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ABSTRACT: TrkH is a transmembrane protein that mediates uptake of K* through the cell membrane. Despite the recent
determination of its crystallographic structure, the nature of the permeation mechanism is still unknown, that is, whether K* ions
move across TrkH by active transport or passive diffusion. Here, molecular dynamics simulations and the umbrella sampling
technique have been employed to shed light on this question. The existence of binding site S3 and two alternative binding sites
have been characterized. Analysis of the coordination number renders values that are almost constant, with a full contribution
from the carbonyls of the protein only at S3. This observation contrasts with observations of K* channels, where the contribution
of the protein to the coordination number is roughly constant in all four binding sites. An intramembrane loop is found
immediately after the selectivity filter at the intracellular side of the protein, which obstructs the permeation pathway, and this is

reflected in the magnitude of the energy barriers.

Potassium ions play pivotal roles in many physiological

processes, as wide ranging as cell—cell communication, cell
proliferation, and secretion. The intracellular concentration of
K" is generally much higher than that of the extracellular
environment. Conversely, the extracellular fluid contains a
concentration of Na" ions as much as 10 times higher than that
within the cell. Controlling these levels of ions is achieved
through ion channels and transporters by means of passive and
active transport, respectively. Transport proteins bind their
substrates with high specificity but low energy barriers. In
animal cells, K" uptake is mainly achieved by the Na"/K'-
ATPase." In contrast, plants, bacteria, fungi, and archaea often
have multiple K uptake systems, one of which is Trk. The Trk
system is the major constitutive K" uptake system of the
bacterium Escherichia coli, with homologues found in many
bacterial genomes. Four proteins are part of the TrK system:
TrkH, TrkG, TrkA, and TrkE. ThkH and TrkG are
transmembrane proteins, responsible for the transport of K*
across the cell membrane.” Both TrkH and TrkG coassemble
with TrkA, which is a cytoplasmic protein with binding sites for
NAD. In contrast, TrkE is an ATP-binding protein, necessary
for the normal functioning of the TrkH—TrkA complex. The
uptake of K through the TrhH—TrkA complex is sensible to
intracellular NAD concentration, and it is thought to be linked
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to H* symport.®> Despite the fact that the cwstallo§raphic
structure of the TrkH protein was recently reported,” many
questions about its permeation mechanism still remain open.

TrkH is a homodimer (see Figure 1). Each protomer is
composed of five domains, named DO—D4. Domains D1-D4
have a K* channel-like M1-P—M2 topology, and they arrange
themselves around a pseudo-4-fold symmetry axis to form the
ion conduction path. In contrast to K* channels, domain D3
has also an intracellular loop that blocks the passage of ions.*
The secondary structure of each P-loop resembles that of K*
channels, with a selectivity filter at the extracellular side of the
pore (Figure 2). Each pore domain contributes to the
selectivity filter with a different amino acid sequence; D1
contributes with TTTGAT, D2 with AIGGFS, D3 with
TTAGFT, and D4 with NNLGPG. The selectivity filter of
TrkH may have evolved independently because of a require-
ment for K" selectivity or may have a common ancestor with K*
channels in an archetypal K* binding site.’

The extracellular region of TrkH is enriched by acidic
residues, primarily aspartate amino acids (Figure 1B). Overall,
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Figure 1. Structure of the TrkH protein. (A) Cartoon representation of the TrkH protein colored by domain and viewed from within the membrane.
Protomer 1 is depicted in glossy colors and protomer 2 in metallic pastel colors using the same color scheme for the equivalent helices of each
protomer. (B) Cartoon representation of protomer 1 of TrkH (cyan). Charged residues are shown in van der Waals representations: Glu (yellow),

Asp (blue), Lys (red), and Arg (purple).

Figure 2. Selectivity filters of the TrkH transporter and the KcsA K* channel and nature of the hydrogen bond network surrounding the selectivity
filters. (A) Selectivity filter region and pore helix of two opposite subunits of TrkH. Some of the potential hydrogen bonds between the side chains
or the pore helix residues and those of the selectivity filter are highlighted. (B) Selectivity filter region and pore helix of two opposite subunits of
KcsA at high K* concentrations. Residues 67—80 are shown as licorice. S0—S4 denote K binding sites. The hydrogen bonds between the side chain

of Asp66 and Glu71 and between Asp66 and Trp67 are highlighted.

there are 16 aspartate residues; only three of them are on the
intracellular side. There are nine glutamate residues equally
arranged in the protein. One of them, Glu470, is strategically
located at what seems to be the conduction pathway, and
another, Glul04, is positioned behind what has been described
as the selectivity filter. In total, these acidic residues account for
25 negative charges. In contrast, the intracellular region is
enriched with basic residues. There are 16 arginine residues,
one facing the extracellular solution (Arg32), another at the
back of the selectivity filter (Argl31), and the rest on the
intracellular side of the protein. One in particular, Arg468, is
located in such a way that it will be in the proximity of the ions
as they leave the selectivity filter. Twelve lysine residues are
split evenly between the intracellular and extracellular regions
of the protein, with the exception of one, Lys357, which is
behind the intracellular circular loop.

The recent determination of the structure of TrkH from
Vibrio parahemolyticus at 3.51 A resolution* provides an
excellent opportunity for detailed computational and theoreti-
cal investigations of important aspects relating the structure and
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function of TrkH such as permeation. Here, the permeation of
K" and Na' ions through TrkH is analyzed by means of
molecular dynamics (MD) simulations and free energy
calculations. The adopted techniques have been widely used
for the analysis of other membrane proteins. In the case of K*
channels, MD simulations revealed an atomistic description of
ion permeation and selectivity.’ Energy barriers for the
permeation of K* ions in K* selective channels were found to
be on the order of 2—3 kcal/mol.*®” In contrast, a Na* ion
approaching a selectivity filter loaded with K" ions experiences
higher energy barriers, which prevents the passage of Na* ions
in K* selective channels.*® More recently, atomistic simu-
lations have been used to analyze ion conduction in the NaK
nonselective channel, revealing energy barriers of 2—5 kcal/mol
for the permeation of K* and Na* ions.”* The atomistic
description of ion conduction in K* and NaK channels provides
an ideal starting reference for making a comparison with the
permeation characteristics of TrkH. This could eventually
provide new insights into the permeation mechanism of this
membrane protein.
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B MATERIALS AND METHODS

The atomic structure was defined according to Protein Data
Bank entry 3PJZ.* All the residues of the two protomers
determined in the X-ray structure were included in the atomic
model. Channels were centered in the x—y plane with the
permeation pathway aligned with the z-axis and embedded in a
pre-equilibrated bilayer of 632 1,2-dioleoyl-sn-glycero-3-phos-
phocholine molecules. The upper layer of the lipid membrane
was aligned with the center of mass along z of the Tyr and Trp
residues at the C-terminus of the outer helices. Lipid molecules
closer than 1.2 A to protein atoms were removed. The system
was solvated with >20000 water molecules. Potassium and
chloride ions were added to neutralize the system (to a final
concentration of 150 mM). K* ions were placed at binding site
S3 in both promoters, as in the X-ray structure. The total
number of atoms in the system was ~125000. A second system
in which the K" ions were replaced with Na* ions was defined.
To equilibrate the atoms around the channels, 2000 steps of
energy minimization and 500 ps of MD were performed, with
restraints applied to the backbone atoms of the protein, and the
ions in the filter. Restraints were initially set to 10 kcal mol™
A7 and gradually reduced to zero. Two trajectories of 52 ns
were generated with either K™ or Na' ions occupying the
selectivity filter of TrkH.

The potential of mean force (PMF) for K* and Na* ions
inside the selectivity filter and their mixtures was calculated
considering the motion of one or two ions, using the umbrella
sampling technique.® These umbrella sampling simulations
cover all the possible configurations of one ion, K" or Na, or
two ions, either two K* ions, two Na* ions, or one K ion and
one Na* ion, in the filter of TrkH. The collective variable for
the one-dimensional (1D) umbrella sampling simulations was
the distance along the z-axis between the center of the carbonyl
oxygen atoms defining the binding site S3 and the ion
traversing the selectivity filter. In the case of the two-
dimensional (2D) umbrella sampling simulations, the collective
variables were (1) the distance along the z-axis between the
center of the carbonyl oxygen atoms defining the lower
boundary of S3 and the bottom ion and (2) the distance along
the z-axis between the center of the carbonyl oxygen atoms
defining the upper boundary of S3 and the top ion. Collective
variables were restrained by harmonic potentials with force
constants of 10 kcal mol™" A7 The initial sets of umbrella
sampling simulations were defined moving the center of the
harmonic restrains with a step of 1 A. Further umbrellas were
added in infrequently sampled regions, using a higher force
constant of 40 kcal mol™" A2 until a satisfactory overlapping
among adjacent windows was reached. The starting structures
were generated by systematically translating the ions to the
center of the harmonic restraints and moving the surrounding
water molecules accordingly. Approximately 30 and 100
windows per system were computed in the 1D and 2D sets,
respectively. Each umbrella sampling simulation consisted of
2000 steps of energy minimization with restraints applied to the
backbone atoms of the filter, followed by 1 and 0.5 ns of MD
trajectory with harmonic restraints only on the ions,
respectively, for the 1D and 2D sets. The first 20 ps was
discarded as the equilibration period, and the remaining parts of
the trajectories were used to calculate PMF with the weighted
histogram analysis method.” Ions in both promoters were
tracked in the umbrella sampling simulations, which provided
two independent ion trajectories for each simulation. To
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estimate the errors on the computed energies, the trajectories
were divided into four separate data sets, ie., first half and
second half of the trajectories in promoters 1 and 2. The energy
for each data set was calculated with the WHAM algorithm, and
errors were estimated as the standard deviations between these
values.

MD trajectories were simulated with NAMD version 2.7,"
using the CHARMM?27 force field with CMAP corrections,!
and the TIP3 model for water molecules.'” Parameters for K*
and Na" ions inside the channel were defined according to ref
13. All the simulations were performed in the NpT ensemble.
The pressure was maintained at 1 atm using a Nose—Hoover
Langevin piston control,'* with a period of 100 fs and a
damping time constant of 50 fs. The temperature was
maintained at 300 K by coupling to a Langevin thermostat,
with a damping coefficient of S ps™'. Electrostatic interactions
were treated with the particle mesh Ewald algorithm," with a
grid spacing of <1 A. A smoothed cutoff (10—12 A) was used
for the van der Waals interactions. Equations of motion were
integrated with a time step of 2 fs. The SETTLE algorithm was
used to restrain hydrogen atoms.'® In total, ~500 ns of MD
trajectories was generated.

B RESULTS AND DISCUSSION

Overall Stability of the Structure. A simple measure of
the drift in structure of the protein from its initial crystallo-
graphic conformation is provided by the root-mean-square
deviation (rmsd) between the channel structure at a given time
and the initial structure. Analysis of the a-carbon rmsd for a
dimer of protomers versus time revealed a similar pattern for
each of the two simulations (with K* or Na* ions) over the 52
ns (see Figure S1 of the Supporting Information). There is a
jump of ~1 A at the start of each simulation followed by a small
drift to a plateau value of ~2.5 A, which is maintained for the
remainder of the simulation. This initial structural drift is
thought to reflect the fact that the restraints imposed during the
equilibration period have been switched off and that the protein
is free to relax within the lipid bilayer and the solvent. Analysis
of the rmsd of individual helices and the helical component of
the five different domains, DO—D4, shows that the rmsd values
usually lie below 1 A, with the exception of domains DO and D2
of protomer 2 (Figure S2 of the Supporting Information). The
movement of residues 117—123 of the second domain of
protomer 2 is responsible for the jump observed in the rmsd.
These residues are part of the loops of the protein on the
extracellular side. The nature of the ions or their configuration
in the selectivity filter does not influence the overall
conformational stability of the protein on this time scale, as
expected. In both protomers, the same pattern in the variation
of the rmsd with respect to time can be observed. The rmsd
values of the amino acids of the filter during the unrestrained
trajectory oscillate between 0.40 + 0.07 and 0.35 + 0.09 A for
D1 and D3 and between 0.73 + 0.11 and 0.76 + 0.26 A for D2
and D4.

Compared to the selectivity filter of K" channels,” the
selectivity filter of TrkH has a wider opening on the
extracellular side and a much shorter constricted region
where ions are coordinated (Figure 2). The strength of the
H-bond interaction between residues Glu71 and Asp80 behind
the selectivity filter of KcsA is one of the key determinants of
C-type inactivation.'” It has also been shown that the H-bond
pairing between residues Trp67 and Asp80, conserved in most
K* channels, constitutes another critical interaction that
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determines the rate and extent of KcsA C-type inactivation.'®
To test the role of the interactions between the pore helix and
the outer vestibule of the TrkH transporter, we tracked several
H-bonds during the 52 ns simulations (see Figure S3 of the
Supporting Information). In domain D1, there is a H-bond
between Glul04 on the pore helix and Val116 of the selectivity
filter. In domain D2, there is a H-bond between Ser216 in the
pore helix and Phe223. Additionally, a hydrogen bond
interaction between His213 on the pore helix and Ser224 of
the signature sequence is established in domain D2. Finally, in
domain D3, a H-bond between Ser316 of the pore helix and
Phe323 is present. Domain D4 lacks hydrogen bonds. This
varied network is likely to stabilize the structure of the
selectivity filter by contributing to a putative rigidity necessary
to sustain precise carbonyl—ion coordination in the filter.
Another interaction found in both protomers corresponds to
that between Glul04 and Argl31 located at the back of the
selectivity filter. During the simulations, these interactions
always exist, which suggests that the hydrogen bond network
behind the selectivity filter may also serve as a critical
modulator of activation or gating besides its involvement in
transport. However, in contrast to K channels where the
critical binding site implicated in the mechanism of gating at
the selectivity filter is site $2,°*'®'? in TrkH S2 is rather
different from a structural point of view, and gating of the type
described in K" channels would not be feasible.

Energy Profiles of K* and Na* lons. No ion transition
was observed during the 52 ns of trajectory in either simulation
or promoter. K" or Na' jons initially occupying binding site S3
remain at this site for the entire simulation. The only
appreciable difference is that the K' ion is coordinated by
eight carbonyl oxygen atoms of the protein while the Na* ion
sits closer to the lower ring of carbonyls in S3 and is
coordinated by five or six backbone carbonyl atoms of the
protein. On the basis of the two simulations reported here, one
is tempted to say that site S3 is particularly favorable for both
K" and Na® ions in the filter of TrkH. However, more extensive
simulations and detailed energetic analysis are required before
any conclusions can be reached.

Figure 3 shows the free energy profile for the permeation of a
single K or Na* ion through the selectivity filter of the TrkH
protein. The energy of permeation is shown as a function of the
distance of the ion from the center of binding site S3. The
lowest minimum for K permeation corresponds to a
configuration in which the K* ion occupies site S3. In site S3,
the ion is coordinated by eight carbonyl oxygen atoms. The
energy increases steeply for the inward movement of the K" ion
from S3 until it reaches the center of the ring defined by the
carbonyl oxygen atoms delimiting sites S3 and S4. At this
position, the K* ion is coordinated by two water molecules in
addition to the protein carbonyl oxygen atoms, and the energy
is ~3 kcal/mol higher than that at the global minimum. A
configuration in which K occupies site S4 and the rest of the
sites are occupied by water molecules is ~20 kcal/mol less
stable than the global minimum. The PMF of Na® shows a
minimum at which the ion occupies the ring defined by the
carbonyl oxygen atoms delimiting the lower boundary of site
S3, and a second local minimum (~10 kcal/mol higher in
energy) with the ion at the ring defined by the carbonyl oxygen
atoms delimiting the upper boundary of site S3. Energy barriers
of >20 kcal/mol block the exit of a Na* ion from its minimal-
energy configuration inside the selectivity filter. The movement
of K* and Na* ions toward the intracellular side of the protein is
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Figure 3. One-dimensional energy maps for conduction of K* (A) and
Na* (B) ions in TrkH. Snapshots of the selectivity filter with the ion
and nearby water molecules for the minima and other interesting
situations are shown. The free energy profiles were computed as a
function of the distance of the ion from binding site S3. Gray shading
along the computed energy profiles is used to show the standard
deviation.

blocked by the presence of a protein loop in the central cavity.
At this point, an ion interacts with residue Thr352 of the
protein loop of domain D3, which prevents further inward
access (see Figure S4 of the Supporting Information). In the
classical MD simulations, if all the frames are superimposed
using the backbone atoms of the two promoters, the rmsd of
the backbone atoms of the intracellular loop (residues 344—
357) is 1.1 + 0.2 A. This proves that the intracellular loop
hardly moves inside the intracellular cavity, which is probably
due to the limited space available.

Figure 4A shows the free energy profile for the permeation of
two K" ions through the selectivity filter of TrkH as a function
of the displacement of the ions from the lower (x-axis) and
upper (y-axis) boundary of site S3. Three minima can be
characterized during the permeation events, the lowest of which
corresponds to a situation in which K ions are at site S3 and
on the extracellular side of the selectivity filter at different
positions from the ion at site S3. This results in a rather broad
minimum. Separated by a barrier of 11 + 2 kcal/mol, there is a
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Figure 4. PMF for ion conduction in the TrkH protein. The free energy profile was computed as a 2D function of the displacement of one ion from
the lower boundary of binding site S3 (x-axis) and the displacement of the second ion from the upper boundary of the same binding site. Contour
lines are drawn every 2 kcal/mol. Snapshots of the selectivity filter corresponding to the local minima are shown for simulations with K* ions (A),
Na* ions (B), and a mixture of ions (C and D). In panel C, the upper ion in the selectivity filter is Na* and the lower ion is K*. The order of the ions

is reversed in the simulation shown in panel D.

second minimum that corresponds to a selectivity filter loaded
with two ions, in sites S2 and S4, and a water molecule in site
S3. The energy of this local minimum is 8 + 2 kcal/mol higher
than the energy of the global minimum. A third minimum with
an energy 10 = 2 kcal/mol higher than the global minimum
corresponds to K* ions at sites S3 and S4. Site S4 is rather
broad, and a water molecule co-occupies this site with a K" ion.
A similar landscape and similar configurations can be detected
during permeation of two Na* ions through TrkH (Figure 4B).
The global minimum corresponds to the selectivity filter with a
Na* ion at the center of the lower ring delimiting S3, and a
second Na® ion solvated in the extracellular solution. Like in
the case of K*, this minimum is rather broad and the width is
correlated to the movement along the pore axis in the
extracellular solution of the upper ion. Separated by a barrier of
10 + 2 kcal/mol, another minimum that characterizes a
selectivity filter loaded with two Na* ions, at site S4 and the
upper ring of carbonyls of site S3, and a water molecule at S3, is
found. A third local minimum, 10 + 2 kcal/mol higher than the
global one, has an ion at the center of the upper ring defined by
the carbonyl atoms of site S3 and a water molecule and an ion
at site S4. The barriers for translocation of K* and Na* ions are
similar, ~10 kcal/mol. In the case of Na* permeation, empty
sites spontaneously appeared during the transport process.
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These events were already described in the translocation of ions
in K* channels.””"

Energy profiles of permeation of mixtures of K* and Na* ions
were also considered with a K* jon in an upper position in
relation to the Na* ion, and an alternative case with ions in
reverse locations. The free energy surfaces describing the
permeation of K*/Na* mixtures are characterized by two global
minima (Figure 4C,D). One minimum corresponds to a
configuration with a K" ion at site S3 and a Na® ion in the
extracellular solution. In Figure 4C, a second minimum is
observed separated by a barrier of 12 + 3 kcal/mol from the
one previously described. It corresponds to a selectivity filter
with a K" ion at site S4 and a Na* ion lying in the upper ring of
carbonyls of site S3, with a water molecule at site S3. The
lowest minimum in the translocation process with ions in
reverse positions corresponds to a Na' ion sitting in the lower
ring of carbonyls of site S3 and the K* ion in the extracellular
solution. Water molecules occupy sites S2 and S4. The
translocation toward a configuration with K* and Na® ions
occupying the upper and lower rings, respectively, of carbonyl
atoms of site S3 is hampered by an energy barrier of 8 + 1 kcal/
mol (Figure 4D).

Like in the selectivity filter of K" channels, main chain
carbonyl oxygen atoms line the conduction pathway of the
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TrkH protein, and by inspection, three ion binding sites
equivalent to sites S2—S4 in K* channels can be defined and,
potentially, host ions. The site equivalent to site S1 is lost
because of the widening of the selectivity filter of TrkH.
Experimentally, it was not possible to determine the
contribution to the densities of K*, water, or other ions at
these binding sites, because of the modest resolution of the
crystallographic structure.* Only one site was confirmed by
heavy atoms, equivalent to site S3 in K" channels. The energy
analyses shown in Figures 3 and 4 support the hypothesis of
three binding sites for K ions in TrkH. Analysis of the
coordination number in the trajectories generated in this study
renders values of coordination numbers for K* ions of 5.7 + 0.5
and 5.5 + 1.4 in the simulations where two K" ions and one K*
ion, respectively, are considered. Similarly, values of 5.1 + 0.4
and 4.8 + 1.2 are obtained in the simulations with two Na™ ions
and one Na' ion, respectively. In the simulations where both
species are involved, the coordination numbers are 5.8 + 0.6 for
K" and 5.0 + 0.4 for Na*. In all cases, the maximum of the
number of protein atoms coordinating the ions or the
minimum number of water molecules coordinating the ions,
either K* or Na, is at site S3 (see Figure SS of the Supporting
Information). At site S4, these values are reduced ~1.25 units,
and at site S2, the contribution coming from the protein is the
same as that from water molecules. This differs from the
situation observed in K* channels.®” The coordination number
of the ions that travel across the TrkH selectivity filter is almost
constant, and a full contribution of the carbonyl oxygen atoms
of the protein is observed at only site S3. In contrast, in K*
channels, the contribution of the protein to the coordination
number is roughly constant in all four binding sites, with
changes only at their boundaries.”® In general, the absolute
values for the coordination numbers of both ions are larger in
K* channels than in TrkH.

Bl CONCLUSIONS

Despite the fact that the crystallographic structure of the TrkH
protein represents a landmark for the understanding of uptake
of K through the Trk complex, whether this protein operates
as a transporter or as a channel remains an open question. In
this study, classical MD has confirmed that a K" ion is stable at
crystallographic binding site S3. From the analysis of the
energies obtained with the umbrella sampling technique, two
other binding sites for K* have been identified. Binding site S4
was already suggested by the crystallographic data, even if it was
not possible to confirm its existence because of the modest
resolution of the crystals. A comparison with the selectivity
filter of K* channels also suggested the presence of a third
binding site above site S3, and its presence was indeed
confirmed by the free energy maps. From the local minima
characterized in the energy map describing the conduction
events for K* ions, a fourth site was observed ~5 A above the
upper boundary of site S3. This binding site resembles the S,
binding site of K' channels, where the ion is coordinated
essentially by water molecules.

In a filter occupied by a single K* ion, the ion in site S3
corresponds to the lowest-energy configuration, in agreement
with the crystallographic data. By some means expected,
removing the ion from site S3 is hampered by high energy
barriers (~20 kcal/mol), excluding the possibility of a K* ion
diffusing alone through the selectivity filter. These energy
barriers for K* permeation could decrease as the result of two
alternative mechanisms: (1) a structural change in the
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selectivity filter that exposes binding site S3 alternatively to
the extracellular or intracellular side or (2) the effect of an
incoming ion that assists the movement of the ion already
inside the filter, as described for K* channels. Here, we have
tested the second hypothesis by calculating the energy maps of
two ions moving through the selectivity filter. We found that
the energy required to move a K* jon from site S3 to site S4
decreases by ~10 kcal/mol. Progress toward the intracellular
side is not possible because the central cavity is blocked by the
presence of a loop from the protein, and this prevented us from
simulating a complete conduction event. An energy barrier of
~10 kcal/mol translates as follows: if two K' ions move
through the selectivity filter of TrkH by passive diffusion, the
conductance of this protein would be lower than that of K*
channels, where lower energy barriers between 2 and 3 kcal/
mol have been described.®>**° However, the single-channel
conductance of TrkH is unknown, and the involvement of a
third K* ion could further decrease the energy barriers of the
permeation process presented here. Transport could proceed
through various steps with ions in the following positions: S3/
S../extracellular, S4/S2/S.., and intracellular/S3/S,,. The
obstruction of the permeation pathway below the selectivity
filter by the protein loop prevented us from testing this
hypothesis. In a manner independent of the permeation
mechanism, active transport or passive diffusion, the protein
loop occupying the central cavity needs to be displaced to allow
the passage of ions through TrkH. This structural change could
be mediated by TrkA or triggered by protons moving across the
protein.

Polarization effects have often been suggested as being
important in the transport of ions in ion channels.'">*" A
shortcoming of this study is the fact that the force field
parameters used for protein—water, water—ion, and protein—
ion interactions, do not allow for a consideration of polarization
effects, a limitation shared with a number of other studies. In
the absence of a fully developed polarizable force field for
water, ions, protein, and lipids, this study represents an attempt
to delineate some of the main features of ion permeability in
the TrkH membrane protein.

B ASSOCIATED CONTENT
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C, atom root-mean-square deviations (Figure S1), contribu-
tions of the structural elements to the C, atom root-mean-
square deviation (Figure S2), snapshots illustrating some of the
hydrogen bond interactions observed during the molecular
dynamics simulations (Figure S3), blockage of ion conduction
by a protein loop in the intracellular cavity (Figure S4), and
coordination numbers of Na* or K* ions in various simulations
(Figure SS). This material is available free of charge via the
Internet at http://pubs.acs.org.
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