge—charge interactions with H™ more than
compensate for the effect of the other charged and
polar groups of the channel. Since the extra
electrostatic stabilization afforded by the presence
of a negative charge at the NPA site roughly cancels
out the desolvation penalty as well, our results
suggest that both N68D and N203D could mediate
proton translocation.

Mechanism of proton blockage

The present study shows that the single best way
of eliminating the barrier to proton transfer in the
single-file region is to turn off the dipole moments
of helices M3 and M?7. This artifact also leads to the
destabilization of the bipolar conformation of the
water chain relative to polarized conformations.
These results lead to a comprehensive mechanism
for proton blockage in aquaporin channels, which is
depicted in Figure 10. According to this mechanism,
the preferred arrangement of water molecules in
GIpF is determined essentially by helix dipole—
water dipole interactions and the barrier to proton
movement inside the pore is dominated by adverse
interactions between the ionic charge and helix
dipole moments. Throughout the present study, the
consistent effects of structural elements on hop and
turn profiles underlines the complementarity of the
two steps of structural diffusion. As a conf1rmat1on
and a refinement of our earlier conclusions,*
Figure 10 shows how the very same structural
features leading to the stabilization of the unproto-
nated water chain with a turn defect at the NPA site
also lead to the destabilization of the ionic defect at
the NPA site. Although Figure 10A and B depict the



504

Proton Blockage in Aquaporins

& &t 5+ &
- ——

Al> > > > >HO0H<L < <
- - - - - — -
&~ 5t &t &~
o B ——
Bl>>>>>®F < < <
- - - - - — e
& 6;@ &t &
Cl> > >>>® < < <
- - - - - — e

Figure 10. Effect of the charge distribution of the
channel on structural diffusion in aquaporin channels.
A, The bipolar organization of the unprotonated water
chain is stabilized by dipole-dipole interactions with
helices M3 and M7. B, Protonation of water near the NPA
site conserves the bipolar organization of the water chain
but is opposed strongly by repulsive forces between the
ion and M3, M7 helix dipoles. This results in a barrier
peak for the PMF of proton transport (see Figure 4)
despite favorable water-channel and ion—channel inter-
actions. C, In N68D and N203D mutants, the negative
charge of the carboxylate group compensates for the
repulsive interactions between a cation and helix dipole
moments, resulting in the stabilization of the excess
proton.

two extrema in the thermodynamic cycle of
structural diffusion (respectively, free energy well
for the turn and barrier top for the hop), the only
difference between them is the addition of an ionic
charge on the water molecule located at the NPA
site (Figure 10B). In this conformation, both ion-
water and water—channel interactions are optimal,
so that it is solely by virtue of adverse ion—-channel
interactions that the barrier peaking at the NPA
arises.

A consequence of that observation is that,
contrary to an earlier proposal,®****® bipolar con-
trol of the water chain does not in itself oppose the
transfer of an excess proton in the narrow pore
region.*” If that was the case, then the location of an
excess proton at the NPA site would be a stable
conformation by virtue of the bipolar arrangement
of water molecules around the NPA site (see
Figure 10B). As a consequence, bipolar control of
the water chain would oppose proton movement
away from the NPA motifs, since the displacement
of H in either direction displaces the bipolar
arrangement away from the NPA site.*> Thus, the
fact that Figure 10B corresponds instead to a barrier
top indicates that, despite the strong preference for
a bipolar arrangement of the water chain, bipolar
control is not the dominant mechanism of proton
blockage.

Furthermore, while the magnitude of the free-
energy barriers opposing water reorientation
(Figure 3) might appear to support a direct role
for the bipolar organization of the water chain in
excluding protons from the pore interior, such an
observation is incomplete because it leaves out the
effect of ion—water interactions on the orientation of
the chain. The spontaneous polarization of the
single-file water chain induced by the addition of
H™ at either end of the pore indicates that ion-
water interactions surpass channel-water inter-
actions,*” underlining the plasticity of the water
chain in response to the static field created by
protein and excess ion. This result is not surprising
in light of the fact that the hydration free energy of
protons (ca —100 kcal/mol) is an order of magni-
tude larger than the reorientation penalty imposed
on the water chain by the channel (7-14 kcal/mol).
Thus, proton exclusion results from desolvation
penalties and from the static field of the channel,
which also dictates water orientation in the absence
of HT. In this process, water molecules play an
altogether passive role, their orientation reflecting
the static field both in the absence and in the
presence of the excess ion.

The introduction of a negative charge at the NPA
site through ND point mutations results in the
relative stabilization of the proton at the NPA site,
which counterbalances the adverse interactions of
the cation with the helix dipoles (Figure 10C). This
effect is supported by the PMF and static field
profiles of proton movement in both N68D and
N203D mutants, where the barrier opposing proton
translocation is replaced by a well. In the N68D
mutant in particular, the shape of that well mirrors
qualitatively the wt barrier, with a primary well
centered at NPA and a plateau at the selectivity
filter (Figure 5). In further support of that cancella-
tion mechanism, we note that the N68D mutation
has the same effect on the turn step of structural
diffusion as turning off the partial charges of N68
and N203 (N channel): in the absence of HY, the
bipolar conformation of the water chain disappears
completely (see Figure 3).

General implications

The above mechanism is consistent with emerg-
ing evidence for the role of short-range and long-
range charge—dipole interactions in biological ion
transport. In the mechanism leading to the per-
meation of alkali metal ions through gramicidin,"
and of potassium ions through the selectivity filter
of the potassium channel KcsA,? backbone carbonyl
groups solvate the permeating ion directly via
charge—dipole interactions. The sensitivity of hop
and turn steps of structural diffusion to dipole
moments in the channel was uncovered in a recent
comparative theoretical study of proton transloca-
tion in native and modified gramicidin dimers,
where the origin for the attenuation of proton
conductance in dioxolane-linked gramicidin chan-
nels was attributed to local structural distortions of
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the peptidic backbone that project carbonyl groups
into the lumen.”’

The present results and analysis indicate that
essential aspects of the free-energy profile govern-
ing proton movement through aquaporins can be
captured with macroscopic continuum electrostatic
calculations. The largest uncertainty in these calcu-
lations was identified as the difficulty of describing
the narrow pore of the channel with dielectric
boundaries. The concordance of results obtained
from atomistic and a continuum electrostatic
calculation suggests that detailed features of struc-
tural diffusion are secondary in the mechanism of
proton exclusion from aquaporins. This contrasts
with the molecular mechanism of rapid proton
translocation in gramicidin, where hydrogen-bond-
ing interactions favor the solvation and the mobility
of protonic and bonding defects.**® This is because
the features opposing proton transport need be only
relatively crude or coarse compared to conduction
processes, as noted elsewhere,*> and because they
are largely non-specific, in the sense that they are
not due to the arrangement and atomic fluctuations
of a particular subset of chemical groups lining the
narrow channel but rather to the macro-dipoles of
two a-helices, which are not in direct contact with
the lumen contents.

Whether the conclusions reached above regard-
ing the structural origin of proton blockage would
extend to other cations will depend on the
energetics of these ions in the narrow pore of the
channel.*? Nevertheless, it should be noted that an
advantage of controlling cation movement with
relatively long-range charge—dipole interactions, as
is achieved in the GlpF channel by the head-to-head
arrangement of helices M3 and M7, is that this effect
would apply equally to all cations small enough to
fit in the single-file region. This result mirrors the
electrostatic control of charge selectivity in the
potassium channel KcsA,'> where the combined
dipole moments of four helices help stabilize a
single positive charge in the heart of the transmem-
brane region. Inversely, two head-to-head helices
are found in the CIC chloride channel,® although
their role in the electrostatic stabilization of chloride
ions appears to be marginal compared to the case of
KcsA.™ At any rate, the impermeability of aqua-
porins to anions arises necessarily from effects other
than non-specific charge-dipole interactions with
the two half-helices.**™** The asymmetry of the
static field for cation translocation, which features a
well near the periplasmic mouth (Figure 6),
suggests that the presence of negatively charged
groups near the periplasmic mouth of the channel
would contribute to opposing the passage of
anions, as pointed out by de Groot et al.*’

Our analysis indicates that in the present system,
variations in the free-energy profile due to details of
the proton relay mechanism arising from the
reactivity of protons in hydrogen bonded networks
are secondary to significant electrostatic gradients.
Accordingly, the main factors resulting in the
exclusion of protons from aquaporins can be

understood without consideration of structural
fluctuations of the hydrogen bonded network,*
although the analysis of structural diffusion helped
reach a detailed understanding of the blockage
mechanism. However, this does not imply that the
structural fluctuations are necessarily irrelevant to
understanding the mechanism of proton movement
in proteins.*® Again, this is because, from the
perspective of molecular design, blockage is much
easier to achieve than selective conduction. In
aquaporins, static and dielectric effects act in
concert to block protons, whereas in channels that
conduct protons, the two effects must necessarily
balance each other. In addition, in proton-conduct-
ing channels, dynamic effects must be considered at
the atomic level to explain high rates of permeation.
In such systems, the detailed properties of hydro-
gen bonded networks become essential because
they modulate the rate of permeation. Dynamic
modulation of free-energy profiles by confor-
mational fluctuations of dioxolane-linked gramici-
din channels revealed a coupling between channel
dynamics and proton movement on a timescale
commensurate with proton permeation and suggest
that conformational transitions modulate proton
conductance in these channels.””

Dynamic effects must a fortiori be considered in
detail in proton pumping, an inherently non-
equilibrium process where kinetic control is
reiuired to prevent the leakage or back-flow of
H™ and ensure the directionality of proton translo-
cation. In principle, the mechanism of a proton
pump can be formulated as a series of reactions
alternating blockage and conduction through local
or extended tracts of the proton pathway, and an
important challenge in understanding the molecu-
lar mechanism of proton pumps is to determine the
structural and physical basis for the fine modu-
lation of these two effects (proton switch). Thanks to
the elucidation of high-resolution atomic structures
obtained at various stages of its photocycle,
bacteriorhodopsin is currently the best-character-
ized proton pump; nevertheless, the nature of the
proton switch in that enzyme is still a matter of
debate (see Lanyi*’ and references therein). Two
limiting mechanisms have been invoked to explain
the directionality of proton movement in pumps:
affinity switch and accessibility switch.”® In the
former case, proton gating arises from rapid
changes in the relative affinity of relay groups for
protons triggered by photochemical (or redox)
reactions, whereas accessibility switch models
emphasize temporary interruptions of the proton
pathway resulting from conformational changes in
the hydrogen bonded network. It should be noted
that these two models are not necessarily exclusive.
A continuum electrostatic study considering
changes in proton affinity of key titratable groups
in various conformational microstates of the photo-
cycle of bacteriorhodopsin concluded that these
changes could drive unidirectional proton translo-
cation without the need for accessibility switches.”
Accordingly, electrostatic gradients in aquaporins
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suffice to block protons despite the presence of a
proton pathway.**** Inversely, proton blockage
may arise regardless of thermodynamic and elec-
trostatic gradients given persistent interruptions of
the hydrogen bonded pathway, as suggested by a
recent study of proton blockage by methanol in the
narrow pore of the gramicidin channel.”’ An
implication for the study of proton pumps is that
detailed analyses of structural diffusion throughout
enzymatic pumping cycles are needed a priori to
determine the interplay of electrostatic forces and
structural fluctuations in such systems.

Conclusions

The role of ion channels is to catalyze the
transport of charged molecular species through
the low dielectric region of the membrane. Trans-
port is achieved by compensating for the unfavor-
able desolvation penalty wusing favorable
interactions between the permeating species and
polar or charged groups of the channel. The present
study confirms that electrostatic forces dominate
the mechanism of proton blockage in aquaporin
channels and provide detailed structural insight
into the molecular origin of blockage. The desolva-
tion barrier opposing the intrusion of H* into the
narrow pore is compounded by a static barrier
peaking at the NPA motifs, which opposes both the
movement of protons and the reorientation of water
molecules inside the pore. The static field is due
primarily to the macrodipoles of two head-to-head
a-helices converging at the NPA motifs. These
structural elements provide a robust electrostatic
basis opposing both hop and turn steps of structural
diffusion through charge-dipole and dipole-dipole
interactions, respectively. Such a mechanism
ensures the exclusion of protons and possibly
other cations. Replacement of either of the two
NPA Asn side-chains by negatively charged Asp
compensates for adverse dipolar interactions and
approximately cancels out the dielectric penalty,
suggesting that the proton impermeability of these
two single-point mutants may be compromised.
These findings shed light on the balance of physical
forces governing structural diffusion in biological
systems and have general implications for the
control of proton translocation in membrane chan-
nels and energy-transducing enzymes.

Materials and Methods

The calculations reported here follow the methodology
of an earlier study of the native GlpF channel.** Here,
these calculations are repeated in five variant and two
mutant forms of the channel.

Molecular model

The GIpF channel is a homo-tetramer whose three-
dimensional structure was solved at 2.2 A resolution by
X-ray crystallography.35 In this work, one monomeric

GIpF channel, with slabs of water molecules above and
below it, was used for the simulation (see Figure 1). The
monomeric system consists of 3839 protein atoms, nine
water molecules in the pore and 1383 water molecules in
the bulk, for a total of 8315 atoms, as described.*?

The CHARMM force-field, version 22°%°% was
employed to model the protein and the TIP3P force-
field>* was used for bulk water. The nine water molecules
occupying the channel pore® were modeled successively
with TIP3P and with the PM6 model.****>*” The TIP3P
force-field was used in the study of the turn step of the
Grotthuss mechanism (in the absence of an excess
proton), whereas the PM6 force-field was also employed
in simulations with an excess proton to estimate the
proton-hop free-energy barrier. A comparison of results
obtained with TIP3P and PM6 models in the GlpF channel
indicates that these two models consistently describe the
structure and fluctuations of the single-file water chain,*?
despite essential differences in the functional form of
these two empirical force-fields. More specifically, the two
models were shown to be in good agreement regarding
the equilibrium distribution of water in the pore and the
PMEF for the reorganization of the hydrogen bonded chain
(turn step). PM6 is a polarizable and dissociable model of
water that consists of O*~ and H" moieties. This
empirical model, which has been used in many studies
of ionized water,”®®® has been shown to capture the
essential features of the mechanism of H' transport in
water wires.”>*® Hop and turn PMF and diffusion
constants obtained from molecular dynamics (MD)
studies of proton transport in the gramicidin A channel®
were used in a framework model to compute conductance
data.®*®* The results of these studies were shown to be
consistent with experimental data.'*¢>

A promising approach to construct an empirical
potential function of water molecules that allows proton
dissociation is based on Warshel’s empirical valence bond
(EVB) theory.67 This approach gave rise to a new family of
dissociable water models initiated by Vuilleumier &
Borgis,®® and later refined by Voth and co-workers.”
The refined model has been shown to yield a good
agreement with the properties of the hydrated proton in
bulk water. However, the only calculations of proton
conductance through biological channels based on atomic
models published to date are based on studies of
gramicidin using the PM6 model.****®® Thus, PM6 is
currently the only force-field that has been tested and
shown to yield adequate performance with respect to
experimental proton conductance data in biological
channels. Until superior accuracy is demonstrated by
other empirical models through rigorous comparison to
experimental data in narrow pores, the PM6 model
remains a valuable device to help understand the
molecular basis of proton movement in biomolecular
systems.

Molecular dynamics simulations

The inner core of the molecular system, an orthorhom-
bic region of 30 AX14 AX14 A centered on the NPA
motifs and aligned with the narrow water-filled pore, was
allowed to move during the MD simulations. This region
is comprised of ~1100 atoms;** the rest of the system was
kept fixed. Additional restraints were applied to prevent
intrusion and extrusion of water molecules in the single-
file region, as described.*> The distribution and orien-
tation of water molecules in the pore in this finite-size
system were shown to be in good agreement with those
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Table 1. Systems studied

Selective control of electrostatic interactions

M3/M7

helices NPA (Asn68/
Channel Arg206 backbone’ 203) NH,
wt On On On
R Off On On
H On Off On
N On On Off
HN On Off Off
RHN Off Off Off

Point mutation’

N68D Modify Asn68 to Asp
N203D Modify Asn203 to Asp

? Partial charges of C=0, N-H, and C*~H" atoms of residues
70-79 (M3) and 205-217 (M7).
? Modifying either of the two NPA asparagine residues.

obtained from a simulation of the tetrameric channel
assembly in a hydrated lipid bilayer.***

We generated MD trajectories using the CHARMM
program, version 26.52 The Langevin equations of motion
were propagated at 300 K with an integration step of 1 fs
and a friction coefficient of 5 ps~' applied to all heavy
atoms. Non-bonded interactions were calculated without
any cut-off. Five artificial variants of the channel were
constructed in order to gauge the effect of specific
coulombic interactions between structural elements of
the channel and the single-file water chain. These variants
are listed in Table 1. In each of these variants, pairwise
coulombic interactions between specified groups of
channel atoms and the lumen contents were turned off,
while channel-channel interactions were conserved. This
procedure has the advantage of guaranteeing the struc-
tural integrity of the pore. Two single-point mutant forms
of the channel were generated by replacing Asn68 and
Asn203 by Asp. The free-energy calculations described
below for hop and turn steps were repeated for each of the
seven variants.

Water reorientation

The turn step of structural diffusion was studied in the
absence of an excess proton from molecular dynamics
trajectories in which the configuration of the molecular
system was recorded every 5fs. The reversible work
theorem was used to compute the PMF for the
reorientation of the single-file chain of water molecules.
The reaction coordinate for this free energy calculation
was the projection of the total dipole moment of
the lumen contents (water chain) on the z-axis
(channel axis) for each configuration as a function of
time t, ie. Ll,z(t) ={qo ZOZ' Zol'u(t) + qua ZH] ZH](t) Here, Hz(t)
is expressed in units of e A, and go, gy are the formal
charges of single-file water O and H atoms, respectively.
For the TIP3P water model,”* go and gy are —0.834 e and
0.417 e, respectively, where e is the elementary charge.
This reaction coordinate has been used in previous
studies of the Grotthuss turn step.*>?***? The PMF
profile was calculated from the equilibrium probability
distribution of p,. A harmonic biasing potential energy
function was imposed on p, to force the reorientation of
the unprotonated water chain, as described.*? In this
umbrella sampling scheme,”®”" an equilibration run of
20 ps was followed by a 60 ps production run for data
collection for each of 41 consecutive windows separated
by 0.25e A and ranging from —5.0eA to 5.0e A. The

PMF profile was computed by unbiasing the windows
and combining them with the weighted histogram
analysis method (WHAM).”>”® The total simulation
time used to build the PMF profile for the reorientation
of the single-file water chain was 3.28 ns.

Proton hopping

The reversible thermodynamic work or PMF for the
translocation of an excess proton along the single-file
water chain was computed from MD simulations using a
continuous and derivable reaction coordinate:

() g

In this equation:

Woi = faw(rom) —2
i

is a weighting function, and:
Fow(oim) = V(1 + expl{rom; — TowHdsw])

is a switching function, where O;, H; are oxygen and
hydrogen atoms of the single-file water chain, respect-
ively. Constants ds, and rs,, were chosen as 0.05 A and
1.40 A, as described.*?

The PMF profile was computed from equilibrium
distributions of £ obtained from umbrella sampling
simulations. A harmonic biasing potential energy func-
tion was imposed on £ to force the sampling over the
entire pore region, from —6.5 A to 14.5 A* To this end,
20 ps of equilibration followed by 60 ps of production
were generated for each of 43 consecutive windows
spaced by 0.5 A. The reaction coordinate, &, was recorded
every 2 fs. The total simulation time required to build the
PMF profile for H* translocation was 3.44 ns.

Continuum electrostatic calculations

The electrostatic potential ¢() is given by the linearized
Poisson-Boltzmann equation:

7e(r)V d(r) — Kpa(rd(r) = —4mp(r)

where &(r), p(r), ¥ and Kpy are the space-dependent
dielectric constant, macromolecular charge density, pos-
ition vector, and modified Debye-Hiickel screening
factor, respectively. In the absence of mobile ionic charges
in the solution, ¢(r) can be calculated by solving Poisson’s
equation:”*"

VeV d(r) = —4mp(r)

The electrostatic free energy of transfer of a probe
cation from the aqueous solution to the center of the pore
of the channel is defined as:

E = (ECI - EC - EI)/Z

where Ec; and Ec are the electrostatic energy of the
channel with and without the ion, respectively, and E; is
the electrostatic energy of the ion in bulk water."® The
total electrostatic free energy for the passage of a probe
cation through the GlpF pore was computed by solving
the linearized Poisson-Boltzmann equation. The PBEQ
module” as implemented in CHARMM,” version 28,
was used together with a set of optimized atomic radii for
amino acids.*® All explicit water molecules were removed
from the molecular system. The free energy of ion transfer
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(ESP) was computed with a cation placed at successive
positions along the channel pore.*?

In the continuum approximation, the total electrostatic
free energy of the cation in the pore can be expressed as
the sum of contributions from the static field (which
reflects the charge distribution of the protein) and the
reaction field (which is governed by the low-dielectric
boundaries). The radius of the probe cation was chosen as
that of sodium (r=1.66 A)*® because the hydration free
energy of that ion, —98 kcal/mol,* is comparable to that
of hydronium, —102 kcal/ mol®? to —104 kcal/ mol.B A
comparable effective radius of 1.6 A was used in another
study based on the Born solvation model.* Our earlier
study showed that the reaction field profile exhibits only a
weak dependence on the probe radius, except at the
selectivity filter.*” The linearized Poisson-Boltzmann
equation was solved on a cubic grid of 151 cells with a
cell width of 1.0 A, with subsequent focusing using a
0.5A cell width. A slab perpendicular to the z-axis
represented the low-dielectric region of the membrane. It
was centered at z=5 A and chosen to be of 40 A thickness.
We used dielectric constants of 2,2, and 80 for protein (&),
membrane (), and water (&), respectively.4 We
assigned a high dielectric constant (¢.=80) to the interior
of the pore. Earlier results showed that the choice of
membrane dielectric had only a moderate effect on the
reaction field.*> The calculations were repeated for five
variants in which the coulombic interactions between the
lumen contents and specified subsets of atoms were
turned off as well as in two single-point mutant channels,
as listed in Table 1. The calculation of the static field for
the wild-type channel was repeated in the presence of
150 mM ionic strength and of a transmembrane voltage of
—65 mV. Finally, to determine the protonation state of the
two single-point mutants N68D and N203D at physio-
logical pH, we carried out EKA calculations in the
Poisson-Boltzmann framework® for Asp68 and Asp203,
respectively. Results obtained with membrane and
protein dielectric constants varying between 1, 2 and 4
show that the pK, of these two side-chains are within
1 pKa unit from that of their aqueous reference state
(3.9 for Asp). The largest shifts in pK, —0.78 and 0.80 for
N68D and N203D, respectively, were obtained with
protein and membrane dielectric constant set to 1
(ep=1=¢€p). As a consequence, both side-chains were
modeled in their deprotonated (carboxylate) state.
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