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Rapid and selective ion transport is essential for the generation and regulation of electrical signaling
pathways in living organisms. In this study, we use molecular dynamics simulations and free energy cal-
culations to investigate how the bacterial sodium channel NayAb (Arcobacter butzleri) differentiates
between Na* and Ca" ions. Multiple nanosecond molecular dynamics simulations revealed distinct bind-
ing patterns for these two cations in the selectivity filter and suggested a high affinity calcium binding
site formed by backbone atoms of residues Leu-176 and Thr-175 (Scgy) in the sodium channel selectivity

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Na* flux is vital for initiating action potentials in the mem-
branes of most electrically excitable cells [1]. Recent homotetra-
meric crystal structures of bacterial Nay channels [2-5] provide
new possibilities for investigating the molecular basis of ion selec-
tivity and transport in these channels. The mechanisms of how
these channels discriminate between different ion types are poorly
understood. Recent molecular dynamics investigations [6,7] pro-
vide insights into Na* versus K* selectivity; however Ca%* discrim-
ination was not analyzed in atomistic detail so far. In this study, we
investigate how bacterial sodium channels discriminate between
Na* and Ca?*, a process essential for biological function.

Nay channels are composed of four membrane spanning sub-
units, containing six helices per subunit. The pore module consists
of helices S5, P1 segments, a selectivity filter (SF) region, P2 seg-
ments and S6 helices, lining the inner pore cavity. Remarkably,
the SF of many bacterial sodium channels contains four highly con-
served glutamates (EEEE locus), which is more reminiscent of
calcium channels than mammalian sodium channels [8-11]. De-
spite this high sequence similarity, bacterial Nay channels distin-
guish between sodium and calcium ions with permeability ratios
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Pca/Pna of 0.08-0.15 [12,13]. The three dimensional architecture
of this motif is revealed by X-ray structures of bacterial Nay chan-
nels from three different species [2-5]. How these unusual sodium
channels discriminate between different ion types and how ions
permeate the pore are not well understood yet.

In this study, we performed molecular dynamics (MD) simula-
tions and single ion potential of mean force (PMF) calculations to
investigate Ca®* interactions with the bacterial sodium channel
Nava.

2. Materials and methods
2.1. Molecular dynamics simulations

MD simulations were performed with Gromacs version 4.5.4
[14]. The coordinates of NayAb (PDB Entry: 3RVY; resolution:
2.7 A) with a closed pore gate were used in all simulations [2]. Cys-
teine residues at position 217 were mutated back to isoleucine to
obtain the wild-type structure of NayAb, and all charged residues
were treated keeping their charge states at physiological pH 7.4.
Simulations were carried out with the AMBER99sb [15] all atom
force field in dioleoylphospathidylcholine (DOPC) lipids [16] with
the TIP3P water model [17].

All covalent bonds were constrained using the LINCS algorithm
[18], allowing for an integration time step of 2 fs. A 10 A cutoff was
adopted for calculating short-range electrostatic interactions and
the Particle Mesh Ewald [19] summation was used for calculating
long-range electrostatic interactions. The corrected Lennard-Jjones
parameters for the amber forcefield [20] were implemented in this
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study and the vdW interactions were calculated with a cutoff of
10 A. The Nose-Hoover thermostat [21,22] and the semi-isotropic
Parrinello-Rahman barostat algorithm [23] was used to maintain
simulation temperature and pressure constantly at 310K and
1 bar, respectively. Prior to MD simulations, 3000 conjugate gradi-
ent energy-minimization steps were performed, followed by 5 ns
equilibration in order to fully solvate mobile water and lipids
around a protein restrained with a force constant of 1000 kJ/mol/
nm? on all heavy atoms.

2.2. PMF

One ion PMF calculations were performed by umbrella sam-
pling [24]. Prior to this simulation, a test ion was pulled with a
force constant of 2090 kj/mol/nm? (5 kcal/mol/A?) along the filter,
from a heavily restrained (force constant: 10,000 kj/mol/nm?) ref-
erence ion (placed ~15 A away on top of the extracellular side of
the filter) [25]. This procedure resulted in 20 windows to explore
the ion conductance route along the filter (total length ~10 A, as

shown in Fig 1B inset) at 0.5 A intervals. The test jon was initially
held fixed for a 100 ps equilibration, followed by a 2 ns PMF simu-
lations with the first 0.5 ns removed for equilibration [7]. In each
umbrella sampling simulation, the probing ion was restrained har-
monically with a force constant of 4180 kj/mol/nm? (10 kcal/mol/
A?) along the z-axis. A 4.18 kJ/mol/nm? (0.01 kcal/mol/A2) force
constant was exerted on the Co atoms of the protein as a center
of mass restraint during simulations, except for the SF residues
(residues 174-183) [7]. The free energy profile was calculated with
the g_wham tool implemented in Gromacs. Error analysis was per-
formed calculating 200 bootstrap iterations [26].

3. Results and discussions

Two 100 ns MD simulations with 100 mM NaCl and 100 mM
CaCl, concentrations each were performed. A third simulation with
either NaCl or CaCl, was extended to 150 ns for analysis. To get fur-
ther insight into the different behavior of Na* and Ca®* ions in the
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Fig. 1. Na*" and Ca?* binding patterns inside the NayAb SF. (A) Binding patterns of Na* ions as a function of time (snapshots from every 200 ps), the y-axis depicts the distances
along the pore axis (z-axis) to the entrance of the SF (carbonyl oxygen atoms of Ser-178) from the extracellular solution; two red dotted lines highlight the entrance and the
exit of the SF (backbone nitrogen atom of Thr-175); the inset shows the binding sites suggested by Payandeh et al. [2]. (B) Binding pattern of Ca?* as a function of time
(snapshots from every 200 ps). (C) Ion distribution maps of Na* s and Ca?* inside the selectivity filter (snapshots from every 10 ps). (D) Filter snapshot of Na* ions at 49.4 ns;
the Na* ions are shown as yellow spheres. (E) Filter snapshot depicting Na* ion positions at 78.0 ns. (F) Ca?* snapshots (side and top view) taken at 49.4 ns, with Ca?* shown in
magenta; the black arrows indicate the side chain conformational change of Glu-177. (G) Filter snapshot taken at 120.0 ns. (H) Analysis of the . angle of Glu-177 as of
function of time for NaCl (snapshots from every 200 ps); Side chains of the different subunits are colored black, red, yellow and green respectively. (I) Changes of Glu-177 .,

angles induced by Ca?* binding as of function of time (snapshots from every 200 ps).
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Fig. 2. lon coordination and PMF comparison between Na* and Ca®*. Oxygen atoms closer than 2.8 A (Na*) or 3.0 A (Ca?*) were considered coordinating atoms [35]. (A)
Average oxygen coordination numbers for Na*: the total coordination number is depicted in black; water oxygens are depicted as blue lines, protein backbone oxygens are
shown in magenta, Glu-177 side chain are colored red and Ser-178 side chain are shown as green lines (windows of all umbrella-sampling runs were taken for analysis, taking
snapshots every 15 ps). (B) Average coordination oxygen atoms numbers for Ca%* colored similar as in Fig. 2A. (C). Single-ion free energy profile of Na* (black) and Ca* (red);
The energy minima of Na* in site Syrs, Ss178/1176, Scen and Syy are shown (annotations taken from Payandeh et al. [2]); The energy minima for Ca®* in sites Syrs, Ss178/1176, and
Scen are colored in red. (D) Snapshot capturing the transition of Na* from site Sgs to site Ssy7s/1.176 With distances between Na* (yellow sphere) and adjacent carboxyl oxygens
from Glu-177 and Glu-177- Glu-177 distances labeled. (E) Snapshot capturing the transition barrier of Ca?* (magenta sphere) from site Sys to site Ss178jL176- (F) Snapshot of
Ca?" at site Scgw. the conformational change of Glu-177 side chain is shown in yellow; the cyan shadow indicates the original conformation of this side chain. (G) The crystal

structure of NayRh revealing a similar Ca?* binding site in the SF [4].

SF, one-ion free energy profiles were calculated along the filter, see
Fig. 1 B inset. The binding sites are annotated Sygs, S;y and Scgy in
line with Payandeh et al. [2].

3.1. Na* and Ca®* binding patterns in the SF

In all six MD simulations the RMSD of the backbone atoms of
the SF was below 1.0 A, indicating stability of the filter. Fig. 1A
and B reveal differences in the dynamics of Na* and Ca®* binding
to the SF of NayAb. In agreement with recent MD simulations
[27,28], sodium ions can move into the SF from the extracellular
bulk water within 5ns (Fig. 1A). Two Na* ions spontaneously
accommodated the two favorable sites Sygs and Sy in a hydrated
manner (Fig. 1A and D) [6,7]. Occasionally, a sodium ion was ob-
served to spontaneously move into the cavity and back up to site
Siv of the SF (Fig. 1A and E). Since the intracellular gate of this crys-
tal structure is closed, no ion conducting event was observed. Sim-
ilar to sodium, a calcium ion entered the SF from the extracellular
bulk water within 5 ns (Fig 1B). However, the Ca%* jon occupied
site Syrs for ~40ns. After 45 ns, Ca®* migrated into a new site
formed by backbone nitrogen atoms of residues Ser-178 and Leu-
176 (site Ss17g/1.176) above site Scey (Fig. 1B and F). After ~95 ns, cal-
cium moved into site Scgy Where it remained for the rest of the
simulation (Fig. 1B, C and G). In contrast to simulations with NaCl,
in all three simulations with CaCl,, only one Ca?* ion was found to
bind to the SF.

3.2. SF dynamics - influence of ion type

Analysis of the trajectory revealed that, in contrast to Na* where
the filter remained rigid, Ca%* ions induced changes of the Glu-177
side chain (see Fig. 1H and I). After ~45 ns, the , angles of two
adjacent Glu-177 side chains changed from —70° to 45°. These
changes facilitate collective Ca?* coordination from two neighbor-
ing Glu side chains at site Ss17s/1176 (Fig. 1F and Fig. 2B). After this
intermediate state (started from 90 ns), one of the side chains
flipped back to its native conformation as observed in the crystal
structure, whereas the conformation of the second glutamate
changed even further to ~70° (Fig. 1) when coordinating a Ca®*
ion at site Scgy (Fig. 1G). These filter changes enabled more favor-
able electrostatic interactions with Ca®*.

3.3. Free energy differences

To investigate possible differences in free energy profiles of
these two ion species, we performed PMF calculations (Fig. 2C).
Since only one calcium ion was observed to occupy the SF in re-
peated simulations, we calculated one-ion PMFs. The free energy
profile of sodium shows four local minima: at site Sygs, site
Ss178/L176 Site Scen, and site Siy. These calculations revealed that
Na* has no energy barrier higher than 2.1 kcal/mol, suggesting that
sodium ions can easily pass the filter. These values are in close agree-
ment with previous studies [6,7,28]. PMF calculations with calcium
revealed an energy barrier of approximately ~4.3 kcal/mol
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compared to ~1.4 kcal/mol for Na*. This relatively high barrier is
located between sites Syps and Ss17s/1176 (Fig. 2C), indicating that
Ca?* discrimination might occur in this region of the SF. Further
analyses of the structural snapshots suggested that this region of
the SF does not provide an ideal geometry for calcium ions. Dis-
tance measurements between coordinating glutamate oxygens
and Ca?*, revealed a less favorable, asymmetric coordination pat-
tern compared to sodium (See Fig. 2D and E). A similar mechanism,
albeit at a slightly different site in the SF was proposed by Corry
and Thomas for Na* versus K* discrimination [7]. This energy bar-
rier might be part of the reason why Ca?>* movement to site Scpy
(Fig. 1B) was rather slow (after ~90ns versus after ~5ns for
Na*). The lowest energy well for Ca®* is approximately at site Scg.
Further, PMF calculations revealed that there is a large energy bar-
rier (~5 kcal/mol) for calcium ions after site Scgn, which might pre-
vent movement into the cavity. Remarkably, the high affinity
binding site at site Scgy (Fig. 2F) agrees well with the X-ray data
by Zhang et al. [4] on the related NayRh channel, showing a Ca?*
ion bound at site L179/T178 (Fig. 2G).

3.4. Comparison of Na* and Ca®* ion coordination

Next, we compared ion solvation patterns for Na* and Ca®* in
the NayAb SF. The nature of the atoms coordinating either a sin-
gle Na* ion or a single Ca®* ion at different positions along the
permeation pore are shown in Fig. 2A and B. In accordance with
previous simulations on Na* permeation, Na* ions can bind inside
the SF with the entire or part of the inner hydration shell intact
[6,7,27,28]. In site Syps, two of the water molecules from the
hydration shell were substituted by side chain oxygen atoms of
Glu-177 and Ser-178; at site Scgy, one of the coordinating water
molecules was replaced by a carbonyl oxygen atom of Leu-176
(Fig. 2A).

Hydration patterns for Ca?* are shown in Fig 2B. In contrast to
sodium, where only one glutamate participates in ion coordination,
the conformational changes of the Glu-177 side chains allowed
Ca?* coordination with two glutamate side chain oxygen atoms.
The pivotal role of the flipped Glu-177 side chain(s) is shown in
Fig. 1F, G and I and Fig. 2B. Further, these side chain changes ren-
dered the coordination by Leu-176 backbone oxygen atoms less
likely. As a result, the Ca?* distribution was restricted to the center
of the pore axis (Fig. 1C, right).

Summarizing, our studies revealed clear differences for Na* ver-
sus Ca®* behavior in the NayAb SF. MD simulations highlight the
importance of electrostatic interactions to discriminate between
Na* and Ca?* in bacterial sodium channels. This is consistent with
previous theoretical studies [29-34] of Ca?* and Na* channels,
which suggested that ion discrimination is primarily governed by
electrostatic interactions in the EEEE locus. Interestingly, the asso-
ciation times for Ca?* were rather slower compared to Na*, which
might be explained by a lack of a “loose” knock-on mechanism,
shown to be important for Na* conductance by recent MD studies
[6,7]. In none of our three CaCl, simulations more than one Ca®*
entered the SF. It should be stressed that longer simulation times
might be needed to further validate this observation. Future inves-
tigations combining NaCl and CaCl, will be necessary to reveal the
role of multi-ion interactions (e.g. Na*-Ca?" interactions) within
the SF.
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