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Charge Delocalization in Proton Channels, I: The Aquaporin Channels
and Proton Blockage
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ABSTRACT The explicit contribution to the free energy barrier and proton conductance from the delocalized nature of the excess
proton is examined in aquaporin channels using an accurate all-atom molecular dynamics computer simulation model. In par-
ticular, the channel permeation free energy profiles are calculated and compared for both a delocalized (fully Grotthuss shuttling)
proton and a classical (nonshuttling) hydronium ion along two aquaporin channels, Agp1 and GIpF. To elucidate the effects of the
bipolar field thought to arise from two «-helical macrodipoles on proton blockage, free energy profiles were also calculated for
computational mutants of the two channels where the bipolar field was eliminated by artificially discharging the backbone atoms.
Comparison of the free energy profiles between the proton and hydronium cases indicates that the magnitude of the free energy
barrier and position of the barrier peak for the fully delocalized and shuttling proton are somewhat different from the case of the
(localized) classical hydronium. The proton conductance through the two aquaporin channels is also estimated using Poisson-

Nernst-Planck theory for both the Grotthuss shuttling excess proton and the classical hydronium cation.

INTRODUCTION

The concomitant conduction of water and exclusion of pro-
tons exhibited by the aquaporin family of membrane protein
channels is a marvelous feat of Nature since proton transport
(PT) is naturally mediated by water. Excess protons can, in
principle, shuttle rapidly across networks of hydrogen bonds
according to a Grotthuss-type mechanism and delocalize
their charge (see Fig. 1) (1). This behavior translates in part
into a mobility larger than that of any other cation, by five-
fold in bulk water, and even more so along water-files of ion-
conducting channels, such as in the gramicidin A channel,
where the disparity is estimated at greater than 10-fold mag-
nitude (2).

Several filtering properties are enhanced in aquaporins
relative to archetypical ion channels such as gramicidin A,
facilitating exclusion of other charged solutes besides pro-
tons, thus maintaining key electrochemical potentials across
cell membranes. For one, aquaporin channels (Fig. 2) are rel-
atively narrow, thereby excluding both large neutral solutes
and small ions. Their pores are also lined by far fewer car-
bonyl groups, providing less efficient dehydration for ionic
solutes while possibly also optimizing rapid water permea-
tion (3). It is not clear, however, whether these features are
sufficient by themselves to exclude protons. Protons are
unique among charged solutes in that they experience the
environment of the pore lining and width rather indirectly
through the ordering of the embedded water-file; they are
charge-delocalized and because of this, their effective radius
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is unclear. Experimental evidence suggests that, in principle,
cation exclusion is achieved before proton exclusion (the
companion article (4) examines such a proton-selective chan-
nel). Moreover, a study (5) of a model hydrophobic cylindri-
cal channel displayed a greater than 10-fold enhancement of
proton mobility with decreasing pore radius. The enhance-
ment was ascribed to the formation of a one-dimensional
water-wire as the pore radius was decreased to 2 A, reflecting
both changes in solvation structures and directional restriction
in a statistical sense. These latter results (5) did not account for
desolvation effects, as water molecules were included only
along the channel interior.

One aspect of understanding proton exclusion in aqua-
porins seems to be related in some way to the bipolar orien-
tation of the embedded water-file about the Asn-Pro-Ala
(NPA) motifs (Fig. 3), as initially conjectured by x-ray (6) and
molecular dynamics (MD) simulation studies (7,8) based on
hydrogen-bond patterns of the single water-file. The bipolar
orientation has been suggested to be induced by the eight key
pore-lining residues in the channel lumen (9). No matter what
the origin of the bipolar water orientation, the same Grotthuss-
type mechanism by which PT can proceed so rapidly would
also allow protons to shuttle down the one-way Grotthuss
pathways toward either end of the channel (Fig. 3). Several
recent simulation studies (10-17) have calculated or esti-
mated, in one way or another, the free energy profile or
potential of mean force (PMF) along the pathway of PT for the
aquaporin-1 (Agpl) channel (11-13), and the Escherichia
coli glycerol facilitator (GIpF) (14-16), a member of the
aquaglyceroporins subfamily, which also conducts glycerol.
All studies have observed the main free-energy barrier
centered about the conserved NPA motifs, though with con-
siderably differing magnitudes and interpretations.

doi: 10.1529/biophys;.106.091934
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FIGURE 1 A schematic figure of the Grotthuss proton shuttle and charge
delocalization process through a short chain of water molecules (a so-called
water-wire or proton-wire).

Notably, we have recently employed the same computa-
tional methodology used in this article to explain (17) with
good quantitative accuracy the role of selective mutations on
the experimental proton conductance of the Aqpl channel
(18). That study provides key validation for the accuracy and
reliability of our simulation methodology, which contains all
primary physical features of this process, starting from the
asymptotic bulk phase limit of the excess proton and then
moving through the channel environment. The present ap-
proach may be compared and contrasted with various other
computational methodologies that have been used to study
the aquaporin proton blockage phenomenon (see the Ap-
pendix). In addition, the companion article (4) is devoted to
the topic of a proton-selective channel, which provides ad-
ditional insight into the proton charge delocalization effect
and its rather subtle nature in the context of biomolecular chan-
nel environments.

Computational free energy (i.e., PMF) profiles deliver
valuable structure-function relationships concerning selectivity
mechanisms. Current experimental methodologies provide
evidence that is more indirect; for example, mutagenic studies
and estimates of the free energy barrier according to patch-
clamp (2) experiments and through the Arrhenius plot for the
proton conduction (19,20). The latter activation energy may be
related to the overall effective ion permeation free energy
barrier, given by the difference between the maximum of the
barrier profile and the bulk limit just beyond the channel mouth,
if an estimate of the activation entropy is also known. This
quantity seems not to be experimentally available for PT
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FIGURE 2 An equilibrium snapshot of the GlpF monomer. The high-
lighted water-file on the pathway is polarized about the ASN-PRO-ALA
(NPA) signature motifs that are colored orange. The HB and HE helices are
modeled as purple images. The residues that project their backbone carbonyl
groups into the water pathway are colored green. The cytoplasmic exit is at
the top. The figure was created with VMD software (65).

through aquaporins since their proton conduction is practically
undetectable. Thus, computational results can be especially
valuable provided they are physically meaningful and quan-
titatively accurate (or at least semiquantitatively). The central
objective of this article, as opposed to our prior articles on this
aquaporin channels, is to explicitly study the role of Grotthuss
charge delocalization in the aquaporin proton blockage mech-
anism using the computer simulation approach described
above. Furthermore, the exact connection with the measured
transport rate must, in principle, be established through a
theoretical framework such as the Poisson-Nernst-Planck (21)
accounting also for finite ion concentrations, frictional correc-
tions, and recrossing events along the trans-membrane trans-
location pathway, the latter two being related to the diffusive
behavior of the ion in the channel. This connection has also
been made in the present article.

It is also important to clarify the role of the proton
permeation PMF calculated in this work versus the so-called
two-step ‘‘turn-hop’’ mechanism (14). While both the PMFs
of the turn- and hop-steps are well defined, the interpreta-
tions and terminologies concerning these PMFs are not as
clear. The former is a quantity reflecting the stability of the
water-file orientational ordering and is defined by the free-
energy profile as a function of the orientational order param-
eter of the water-file in absence of the excess proton. The
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FIGURE 3 One proposed mechanism for proton exclusion: The positively
charged excess proton is repelled through the desolvation penalty from the
bulk water regions and the bipolar electrostatic field of the aquaporin matrix
(thick arrows). Additionally the proton experiences opposing shuttling path-
ways along the bipolar directions. The role of Grotthuss shuttling and protonic
charge delocalization is estimated in this work by examining the free-energy
and self-diffusion profiles along the pathways of proton and classical
hydronium transport.

latter (hop-step) is the explicit PMF of PT along the trans-
membrane pathway, accounting for all possible water config-
urations (and orientations). Intuitively a higher PMF for the
turn-step in aquaporin channels (bi- to unipolar) might be
expected to be correlated with a higher PMF of PT. The
relationship of the PMF for a turn-step (in the absence of an
excess proton) to the actual permeation barrier for PT, how-
ever, is less clear.

As stated earlier, this article adds significant new results to
our earlier preliminary study (16) by examining the effects of
proton charge delocalization on the properties of PT to fur-
ther characterize the role played by the electrostatic environ-
ment in the aquaporin channels in proton versus cation
exclusion. Specifically, the PMF along the transport pathway
of the Agpl and GIpF channels is calculated for both a
delocalized (Grotthuss shuttling through water) excess pro-
ton, according to the all-atom second generation multistate
empirical valence bond (MS-EVB2) molecular dynamics meth-
odology (22), and for a localized (and therefore classical and
non-Grotthuss shuttling) hydronium ion, represented by the
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reduction, or computational mutation, of the MS-EVB2
model into a single (classical hydronium) system. Since the
classical hydronium does not have the possibility of Grotthuss
shuttling, the excess protonic charge is localized to a single
hydronium cation as opposed to the case of the fully Grotthuss
shuttling and delocalizing excess proton in the MS-EVB2
model. The electrostatic effects of this localization are then
calculated precisely as reflected in the permeation free energy
barrier (PMF), something that obviously cannot be measured
experimentally since the classical (nonshuttling) hydronium
does not exist in Nature. In addition, the actual proton con-
ductance for these two limiting cases is calculated for the first
time for both aquaporin channels by utilizing Poisson-Nernst-
Planck theory, which includes the significant differences
between the diffusive properties of the two ions in the channel
in addition to the differences in the ion permeation free energy
profiles.

An effort has been made in this article to further clarify the
origin of electrostatic bipolarity about the NPA motifs and
the contribution of this part of the electrostatic environment
to the proton permeation free energy profile. This issue is a
rather subtle one because the approach to studying these
effects involves reducing the charges on the opposing helices
to zero in an effort to quantify their contribution to the proton
permeation free energy barrier. This subtlety has two origins.
The first is because electrostatics in proteins are everywhere
and, in fact, it is a long-ranged and highly correlated in-
teraction. This obvious aspect of the problem seems to be
often overlooked in some arguments regarding the role of
electrostatics versus other factors (e.g., Grotthuss shutting) in
proton transport processes. Indeed, everything in a protein
and its surrounding environment (solution phase or mem-
brane-bound) is electrostatic, right down to the nuclei and the
electrons. The second origin of the subtlety seems more
concrete. When artificially reducing charges on amino acids
to zero (e.g., in opposing helices such as the present case),
the question arises as to whether the resulting artificial pro-
tein system should be relaxed or constrained. Clearly, it is no
longer a real protein, so relaxing it (i.e., equilibrating it to its
stable structure) does not really have any overlap with actual
reality. In fact, since the goal is actually to try to understand
the contribution of certain charged or polar groups to the free
energy barrier in the real protein, it might make more sense
to artificially constrain the mutated protein to its native
structure (i.e., for the one having the charged, not uncharged,
amino-acid groups). However, such constraints reduce the
ability of the protein to fluctuate and elementary theories of
charge transport show that fluctuations in the electrostatic
field are essential for the charge to translocate (otherwise it is
perfectly happy to stay where it is). So, despite reservations
about these subtle issues, we have carried out free energy
profile calculations of computationally mutated aquaporin
channels that have removed the opposing helix charges,
largely because this is a common practice. However, we are
not certain of how meaningful such results may truly be,
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especially in light of our recent studies (17) confirming
through direct comparison with experiment that the proton
blockage in Aqpl appears to come from multiple sources
(most notably direct electrostatic interactions of the perme-
ating proton with key residues and an electrostatic desolvation
penalty from entrance of the proton into the constricted space
of the channel). In light of these issues, It should therefore be
stated that the primary goal of this article, i.e., to demonstrate
the precise role of Grotthuss charge delocalization on the
proton permeation free energy barriers of GIpF and Agpl, is a
much more clearly defined computational target since only the
character of the permeating ion (proton) is being computa-
tionally mutated, as opposed to the features of its highly
complex environment.

RESULTS

The MS-EVB computer simulation method utilized in the
present work has been developed and applied over a number
of years (23). This approach explicitly simulates PT in MD
simulations using all-atom deterministic trajectories derived
from the MS-EVB potential function, and it can accurately
describe excess protons, including the Grotthuss mechanism,
in aqueous (22-35) and biological environments (16,17,36—
43). As stated earlier, the methodology has recently received
important additional validation for aquaporins by virtue of its
ability to accurately predict the effect of several experimental
mutations on the proton conductance behavior in these chan-
nels (17). A comparison of the MS-EVB approach with other
simulations of PT in aquaporin channels will also be pre-
sented at the end of this article in the Appendix. As an
additional study to further demonstrate the accuracy and
flexibility of the simulation methodology, the companion
article (4) describes the case of the proton-selective LS2 chan-
nel, which is an interesting system in its own right relative to
the aquaporin channels due to its proton selectivity.

Our main results, the PMFs of excess proton and classical
hydronium permeation along the transport pathway of Aqpl
and GlpF, are depicted in Fig. 4, A and B, respectively. The
PMF of the bulkier hydronium is more jagged, as expected,
with minor peaks manifesting as shoulders in the proton
PMF. However, due to the background desolvation penalty
for charged solutes, the structural details are smoothed rel-
ative to the PMF of glycerol transport. There is a major bar-
rier centered about the NPA motif and a secondary barrier
about the selectivity filter (SF).

Overall, the PMFs of the proton and the classical hydro-
nium are rather similar for both channels, yet the two cations
display quite different dynamics. For the GlpF, when placed
to the right of the NPA motif;, the classical hydronium ion has
to overcome an ~11 kcal/mol free energy barrier, ~2 kcal/
mol lower than the excess proton, to reach its first PMF peak
centered at z ~ 7.5 A, then it is trapped at a ~2 kcal/mol deep
saddle point just before its 12 kcal/mol maximum PMF peak
centered at the NPA motif. By contrast, the excess proton
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FIGURE 4 The free energy profile (or potential of mean force, PMF)
along the channel permeation pathway for fully Grotthuss shuttling proton
(red), classical (non-Grotthuss shuttling) hydronium (blue), fully Grotthuss
shuttling proton for NBC mutant (purple), and fully Grotthuss shuttling
proton for the NBC_NPA mutant (green) is displayed in panels A and B for
GIpF and Aqpl, respectively. The estimated errors bars for all PMFs are also
shown. The profile of the pore radius (C) as calculated by the Hole2 program
(52) is also depicted for Aqpl (red) and for the wider GIpF (blue). Note the
difference in free-energy scale between panels A and B.

meets its 14 kcal/mol maximum directly without being
trapped. When placed to the left of the SF, the classical hy-
dronium has ~3 kcal/mol lower energy barrier even though
its PMF is not as smooth as the excess proton, and its chance
to be trapped in the central part of the channel centered at
z = () is smaller than the excess proton. Since the free-energy
barrier difference between the NPA motif and the SF domain
is only ~2.0 kcal/mol for both the classical hydronium and
the excess proton, one might expect that the NPA motif and
SF regions have comparable contributions in gating the ion
transport in the GIpF channel. For the Aqpl, which is more
hydrophobic than the GIpF, the classical hydronium has a 3 A
long free energy barrier platform from z ~ 5.0 Atoz ~ 2.0 A
with a maximum of ~28 kcal/mol, which is approximate to
the PMF peak observed for the excess proton centered at z ~
5.0 A. Even though the PMF of the SF domain of the Aqp]1 is
a few kcal/mol higher than its counterpart in the GIpF
channel due to its narrower pore radius, unlike the GIpF, the
NPA motif of Aqp1 should dominate the ion transport gating
because of the very large addition of free energy difference,
~10 kcal/mol.

The comparable magnitudes of the barriers against pro-
ton and hydronium transport—the former actually higher by
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2 kcal/mol for GIpF (Fig. 4)—seems rather surprising (see
corresponding profiles in the companion article (4)). As
shown for the LS2 channel in the companion article, the
ability of an excess proton to delocalize its charge via the
Grotthuss shuttling mechanism generally reduces its desolva-
tion penalty, and in that case its permeation profile is lower
than that of classical hydronium, and of simple cations, such
as K. However, a resolution to this apparent paradox can be
proposed through an analogy with a person trying to climb a
mountain pass while repeatedly sliding backward. The proton
experiences the available shuttling pathways along the direc-
tions away from the NPA motif. The opposite pathways are
unfavorable since the proton-induced ordering of the con-
ducting water-file (bidirectional about the excess proton) is
frustrated by the intrinsic bipolarity of the aquaporins with
regard to the NPA motif. The latter effect is electrostatic in
origin, although arguments about the origins of electrostatic
effects are difficult, at best, given the long-range nature of
such interactions. In Fig. 5 is shown the position-dependent
diffusion coefficient for the excess proton and classical
hydronium in the two channels.

The ordering frustration is depicted in Fig. 6 through the
orientational order parameter of the embedded water-file,
with regard to the classical hydronium and excess proton (in
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FIGURE 5 The profile of the position-dependent diffusion coefficient of
the classical hydronium (solid) and Grotthuss shuttling excess proton
(dashed) in (A) GlpF and (B) Aqpl.
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FIGURE 6 The water orientational order parameter for the proton
(shaded) and hydronium (solid) oxygen atom tethered at z = 7 A (dashed
curves) and z = 10 A (solid curves) in (A) GIpF and (B) Aqpl. The
orientational ordering is represented by the order parameter P;(z) = {cos(f)),
where 6 is the angle between the membrane normal and the normalized
water dipole vector.

both GIpF and Aqpl), tethered at z =7 A and z = 10 A. The
water molecules between the tethered hydronium or proton
and the cytoplasmic exit are strongly correlated, with their
oxygen atoms pointing toward the hydronium or proton. The
ordering extends to approximately the same range into the
bulk for the hydronium, or proton positioned at both z = 7 A
and z = 10 A. On the other hand, the water molecules
between the excess proton and the NPA motifs are unsteady.
This disorder is quantified by the standard deviation (SD) of
the order parameter in Fig. 7, which exhibits appreciable
peaks in this region, and more so for the delocalized excess
proton than for the classical hydronium. The more flexible
orientations are explained by the delocalization effects of the
proton; not only does the instantaneous hydronium carry
effective positive charge, but the nearby water molecules
share the positive charge. Since the ordering of the con-
ducting water file is induced by the competing hydronium or
proton electrostatics with the bipolarity of the channel
electric field, the orientation of the water molecules depends
on the relative strength of these two effects. For all of the
hydronium cases, with the exception of Aqpl with z ~ 10.0
A, the strong hydronium electrostatics localization domi-
nates the bipolarity, due to its complete charge localization.
Thus, the water oxygen atoms point toward the hydronium.
Since the NPA motif region of Aqpl is narrower than the



Proton Delocalization in Aquaporins

51

FIGURE 7 The standard deviations (SD) of the water
orientational order parameter for the proton (solid) and
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hydronium (dashed) oxygen atom tethered at (A) z =7 A
in GIpF, (B) z = 10 A in GIpF, (C) z =7 A in Aqp1, and
(D) z =10 A in Aqpl. The peaks of the SD about the
location of the classical hydronium and excess proton are
physically irrelevant.

GIpF by ~0.5 A, a larger free energy barrier is observed in
Aqgp1 to move the proton through the channel. For the excess
proton in the wider GIpF channel, the water bipolarity is
more dominated by the proton electrostatics. Thus, the vari-
ation in the proton exclusion mechanisms exists between the
classical hydronium and the excess proton, as well as the
different aquaporin channels, GIpF and Aqp1, and the excess
proton. The water molecules were also observed occasion-
ally to form a double-file-like formation or just congregate
slightly about the excess proton, manifesting the metastabil-
ity of the ordering of the water-file in presence of the excess
proton.

The magnitude and shape of the hydronium PMF in GlpF
(Fig. 4) is in reasonable agreement with electrostatic profiles
of probe cations in GIpF (15). These electrostatic profiles
(15) were calculated by the Poisson-Boltzmann equation and
were depicted to increase only slightly with increasing cation
radius and slightly more so about the SF. Approximations
associated with the continuum electrostatic approach—par-
ticularly the neglect of the explicit representation of embed-
ded water molecules—may, however, be too drastic, as has
been demonstrated by a recent study of model ion channels
(44). Additionally, the continuum PMFs seem to vary slightly
more—further into the bulk region—relative to the PMF of
the explicit hydronium. Although the excess proton is also

positively charged, the underlying potential energy surface
(PES) of the MS-EVB2 model is fundamentally different,
accounting not only for explicit electrostatic interactions
with the channel environment but also for the delocalized
character of the excess proton (exemplified by the very dif-
ferent channel dynamics of the two cation species). It seems
possible that the relatively high overall barrier to cation
transport in aquaporins is a consequence of the mechanism
required to exclude protons, and that the barrier about the SF
would be sufficient to exclude other cations (3). This con-
jecture is supported by noting that the secondary barrier of
the PMF of PT about the SF would have been reduced (11)
had we incorporated the (computationally more demanding)
acid-base MS-EVB2 model (24) to include protonation states
of the conserved histidine residue (45) along the SF.

The overall barriers to PT through Agpl, ~28 kcal/mol,
and GIpF, ~14 kcal/mol (Fig. 4), are much higher than the
corresponding barriers reported for the Q-HOP model: 67
kcal/mol in Agp1 (11), and for the PM6 model, ~4 kcal/mol
in GIpF (14). The latter are also much lower than the elec-
trostatic barriers for positive charge transport through Aqpl
and GIpF, as estimated by the hydronium profiles in Fig. 4
and by continuum (15) and other (12) electrostatic calcula-
tions. By comparison, the experimentally measured activa-
tion free-energy for PT through the gramicidin channel,
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which is considered a good proton conductor, is 4-6 kcal/
mol (19), implying the PM6 and Q-HOP models may contain
systematic errors (see the Appendix). They do capture some
“‘soft-core’” and delocalized aspects of the excess proton, but
they fail to describe properly the barrier to PT. The free-
energy barrier to PT in Agpl according to a simplified EVB
calculation (12) combined with other approximations is, on
the other hand, significantly larger and of a magnitude likely
to also be sufficient for the exclusion of protons.

A dipolar field that could prevent proton entering the
channel has been conjectured to arise from macrodipoles of
two opposing a-helices, HB and HE (see Figs. 2 and 3). The
effects of this field on proton blockage in aquaporin channels
are rather unclear and controversial. To help clarify these
issues, free energy profiles for proton permeation were cal-
culated for both channels where the backbone atoms of the
HB and HE helices were artificially discharged. These com-
putational mutants are herein denoted as the NBC mutants,
where the dipolar field was presumably eliminated. Our
results demonstrate a significant (though not complete) drop
of the overall barrier to PT from ~14 kcal/mol to ~7 kcal/
mol for GIpF and from ~28 kcal/mol to ~12 kcal/mol for
Agpl. Furthermore, this mutation results in a shift of the
position of the main barrier on the channel axis from the
NPA region to the center of the bilayer (for Aqpl) or to
selectivity filter (for GIpF). A visual examination finds that
the pore water bipolarity disappeared in the NBC mutants in
contrast to its presence in the wild-type channels. All these
results, taken together, help confirm that the bipolar field
arises from the a-helical macrodipoles, and it has a signi-
ficant (though not complete) contribution to the main free
energy barrier to proton permeation. Moreover, to examine
the contributions of the terminal NPA domain to the macro-
dipoles, the free energy profiles for proton permeation for both
channels were calculated for the NBC_NPA mutants that have
the backbone atoms of the HB and HE helices artificially
discharged, except for those of the NPA domains. The results
reveal that the fully charged NPA residues only raises the
barrier by ~2 kcal/mol at the NPA region for both channels by
comparing with the barriers of the NBC mutants. Thus, the
bipolar field arises from the entire helices of HB and HE, rather
than being primarily determined by the terminal NPA residues.

The PMF along the transport pathway of charged solutes
through channel environments is sensitive to charge delo-
calization and dehydration patterns, as reported also in the
companion article (4) for the proton-selective LS2 channel.
This observation, as well as the sensitivity of electrostatic
profiles of probe cations to mutagenic charge distributions
in GIpF (15), calls into question a primary association of
the mechanism of proton exclusion in aquaporins with the
desolvation penalty (12); this penalty arises from the passage
of ions through low-dielectric media, characteristic of pro-
tein channels in general. In the LS2 channel, (4) the overall
free-energy barrier for K* transport was calculated to be
~11 kcal/mol as compared with ~6 kcal/mol for PT, the
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former sufficiently high for exclusion of the bulkier K" and
the latter sufficiently low for passage of H, in agreement
with experiment (46). K exclusion is achieved mainly by
dehydration of its first solvation shell. The free-energy pro-
files of K™ and H" in LS2 were also observed to be quali-
tatively different from each other, with the peaks and troughs
of the latter strongly correlated with minima and maxima
along the pore radius profile, respectively, alluding to the
effect of water ordering on the PES of PT (the pore radius
profile of the LS2 channel undulates periodically between
peaks of ~2.2 A and troughs of ~1.5 A with different char-
acteristic hydration structures). The free-energy profile for
H;0™ through LS2 is intermediate between that of K* and
H™, and qualitatively similar to the latter. The higher mag-
nitude of the free-energy barrier to H;O ™ relative to that of
H™ makes sense physically for LS2 and for proton channels
in general, highlighting the interesting opposite correspon-
dence for aquaporin channels (Fig. 4). The lower magnitude
of the free-energy of H;O™ relative to that of K™ for the LS2
channel also makes sense; the H3OJr represents a zero-order
model of charge delocalization with the excess positive
charge split equally among the three hydrogen atoms. The
hydronium adopts hydration patterns similar to that of H™.
The Aqpl channel, relative to GlpF, is narrower, more
hydrophobic and stretched, and has a charge of +3 versus
+1 for GlpF, which should account for the larger barriers
against proton and hydronium transport. These differences
manifest also through an accentuation of the nature of the
Grotthuss pathway in Aqpl as depicted by the profile of the
average total number of EVB states included in the MS-EVB
complex (Fig. 8 A) and the average amplitude of the largest
EVB state (Fig. 8 B). The crests in the latter reflect lo-
calization and association of the excess proton primarily with
a single water molecule, and are strongly correlated with
peaks in the density profile of water molecules—in absence
of the excess proton (Fig. 8 C). At the troughs, the proton is
delocalized and is shared more evenly between its nearest-
neighbor water molecules. Because of the larger change of
the pore radius along the channel, the amplitude profile is
qualitatively similar for GlpF and Aqgpl even though GIpF
has stronger fluctuation than Aqpl. At z ~ —2.0 A, the
average number of EVB states is the lowest (Fig. 8 A) due to
spatial confinement. In this region the interaction of the water
molecules with the pore-lining residues is enhanced consid-
erably—relative to the self-interactions of the water mole-
cules along the single-file (47)—and the excess proton
appears to do little to perturb this hierarchy of interactions.
Atz ~ 2.0 A, ¢} ~ 045, and ¢} — ¢} ~ 0.10, so the de-
localized excess proton is shared by a Zundel complex. This
suggests a somewhat different PT mechanism, which will be
examined with more detail in the next section, than in the
bulk and other part of the channel. To the right of the NPA
motif and to the left of the SF, the envelope of the amplitude
profile fluctuations at ¢? a2 0.60 with z, which is slightly
lower then the average bulk value of ¢ ~ 0.65, corresponding
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FIGURE 8 The profiles of the average number of EVB states and the av-
erage amplitude of the first EVB state are depicted in panels A and B, re-
spectively, for Aqpl (solid) and GIpF (dashed). (C) Profiles of the amplitude
of the first EVB state (solid) and the relative density of neat (oxygen) water
(dashed) for the Aqp1 (solid) and GIpF (dashed) channels.

to an Eigen cation, along with a more even population of the
amplitudes of the second-to-fourth EVB states. The trough to
the right of the NPA motif of the GIpF is quite deep—
¢} ~ 0.55—reflecting a large contribution to the second
largest EVB amplitude from the water molecule to the left of
the excess proton with its oxygen atom pointing to the pivot
hydronium (see Fig. 8). Unlike GIpF, the crest to the right of
the NPA motif of the Aqpl channel is comparatively high,
up to C% ~ .68, indicating a small contribution to the second
largest EVB amplitude from the unsteady water molecule in
the PT pathway. The results of the EVB amplitude analysis
are consistent with the observation of the ordering of the
conducting water file. For Wu et al. (4), the amplitude profile
of the first EVB state of an excess proton through the LS2
channel undulates less sharply between troughs of ¢ 2~ 0.55
and crests of ¢ a2 0.67. The crests are correlated with high
densities of the oxygen atoms of the water molecules and the
Ser side chains, as well as wider regions of the LS2 channel,
and are more representative of an Eigen cation—the most
probable proton hydration-structure in bulk water. On the
other hand, the constriction region of the hourglass-shaped
aquaporin channels narrows rather monotonically (Fig. 4 C),
and the crests of the ¢7 profile are correlated with the loca-
tions of the polar carbonyl groups (and their residing water
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molecule) and are more representative of a hydronium
cation.

The z-dependent (channel axis) profile of the probability
distribution of the first EVB amplitude, c%, for GIpF and
Agpl is given by Fig. 9, A and B, respectively, and both are
unimodal. The profile for GIpF is rather smooth and the
variance is generally narrow, reflecting substantial transla-
tional ordering of the water-file and a small measure of
available conduction pathways. The profile of Aqpl1 is rather
rough and the variance is generally wide, indicating the
interruption of the ordering of the water-file along the PT
pathways and of the various PT mechanisms. The probability
distribution of c% in bulk water is, on the other hand, wider
and bimodal with the global maximum corresponding to an
Eigen cation and a shoulder corresponding to a Zundel cation
(see discussion in the Appendix). The confinement therefore
has the effect of inducing a single characteristic proton
hydration-structure at most points along the channel axis (the
distribution is a little more smeared at a few locations where
the proton is more delocalized).

According to Kramer’s theory (48) of diffusive barrier-
crossing, transport rates for one-dimensional diffusive motion
exponentially depend upon the free energy profile (PMF)

z(Angstrom)

z{ Angstrom)

FIGURE 9 The profile of the probability distribution of the largest
EVB amplitude in () GIpF and (b) Aqpl. Hot colors correspond to high
probabilities.
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F(z), but are only linearly proportional to the local diffusion
coefficient D(z). For PT in inhomogenous systems such as
the ion channels, the estimation of the position-dependent
diffusion coefficient D(z) is important. This is due to the
significance of D(z) in the evaluation of the maximum ion
conductance by the Poisson-Nernst-Plank (PNP) electro-
diffusion theory(49) when combined with F(z), and its im-
portance in providing valuable information about the PT
mechanism and dynamics in different environments. Fol-
lowing the earlier work of Berne et al. (50), Woolf and Roux
(51), and Brewer and Voth (5), the D(z) of the classical
hydronium and excess proton at both GIpF and Aqpl are
estimated and presented in Fig. 5. Generally, the excess proton
has a much higher D(z) than the classical hydronium, some-
times even an order-of-magnitude larger, depending upon the
pore radius and charge delocalization. This is due to the dif-
fusion of the Grotthuss shuttling, wherein the excess proton
does not necessarily require the slower displacement of the
water molecules to move, as does the classical hydronium. For
the similar pore radius, the stronger proton delocalization ef-
fect increases the diffusion coefficient in most cases. For ex-
ample, to the right of the NPA motif of both GIpF and Aqpl,
the crests of the D(z) profiles usually correspond to the troughs
of the largest EVB amplitude profiles ¢3. On the other hand,
the trough of the D(z) just right to the NPA motif can be
explained by the formation of the unsteady water molecules.
The high D(z), 6.0 A%/ps of excess proton at Agpl z ~ 2.0 A
results from the fast interconversion of the pivot EVB
(hydronium) state between the two ‘‘quasi-degenerate’” water
molecules, sharing the excess proton almost equally.

The difference of D(z) between the classical hydronium
and excess proton has greater significance when the pore
radius becomes increasingly narrow. At the narrowest point
of the SF, centered at z ~ —2.0 A, the classical hydronium
has a value of D ~ 0.1 A%ps and D ~ 0.01 A*/ps for GIpF
and Agpl, respectively, because in such a spatially confined
region it is difficult for the relatively bulky classical hydro-
nium to diffuse without the possibility of Grotthuss shuttling.
Contrarily, the Grotthuss-shuttling excess proton has D ~
4.0 A%ps for GIpF, which is consistent with the results
previously reported by Brewer and Voth (5) for the proton
wires in channel environments when the pore radius of the
channel is <2.0 A. For Agpl, with its pore radius of <1.0 A,
the excess proton diffusion constant is D ~ 0.3 A%/ps. With
an extremely small pore radius in the latter case, the breaking
of the hydrogen-bond water-wire network for Grotthuss shut-
tling becomes more likely, as does the slowing of the proton
diffusion.

The maximum ion conductances are calculated by Eq. 7 as
derived from the PNP electrodiffusion theory (49), and are
summarized in Table 1. Since both classical hydronium and
proton give similar results for the maximum ion conductance
for both aquaporin channels, the overall electrostatic free
energy barrier (whatever its origin) is likely the main feature
in blocking the proton permeation. In GIpF, the higher
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diffusion rate of the Grotthuss shuttling excess proton rela-
tive to the classical hydronium may be compensated for by
its somewhat higher free energy barrier at both the SF and the
NPA motif. All of the four possible ion conductances are
well below the range that can be accurately detected by cur-
rent experiments, which is consistent with the fact that no
experimental proton conductance results are yet available for
either GIpF or Aqpl. Interestingly, a mutant of Aqp1, which
does appear to conduct protons within other ions, has recently
been reported (18), as mentioned earlier.

DISCUSSION

Rapid water conduction in aquaporin channels appears to be
correlated with the optimization of electrostatic variables
governing charge exclusion (3,53,54). The barrier for posi-
tive charge transport along the Aqpl channel is larger than
that for GIpF, the latter displaying inferior water conduction
(3). (GIpF conducts water less efficiently probably due to its
design (6) as a glycerol facilitator; in addition, the cavity at
its fourfold axis of symmetry (6) resembles the known struc-
ture of ion-conducting channels.) Nevertheless, the evidence
suggests the high cation permeation free-energy barrier asso-
ciated with the aquaporin family has also evolved to exclude
excess protons. The central complicating feature of protons
versus other cations is their ability to shuttle through water
molecules and thus to delocalize their charge via the
Grotthuss mechanism. The proton versus classical hydro-
nium permeation pathways have therefore been character-
ized explicitly in this article for two members of the
aquaporin family of frans-membrane protein channels. The
aquaporin pathway is well defined and exhibits a transla-
tional ordering of the embedded water-file as induced by the
electrostatic environment, including the hydrogen-bond inter-
actions with the pore-lining carbonyl groups and other res-
idues. On average, protons shuttle through an alteration of
localized hydronium and delocalized Zundel configurations,
with a transition to an Eigen-like configuration toward the
pore exits. The signature of the amplitude profile is rather
inhomogeneous, embodying features of the pore radius and
hydrophobicity profiles and a measure of the bidirectionality
of the transport pathways. The role of Grotthuss shuttling
and proton delocalization has a significant effect on the dif-
fusion behavior of the excess proton, but its channel perme-
ation behavior is still dominated in both channels by the large
free energy barriers in the SF and NPA regions of the free
energy profile (PMF). The charge delocalization due to
proton shuttling of the excess proton has a secondary effect
on the free energy barrier in the case of the GIpF channel,
which has a larger pore radius. As can be seen in the com-
panion article on the LS2 channel, when the pore is larger the
effects of Grotthuss shuttling and charge delocalization
become more important because of the rather subtle electro-
statics associated with this behavior. Interestingly, in the case
of GIpF the free energy barrier is higher, not lower, for the
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fully Grotthuss shuttling proton relative to the classical hy-
dronium, which may reflect an evolutionary feature in this
channel to counteract the higher diffusion rate of the former
cation relative to the latter. In Aqpl, on the other hand, the
free energy barrier is substantially higher for both cations, so
such subtle differences may be difficult to distinguish. It also
seems evident that the bipolarity, as confirmed in this work,
originates from the opposing macrodipoles of the HB and
HE «a-helices and has a significant (~50%) contribution to
the overall free energy barrier to proton permeation through
both channels.

At a more general level, this study compliments an emerg-
ing picture from recent research in our group, which suggests
that free-energy landscapes of PT through hydrated protein
channels can be different, but interesting, in ways other than
the corresponding landscapes for ion transport. This is due to
the small effective radius and delocalized nature of the ex-
cess proton. Another example of this unique behavior is
reported in the companion article for the LS2 channel (4).

APPENDIX
Simulation protocol

We have adopted, for both GIpF and Aqgp1, a reduced system consisting of
one monomeric unit capped by slabs consisting of ~1800 water molecules
as depicted in Fig. 2. Initial configurations were taken from snapshots saved
after several nanoseconds of equilibrium MD simulation of the membrane-
embedded tetramer (7,55), with PDB entry codes given by 1FX8 (6) and
1J4N (56) for GIpF and Aqpl, respectively. All the a-carbon backbone
atoms, except for those whose distance to any of the embedded water mole-
cules was <6 A, were tethered during the simulation to their initial positions;
the absence of tethering along the immediate proton conduction pathway
allows for modest structural reorganization due to its presence. The root
mean-square fluctuations (RMSF) of the reduced system, with regard to the
backbone configuration of the crystal structure, was observed to be in good
qualitative agreement with the RMSF of the membrane-embedded tetramer
system, with the backbone atoms aligned against the crystal structure. The
tethering force constant, 2 kcal/(mole Az), was determined by tuning the
amplitudes of the RMSF of the reduced system to obtain a quantitative fit
with the RMSF of the membrane-embedded tetramer system. The tether-
ing procedure is justified on the grounds of the rigidity imparted by the
monomers on one another. The approximation associated with a single
monomer representation is justified because the immediate channel environ-
ment is the most relevant to the transport properties of the charged solute.
Support for this approximation is provided by the negligible contributions to
the electrostatic energy from the interaction of the single-file water mole-
cules with the embedding membrane and neighboring protein monomers
(53). Initial configurations along the channel-axis—for the free-energy
calculations—were generated by saving snapshots from a 5 A/ns cross-
channel pulling trajectory of the classical hydronium, starting from a 100-ps
preequilibrated configuration, with the backbone atoms frozen to preserve
the same reference backbone configuration. Initial configurations for the ex-
cess proton were easily obtained by replacing the hydronium ion with a
water molecule and an excess proton. Total electric neutrality was main-
tained by adding Cl™ atoms, 2 and 4, respectively, for the GIpF and Aqpl
systems, and both the C1™ atoms and the cap water molecules were excluded
from the missing membrane domain by a soft repulsive potential. Simu-
lations were carried for the classical hydronium by the DL_POLY MD
package (57) and for the excess proton by a modified version of DL_POLY,
called DL_EVB, which incorporates the MS-EVB2 methodology with a
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new EVB state-searching algorithm that better conserves the total system
energy. The protein was modeled by the AMBER force-field and water
molecules were represented by the flexible TIP3P (58) model. The electro-
statics were calculated by the smooth particle-mesh Ewald method and the
cutoff radius for both the Lennard-Jones and Coulombic interactions was set
to be 9.5 A. A constant NVT ensemble with T = 308 K was generated by a
Nosé-Hoover thermostat with a relaxation constant of 0.5 ps and a simu-
lation time-step of 1.0 fs.

Proton transport simulation methodology

The MS-EVB method (22,23,25,26) calculates the PES of PT for a given
nuclear configuration of the excess proton and the water molecules
according to an empirical Hamiltonian with a restricted number of
chemically motivated EVB states and a given functional form of the matrix
elements, in the spirit of semiempirical electronic-structure methodologies.
The EVB states consist of localized hydronium ions with a prefixed charge
distribution, +0.5 for the hydrogens and —0.5 for the oxygen, and are
constructed by an algorithm that associates the nonlocalized excess proton
with water molecules according to the instantaneous hydrogen-bond
topology. The diagonal elements of the Hamiltonian are represented by
intra- and intermolecular interactions of a given hydronium state with all
other atoms in the system, including the protein matrix and the remaining
water molecules, according to standard Coulombic and Lennard-Jones
expressions. The off-diagonal elements are constructed to reflect the charge
exchange electrostatic interaction between pairs of EVB states—Zundel
cations, HsO; —along with a damping factor accounting for unfavorable
Zundel geometries (for example, when the O-O distance is large); they are
parameterized (22,23,25,26) to reproduce the PES of protonated water-
clusters according to high-level ab initio calculations, and have the effect of
reducing the localization tendency of the hydronium states due to the
polarization of the environment. The fitting observables consist of ab initio
formation energies of stable cluster structures, the ab initio barrier profile for
PT along the O-O distance of the Zundel cation, and the vibrational spectrum
of several different cluster numbers. The MS-EVB2 model (22) is the second
generation of the parameter set and state selection of algorithm for the MS-
EVB methodology.

The MS-EVB model for the bulk water phase incorporates into the EVB
Hamiltonian also interactions with water molecules outside the EVB
complex of the hydronium states. While MS-EVB accounts for nontrivial
and nonadditive effects (usually requiring ab initio level calculations) with
increasing cluster number, such as the nonlinear elongation of O-O bonds
and changes in hydration energies, it somewhat underestimates the
experimental mobility of the excess proton in the bulk phase. This is
attributed both to some degree of missing quantum effects of the nuclear
motion such as tunneling and zero-point quantization, as well as the pre-
polarization of the flexible TIP3P model by which water molecules in the
MS-EVB2 are represented. Nevertheless, contrary to the suggestion in
Burykin and Warshel (13), the MS-EVB2 model has been extensively
validated and applied in a variety of both aqueous and biomolecular contexts
(22-43). It displays overall good agreement with experiment, with respect to
both the dynamical and equilibrium properties of the excess proton, and
moreover—concerning this study—protonated water-structures within nar-
row hydrated pores. This latter is more typical of small gas-phase protonated
chains of water molecules, for which the model is quite accurate relative to
other models that have been used (14,15) such as the PM6 model (see next
subsection).

The empirical MS-EVB2 PES is calculated at each time step by
diagonalizing the MS-EVB2 Hamiltonian matrix to determine the ground
state solution. The nuclear degrees of freedom are propagated classically
within the MD framework with the forces given by the Hellmann-Feynman
theorem. The ground state MS-EVB vector, ¢ = (1, ¢z, . . ., ¢n), reflects the
delocalization of the excess charge over the hydrogen-bond network with
weights given by the amplitudes, c?, of the different EVB states. The process
of PT proceeds through the redistribution of these amplitudes at each time
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step, as well as through the propagation of the nuclear coordinates. The
distribution of the first (largest) EVB amplitude, c%, in bulk water is bimodal
(22,23,25,26), with a maximum at c% ~ 0.65 (c% =0.1), corresponding to an
Eigen cation, HyO} . The Zundel cation, with ¢3 = 0.5, is slightly less
thermodynamically stable than the Eigen in bulk water, whereas it is the
dominant structure along the single water-file formation of a model
hydrophobic channel (5). The spatial position of the excess proton, with
respect to which the PMF of PT is calculated, is defined to be the center of
excess of charge (CEC) of the EVB complex (5,22),

rcec(t) - icizri(t)7 (1)

where r;(¢) values are the center-of-charge vector of the hydronium in the M
MS-EVB2 state at time ¢. The (classical) hydronium ion is represented as a
simple limit of the MS-EVB2 model corresponding to a single (1 X 1)
diagonal element of the MS-EVB2 Hamiltonian. Throughout this article, the
terms ‘‘proton’” and ‘‘hydronium’’ stand for the CEC of the full MS-EVB2
model and the single state MS-EVB2 model (i.e., a classical hydronium
cation), respectively.

Comparison to other simulation models

As stated earlier, a number of other computer modeling and simulation
articles have appeared that are devoted to the issue of proton blockage by
aquaporin channels (11-16). These articles, while all suggesting to explain
the origin(s) of the blockage, actually contain rather different results, largely
because four different modeling approaches have been employed. In this
subsection, we will compare and contrast the methodology utilized in this
article, and also in our preliminary communication (16), with those
employed by other researchers.

To make reasonably conclusive statements regarding the free energy
barrier of proton blockage in aquaporins, the full potential energy function
for the process is required because the free energy F is directly related to the
all-atom configurational integral of the Boltzmann factor exp(—V(x)/kgT),
where x are all atomic coordinates of the system. The same is true for a
constrained free energy, such as a potential of mean force (leading to the free
energy barrier for PT through a proton channel). In an MD simulation, any
free energy term can only be rigorously calculated using dynamics from
deterministic (Newtonian) equations of motion subject to the proper
ensemble constraints such as constant temperature, pressure, etc. When
one replaces the all-atom, deterministic MD approach by other and more
phenomenological approximations (e.g., dielectric continuum modeling,
stochastic dynamics, etc.), it can lead to the introduction of uncontrolled
errors in the simulation methodology. To be fair, if one has inadequate
sampling in the MD simulation or an intrinsically inaccurate or incomplete
potential energy function, here again one can introduce serious error,
although these errors (simulation statistics, potential energy function
refinement) can be more controllable.

It is with the above perspective that the differences between the present
MD simulations, based on the MS-EVB methodology (22,23,25-43), and
those of other articles on the topic of proton blockage by aquaporin channels
(11-15), can be understood. However, none of the other computational
studies have employed a deterministic MD simulation approach based on an
accurate and validated underlying potential energy function having the
required attributes to describe proton solvation and transport (as described
above) across all regions of the problem, from the bulk aqueous phase to the
channel interior. This is the likely reason why a variety of different results have
been produced in these various studies.

In terms of the underlying computational methodology to study
aquaporin proton blockage (and proton solvation and transport in general),
our approach to this general problem (16,17,22,25-35,37—43) is to employ a
single all-atom MD simulation methodology that includes explicit proton
shuttling and charge delocalization in a deterministic MD fashion over all
regions of the system, from the asymptotic bulk water regions to the interior
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of the protein channel. In other words, the present MD approach employs an
underlying potential energy function, V(x), which describes as accurately as
possible the physics of the delocalized excess proton within the all-atom
protein and aqueous phase environments. This proton solvation and
transport simulation methodology, although no doubt imperfect and likely
to continually improve with time, has also been independently validated in a
variety of different contexts (23). These latter results show that the general
problem of proton solvation and transport can be a very complex and even
subtle one, not easily lending itself to overly-approximate concepts and/or
computational treatments. For example, although the electrostatic environ-
ment in the aquaporin channels has a critical role in defining the behavior of
the proton transport barrier, some of the features of proton shuttling, such as
charge localization and resonance stabilization in the proton wire, may be
competing effects. They should therefore be fully and explicitly included in
the MD simulation methodology to provide conclusive quantitative results,
as has been done in the present work (and in the companion article (4),
submitted in part as a counter-example to the aquaporin proton blockage
story).

By contrast, the first simulation article to appear (11) on the topic of
proton blockage by aquaporin channels utilized a stochastic hopping
algorithm in an attempt to describe the Grotthuss proton shuttling process.
While such algorithms are often useful, they are not deterministic (the
dynamics are not directly derived from an underlying potential energy
function as described above), and therefore it is difficult to associate a free
energy profile with the underlying stochastic dynamics. Furthermore, a
number of ad hoc assumptions in the stochastic dynamics, based on
significantly reduced (few coordinate) descriptions of the problem, are
generally made to define a basis for the proton hopping probability function
(as it relates to the underlying dynamics of the environment). This function,
even for bulk water, is very difficult to identify and justify from the actual
dynamics of the proton hopping (34). For these reasons, it is perhaps not
surprising that Nollert et al. (9) estimated a barrier to proton blockage, which is
only slightly higher than the barrier to proton translocation in gramicidin A,
which is considered to be a good proton conductor, thus providing an apparent
contradiction in those simulation results.

With regard to the aquaporin proton blockage problem, Chakrabarti et al.
(14,15) have employed the PM6 model for their potential energy function in
their MD studies. This potential energy function can describe proton
shuttling and charge delocalization, and it provides deterministic MD dy-
namics, so that in principle, a free energy profile for proton permeation
might be calculated. The PM6 potential, however, appears to be highly
inaccurate for proton solvation and transport in both liquid water and in
protonated water wires. Fig. 10 shows the radial distribution function for
bulk PM6 water compared to the experimental curve (59). The behavior of
PMG6 is that of a highly structured and glassy liquid, i.e., one that does not
bear any resemblance to liquid water. Therefore, the PM6 model never
provides an accurate asymptotic description of proton permeation through
channels (at and beyond the channel mouth regions where it is in contact
with bulk water). As such, the potential also cannot describe the possibly
critical desolvation penalty associated with proton entrance into a channel. It
is perhaps for this reason that Chakrabarti et al. (14,15) have attempted to
bridge the PM6 free energy profile results from within the channel to
dielectric continuum results at and near the channel mouths, even though
such a bridging is not straightforward and may contain uncontrolled errors. In
addition, within a proton channel there is the important process of proton
hopping along the quasi-one-dimensional water wire, and here again the
PM6 model appears to be highly inaccurate. Shown in Fig. 11 g is a small
protonated water wire fragment for which the barrier to proton transfer was
calculated at various fixed O-O distances in the central Zundel cation as
shown, and Fig. 11 b shows the resulting proton transfer curves for the
accurate ab initio, MS-EVB2, and PM6 data. As can be seen in the figure,
for all O-O separations the PM6 model gives very large errors, some nearly
as large as the overall barrier to proton blockage in aquaporins. In light of
these results, it is not clear to what degree the results from the PM6 model for
aquaporins and related systems can be viewed as being meaningful.
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FIGURE 10 Bulk water oxygen-oxygen radial distribution function for
the PM6 model (dashed line) compared to the experimental curve (solid
line). The PM6 model is seen to give a greatly overstructured glassy system.

Warshel and co-workers have also adapted their empirical valence bond
(EVB) method to study the proton translocation barrier in aquaporins (12,13).
This approach, of course, bears the closest relationship to the present MS-
EVB methodology. In their simpler EVB approach, a few (two or three) EVB
states are used to model the proton transfer between water molecules and then
somehow moved along the channel to reflect the shuttling. However, this
approach by Warshel and co-workers does not appear to be dynamical, i.e.,
actual trajectories do not seem to be generated in deterministic fashion from
an underlying potential energy function. This is to be contrasted with the
present MS-EVB approach in which a large number of EVB states are
continuously utilized to provide a continuous (within numerical error)
potential energy function for deterministic MD trajectories and, hence, the
free energy profile for proton permeation is calculated directly from the MS-
EVB trajectories. The MS-EVB approach also includes the possibility of
water diffusion so that the identity of the EVB states associated with the
excess proton on those waters can continuously change while still providing a
deterministic MD trajectory (23). Nevertheless, the simpler EVB approach of
Warshel and co-workers does seem to reveal the dominant electrostatic
barrier for the aquaporin channels (as also seen in the more complex MS-EVB
simulations), so both approaches are in basic agreement on this aspect of the
aquaporin proton blockage problem.

Free-energy sampling procedures

The PMFsin Fig. 4, A and B, of hydronium and proton permeation through the
aquaporin channels were calculated by the umbrella sampling method with a
harmonic biasing potential. The only difference lay in the tethering
coordinate, which for the delocalized proton is the z-coordinate of the CEC
(Eq. 1), and for the hydronium is the z-coordinate of its oxygen atom. We
experimented with bin-widths of 0.5 A, and spring constants of 5~20 kcal/
mol according to the umbrella overlap criteria between nearest-neighbor bins.
The PMFs were calculated by the weighted histogram analysis method (60)
(WHAM); a sufficiently large number of operational WHAM bins was
applied, and sampling data corresponding to the same biasing potential was
conjoined. The sampling density was taken to be at least 1.0 ns/A to ensure full
convergence and a meaningful comparison between the PMFs of hydronium
and proton transport for each of the aquaporin channels. The convergence was
verified visually by plotting the PMFs for different fractions of the overall
sampling data. In addition, an error analysis was performed according to the
block averaging method (61,62). This method splits the sampling data into
two new sets according to the time series. The PMFs of the two newly
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FIGURE 11 (a) A depiction of the protonated water wire segment and

relevant coordinates used to test the accuracy of the PM6 and MS-EVB2
models. (b) Potential energy barriers for proton transfer in the internal
Zundel cation of the water wire fragment shown in panel a, as a function of
the oxygen-oxygen atom (O1-O2) distance on the central Zundel species.
(Solid lines) Ab initio results. (Dashed lines) PM6 results. (Dot-dashed
lines) MS-EVB2 results.

generated data sets were then calculated by WHAM and superimposed by the
least-square fitting with the PMF achieved by the full sampling data.
The SD was calculated at each point along the channel axis, according to

%m@=¢%§n@%(%iﬂ@f, @

where Fj(z) is the PMF at point z (with a vertical adjustment) of the i data
set. The SD for the four PMFs in this study was calculated by this block-
averaging method. The SD was estimated on average along the channels to
be *£0.4 kcal/mol for PT for hydronium in GlpF, £0.3 kcal/mol for proton in
GIpF, *0.3 kcal/mol for hydronium in Agpl, and +0.4 kcal/mol for proton
in Agpl, as shown in Fig. 4.

Estimation of position-dependent
diffusion coefficients

The position-dependent diffusion coefficients along the two aquaporin
channels were estimated according to the Woolf-Roux equation (51) as
recently simplified by Hummer (63),

(0, = (o)) = @ 3

TQ.i

Biophysical Journal 92(1) 46—-60



58

where {Q) is average of the reaction coordinate Q, var(Q) = {(Q%) — (Q)? is
the variance of the reaction coordinate, and 7 is the characteristic time of its
autocorrelation function at the harmonic biasing window i according to

- _ o (60(150(0))dr
? var(Q) ’

with 80(t) = Q) — (Q). Equations 3 and 4 are exact for an overdamped
harmonic oscillator, but to fulfill this assumption a careful selection of
magnitude of the spring constant is required such that the harmonic umbrella
potential is strong enough to damp out any anharmonic forces. However, it is
much weaker than the Langevin dynamics viscous friction. At times, it was
difficult to obtain a converged estimate of the characteristic time within the
500-ps-long umbrella sampling trajectories because of the highly oscillatory
resulting autocorrelation function, when applying the harmonic potential as
used in calculating the PMFs and Eq. 4. If one assumes that the damping of the
autocorrelation function of the reaction coordinate is due to different
independent interaction modes, the autocorrelation function of the reaction
coordinate can be expanded as the sum of a series of the exponential decays
with different characteristic times 7, (54),

“)

ACF(Q) = . 2™, ©)

where aﬁ is the normalized coefficient that represents the contribution of
mode i. Since the harmonic biasing potential was applied explicitly to
effectively restrain the reaction coordinate, one may expect that the mode
with the shortest characteristic time min(7,) corresponds to the harmonic
biasing potential, and there min(7,) is the closest estimate of the
characteristic time 7 of Eq. 3. The fittings were performed with the simplex
searching algorithm by the MatLab package (The MathWorks, Natick, MA)
and it was found that a four-term expansion in Eq. 5 was adequate to provide
the converged results in most cases. To justify this method of position-
dependent diffusion coefficient estimation, its results were compared with
those obtained from the Einstein relationship

D = lim i(A?(;Y), (6)

1— 6f
for three cases: respectively, the flexible TIP3P water model, the classical
hydronium model used in MSEVB?2, and the CEC of the MSEVB2 model.
The results are summarized in Table 2.

Although the accurate estimation of position-dependent diffusion
coefficients for inhomogeneous systems remains a challenging problem,
the method utilized here seems to provide results that are reasonably
consistent with the standard Einstein relationship. Further, slight error in the
estimation of the position-dependent diffusion constants does not seem to be
a critical flaw since the calculated ion channel conductance is largely
dominated by the free energy profile in the case of high barriers.

Calculation of the maximum ion conductance

For a quasi-one-dimensional ion transport process, the maximum ion
conductance gn.x can be calculated according to

2
4 —1 _+F(Q)/kgT\~1, —F(Q)/kgT\~1
gmax = 2<D(Q) e B > <€ " > b (7)
kgTL
TABLE 1 Maximum ion conductances
Zgmax (picoSiemens) GIpF Aqgpl
Hydronium (8.3 = 0.8) x 107* (1.7 £02) x 107
Proton (1.8 = 02) X 107* (1.9 = 0.4) X 1074
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TABLE 2 Comparison of the Einstein relationship with the
exponential fitting, for the estimation of position-dependent
diffusion coefficient to the largest significant figure

D(Az/ps) TIP3P (flexible) Hydronium Proton
Einstein relationship 0.35 0.2 0.4
Three-term fitting 0.31 0.4 0.4
Four-term fitting 0.32 0.3 0.4

where e is the elementary charge, kg is the Boltzmann constant, T is the
temperature, L is the length of the pore region, D(Q) and F(Q) are,
respectively, the diffusion coefficient and PMF as a function O, and the
bracket denotes spatial averaging over the length of the channel. For both the
GIpF and Aqp1 channels, L = 30 A is the range where the one-dimensional
PMF is meaningful (|Q| = 15 A). Since the g,,ax exponentially depends on
the free energy profile F(Q) but is only linearly proportional to the position-
dependent diffusion coefficient D(Q), the error analysis of the uncertainty of
Zgmax due to the error of F(Q) is performed using the Monte Carlo Bootstrap
(64) method by randomly generating N sets of pseudo data for F(Q). At each
point of Q;, the randomly generated F(Q;) has a normal distribution centered
at F(Q;)wham and standard deviation oymp(Q;), as previously achieved by
WHAM and block average, respectively. A value of N = 10° was used in
calculating the standard deviation of g, of Table 1 to guarantee sufficient
sampling. The resulting standard deviations of g, are reasonable, only
~20% off the average values. It is expected that the estimation of the D(Q),
which is more crude, would lead to additional uncertainties of gpax.
However, even in the worst scenario, the calculated g, by the present
method is still meaningful to an order of magnitude. It should be noted that
Eq. 7 may overestimate the ion conductance compared with the experimental
values because Eq. 7 accounts only for the contribution from the part inside
the channel, and does not consider the energy barrier and diffusion
restrictions for the ion to enter and exit the channel.
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