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The Mechanism of NaD/KD Selectivity in Mammalian Voltage-Gated
Sodium Channels Based on Molecular Dynamics Simulation
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†MOE Key Laboratory of Bioinformatics, School of Life Sciences and ‡State Key Laboratory of Biomembrane and Membrane Biotechnology,
School of Medicine, Tsinghua University, Beijing, China
ABSTRACT Voltage-gated sodium (Nav) channels and their Naþ/Kþ selectivity are of great importance in the mammalian
neuronal signaling. According to mutational analysis, the Naþ/Kþ selectivity in mammalian Nav channels is mainly determined
by the Lys and Asp/Glu residues located at the constriction site within the selectivity filter. Despite successful molecular
dynamics simulations conducted on the prokaryotic Nav channels, the lack of Lys at the constriction site of prokaryotic Nav chan-
nels limits how much can be learned about the Naþ/Kþ selectivity in mammalian Nav channels. In this work, we modeled the
mammalian Nav channel by mutating the key residues at the constriction site in a prokaryotic Nav channel (NavRh) to its mamma-
lian counterpart. By simulating the mutant structure, we found that the Naþ preference in mammalian Nav channels is collabo-
ratively achieved by the deselection from Lys and the selection from Asp/Glu within the constriction site.
INTRODUCTION
Voltage-gated sodium (Nav) channels are responsible for the
rising phase of the action potential by mediating the perme-
ation of Naþ ions across the membrane of most electrically
excitable cells (1,2). The dysfunction of Nav channels
frequently causes severe diseases such as epileptic seizures,
migraine, and cardiac arrhythmias (3). In contrast to the
extensive structural and mechanistic studies on the ion
selection in voltage-gated potassium (Kv) channels (4–11),
the corresponding research studies for Nav channels have
been lagging behind for many years, due to the lack of
atomic-resolution structures. The crystal structures of pro-
karyotic Nav channels, NavAb (12,13) and NavRh (14),
were successively solved recently. Prokaryotic Nav chan-
nels are composed of four identical subunits, each of which
contains six transmembrane helices (12,14–17). Helices
S1–S4 of each protomer form a voltage-sensing domain
located at periphery, which regulates the channel opening
upon membrane depolarization (15–17). Helices S5–S6 as
well as the intervening half helices and P-loops from the
four protomers are clustered at the center to constitute the
pore domain, which allows the transmembrane permeation
of cations (15–17,19). Within the pore domain, each
P-loop provides five (12,13,20) or six (14,21) residues to
constitute a narrow vestibule that determines the ion selec-
tivity and is therefore named as the selectivity filter (SF).
(Fig. 1 A).

Unlike the architecture of homotetramer in prokaryotic
Nav channels, the corresponding structural units in mamma-
lian Nav channels (repeats I to IV in Fig. S1 in the Support-
ing Material) are linearly connected in a single polypeptide
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chain (16), which allows the asymmetrical distribution of
amino acid residues lining the SF. Notably, the SF of
mammalian Nav channels contains two layers of highly
conserved residues (16), as shown on the NavRh structure
(14) in Fig. 1 A based on sequence alignment. The outer
layer, which is composed of three or four acidic residues
(shaded in red in Fig. 1 B and Fig. S1), is associated with
the efficiency of ion permeation (22). The inner layer, which
is invariantly composed of Asp, Glu, Lys, and Ala (or
DEKA as shaded in green in Fig. 1 B and Fig. S1), forms
the geometrically narrowest region, which is called the
constriction site. The inner layer has been identified as the
major determinant on ion selectivity in mammalian Nav
channels by mutation experiments (23–25). Among the
four key residues (DEKA), Lys is absolutely indispensable
in maintaining ion selection, because its mutation to Arg,
Ala, or Gln either disrupts or cripples the ion selectivity
(23–25). Besides Lys, the presence of at least one acidic
residue (Asp or Glu) is required for proper Naþ/Kþ selec-
tion (24).

The Naþ/Kþ selectivity of mammalian Nav channels was
analyzed theoretically before the crystallographic studies.
According to the static hypothesis proposed by Favre
et al. (24), the salt bridge between Lys and Asp/Glu at the
constriction site constrained the pore size to better accom-
modate Naþ rather than Kþ. Lipkind and Fozzard (26,27)
later proposed a dynamic hypothesis, stating that as a stron-
ger Lewis acid, Naþwas more likely to displace the positive
side chain of Lys, which blocked the SF by forming
salt bridge with the opposing Asp/Glu. Dudev and Lim
(28–30) mimicked the constriction site of the SF using
model compounds and systematically studied the factors
affecting the Naþ/Kþ selectivity in Nav channels by quan-
tum mechanics calculation (28).

Since the determination of the first crystal structure of
prokaryotic Nav channels, molecular dynamics (MD)
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FIGURE 1 The SF of NavRh is less discrimina-

tive between Naþ and Kþ. (A) The SF of NavRh

contains two layers of residues that correspond to

the conserved residues in mammalian Nav chan-

nels. Only the two diagonal protomers of NavRh

are shown for clarity. (B) Sequence alignment of

the SF regions of several Nav channels. (C and

D) In simulations, two binding sites are identified

in the SF of WT-NavRh for both Naþ (C) and Kþ

(D). (E) The calculated residence probability along

the permeation pathway for Naþ (upper panel) and

Kþ (lower panel).

2402 Xia et al.
simulations have been engaged to explore the ion selectivity
by several independent groups (31–38). The simulations
on NavAb showed a marked difference in the free energy
profiles of Naþ and Kþ ions (32,33). Size restraint and
hydration number have been assumed to be responsible
for the selectivity (31–34). In our simulation on NavRh,
we found that Ca2þ permeation was disfavored due to
the presence of a huge energy barrier at the constriction
site (35).

Despite the success of simulation studies on the prokary-
otic Nav channels, insightful hints on the mechanism of ion
selectivity in mammalian Nav channels are missing due
to the absence of Lys and Asp/Glu in prokaryotic Nav
channels. Although some mechanistic models have been
proposed to illustrate the roles of these key residues, the
validity of these hypotheses is impaired by the lack of
atomistic details. In this work, we first investigated the
Naþ/Kþ selectivity in the wild-type NavRh (WT-NavRh)
channel. After that, residues (Ser-180) at the constriction
site of NavRh were mutated to DEKA to mimic the SF
of mammalian Nav channels. By simulating the mutant
structure, we finally proposed a model to explain the
Naþ/Kþ selectivity in mammalian Nav channels: Lys
screens most weakly Naþ-selective locations within the
constriction site through electrostatic repulsion, and
repels the cation to pass through a highly Naþ-selective
Biophysical Journal 104(11) 2401–2409
location formed by the clustered carboxylate groups of
Asp and Glu.
RESULTS

WT-NavRh SF has weak NaD/KD selectivity

Similar to our previous research (35), the pore domain of the
NavRh crystal structure was simulated in 70 mM NaCl and
KCl, respectively (simulation 1 and 2 in Table S1). In both
simulations, extracellular cations initially lingered around
the binding site 1, which is composed of the side groups
of Ser-181 and Glu-183, and then quickly squeezed into
the SF and stably resided at binding site 2, a site composed
of eight carbonyl oxygens from Thr-178 and Leu-179 (Fig. 1
and Fig. S2; Movie S1 and Movie S2). The two binding sites
described here are consistent with the ones observed in our
previous research (35).

TheNaþ/Kþ selectivitywas then evaluated at both binding
sites using the free energy perturbation (FEP) (39,40), by
calculating the relative binding affinity DDG(Naþ/Kþ)
(see Fig. S3), which is positive for a Naþ-selective site
and negative for a Kþ-selective site. As shown in Table 1
and Table S2, both sites are weakly Naþ-selective
(DDG(Naþ/Kþ) < 1.5 kcal/mol), and the ion bound at
the inner site does not raise the ion selectivity at the outer



TABLE 1 FEP calculations to evaluate ion selectivity

ID

DDG(Naþ/Kþ) in WT-NavRh (kcal/mol)

Site 1 Site 2

1 0.70 (0.08) Ø

2 Ø 0.63 (0.56)

3 0.74 (0.85) Naþ

4 0.04 (0.09) Kþ

DDG(Naþ/Kþ) in the DEKA mutant (kcal/mol)

Site 1 Site HFS Site 2

5 0.74 (0.55) Ø Ø

6 Ø 1.25 (1.65) Ø

7 Ø Ø 0.68 (0.16)

8 0.33 (0.91) Ø Naþ

9 Ø 4.57 (0.03) Naþ

10 0.17 (0.39) Ø Kþ

11 Ø 2.38 (0.44) Kþ

12 1.06 (1.12) Naþ Naþ

13 Naþ 3.39 (1.42) Naþ

14 Naþ Naþ 1.85 (1.21)

Ø indicates unoccupied site; Naþ and Kþ indicate the presence of these ions

at the site; detailed information for each calculation is listed in Table S2,

labeled by the calculation ID. The uncertainties, which are roughly

estimated from the difference between the forward and backward FEP

calculations, are listed in parenthesis. Results obtained from independently

repeated FEP calculations are listed in Table S8 to show the good repro-

ducibility of the FEP calculations.
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site. The weak Naþ/Kþ selectivity is also indirectly impli-
cated from the lack of a significant difference between the
binding times of Naþ and Kþ (Table S3 and Fig. S4) when
equal amounts of these ions compete for site 1 in the presence
of a cation bound at site 2 (simulations 3 and 4 in Table S1).

Notably, the lack of strong Naþ/Kþ selectivity will
not impair the survivability of the host (Rickettsiales sp.
HIMB114), a species living in the deep ocean where the
Kþ:Naþ ratio is greatly lower than that in the mammalian
extracellular environment (41,42). Furthermore, the high ion
selectivity, which is critical for the fast and accurate neuronal
signaling in the mammalian nerve system, is possibly
nonessential for a marine bacterium channel whose function
may be related with cell motility and chemotaxis (43,44).
NavRh was mutated to model the mammalian Nav
channels

In the highly Naþ-selective mammalian Nav channels, the
constriction site is composed of four nonidentical amino
acid residues (DEKA), which are equivalent to the Ser-
180 in NavRh. (Fig. 1 B and Fig. S1). To explore the roles
of these residues in the ion selectivity of mammalian Nav
channels, we mutated Ser-180 in the four protomers of Nav
Rh crystal structure to DEKA, respectively (Fig. S5 A). The
mutation did not disrupt the structure of the channel,
as shown by the small structural deviation (<2 Å) in the
backbones of both the SF and the pore domain after muta-
tion. (Fig. S5 B and Fig. S6).
The permeability of DEKA-mutant SF depends on
Lys-180 position

The DEKA mutant was simulated in 70 mM NaCl and KCl
solutions, respectively. In both cases, the SF of the mutant
can either allow or reject ion permeation, depending on the
status of Lys-180 side chain. In a couple of simulations
(simulations 6 and 8 in Table S1), the side chain of Lys-
180 (chain C) stretches into the center of SF and interacts
with the opposing carboxylate groups of Asp-180 and Glu-
180, a posture that blocks the permeation pathway (Fig. S5
C, upper panel; Movie S3). Only when the side chain of
Lys-180 moves upward to interact with the carboxylate
group of Glu-183 in the neighboring chain (chain D), could
the ion permeate across the constriction site (Fig. S5C, lower
panel; Movie S4). This can be clearly seen from the marked
difference in the atomic distances between the side-chain
nitrogen of Lys-180 (chain C) and the carboxylate oxygens
of Glu-183 (chain D) measured from trajectories of success-
ful and failed ion permeations, respectively (Fig. S7). In the
permeable SF, the distance is mainly distributed at<3.5 Å, a
condition defined as the on-state of Lys-180 side chain in our
later simulations. In contrast, the distance exceeds 4 Å in the
impermeable SF, and the Lys-180 side chain in those simula-
tions is defined as the off-state. The dependence of the
permeability on the status of Lys-180 side chain was further
validated by the free energy profiles estimated using the
adaptive biasing force method (45–48), when the Lys-180
side chain was constrained to the on and off states, respec-
tively. As shown in Fig. S8, both Naþ and Kþ can permeate
through the SF free of barrier when Lys-180 side chain is at
the on-state. In contrast, high free energy barriers prevent ion
passage when Lys-180 side chain is at the off-state.

The previous observation conspicuously denies the static
hypothesis (24) because neither cation can penetrate when
Lys-180 interacts with Asp-180 or Glu-180. Although Naþ

and Kþ apparently show similar propensities to displace
Lys-180 and to bind with Asp-180 and Glu-180, as also
suggested by Dudev and Lim (28), the limited number of
equilibrium simulations conducted here cannot provide suf-
ficient evidence to exclude the dynamic hypothesis (26,27).
More systematic equilibrium simulations should be con-
ducted in the future work to further test the correctness of
this hypothesis. To further explore the mechanism of ion
selection, the Lys-180 side chain is restrained to the on-state
in the following simulations to guarantee the opening of the
SF. Notably, the switch between the on/off states of Lys-180
may be affected by the change of the cross-membrane
potential during neuronal signaling. For instance, depolari-
zation will favor the upward movement of the positively
charged Lys-180 side chain and promote the opening of
the SF. Correspondingly in the rising phase of an action
potential, the cross-membrane potential grows slowly in
the early stage but rises much more rapidly once it reaches
a threshold, partially because of the improved conductance
Biophysical Journal 104(11) 2401–2409
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associated with the elevated probability of Lys to switch to
its on-state at the depolarizing potential. However, because
the conductance of Nav channels is determined by factors
other than the SF region, the previous speculation still
awaits experimental validation.
NaD and KD permeate across the DEKA-mutant
SF in distinct manners

Once Lys-180 is constricted to the on-state, both Naþ and
Kþ can permeate across the SF. In Naþ permeation (simula-
tion 5 in Table S1), the first Naþ ion quickly approached the
carboxylate groups of Glu-183. After transiently lingering
around the carboxylate groups of Asp-180 and Glu-180,
the ion finally reached the site formed by the carbonyl
groups of Thr-178 and Leu-179 (Movie S5). The outer
and inner sites are identical to those in WT-NavRh, and
are therefore still named as site 1 and site 2, respectively.
Between them is one additional site, site HFS (high field
strength) formed by the carboxylate groups of Asp-180
and Glu-180 (Fig. 2 A and the upper panel of Fig. 2 C;
Fig. S9, upper panel; Fig. S10). After the first ion occupied
site 2, two more extracellular Naþ ions approached site HFS
and site 1 successively. Ultimately, three Naþ ions were
bound in the SF simultaneously (Movie S5). Notably, the
single-ion free energy profile only indicates one energeti-
cally favored binding site, which corresponds to site 2
(Fig. S8). This can explain the natural downhill permeation
of the first ion from the extracellular solution to the inner
site. After the occupancy of site 2, the free energy profile
changes drastically, and two more energetically favorable
binding sites show up (Fig. S11), which agree well with
the site HFS and site 1 identified in the equilibrium simula-
tions (Fig. 2 C).
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The profile is different in Kþ permeation. Once the first
Kþ ion reaches the inner site (site 2), only one additional
binding site (site HFS) emerges (Fig. 2 B and the lower panel
of Fig. 2C; Fig. S9, lower panel). In addition, the site HFS of
Kþ is slightly shifted toward the extracellular solution
(Fig. 2 C and Fig. S11), and therefore interferes with the
ion binding at site 1 (Fig. 2 C, lower panel). Consequently,
only twoKþ ions were observed to bind in the SF in the equi-
librium simulation (simulation 7 in Table S1, Movie S6).
Strong NaD/KD selectivity at site HFS after
conformational change

As shown in Table 1 and Table S2, all three sites of the
DEKA mutant are weakly Naþ-selective (DDG(Naþ/
Kþ) < 1.5 kcal/mol). However, once site 2 is preoccupied
by Naþ or Kþ, the DDG(Naþ/Kþ) at site HFS grows to
4.57 and 2.38 kcal/mol, respectively, which roughly corre-
spond to 1000-fold and 50-fold selectivity at the body tem-
perature according to the Boltzmann factor exp(�DDG/RT).
This can also be verified from the Naþ/Kþ competition at
site HFS in the presence of an ion bound at site 2 (simula-
tions 9 and 10 in Table S1). In both simulations, a Naþ

ion won the competition after several rounds of turnovers
and resided stably at the site HFS until the end of the trajec-
tory (Fig. S4). The previous high difference (50-fold and
1000-fold) in the binding affinity of Naþ and Kþ at site
HFS apparently contradict with the 10- to 30-fold difference
in the permeability of Naþ and Kþ measured in the electro-
physiological experiment (23). This contradiction can be
reconciled by considering that the permeability is deter-
mined kinetically by the free energy profile in the overall
permeation pathway rather than by the binding affinity at
one specific energy minimum in the pathway. Notably, the
FIGURE 2 The SF of the DEKA mutant of Nav
Rh exhibits distinct binding sites for Naþ and Kþ,
respectively. (A and B) Three and two binding sites

are identified in the SF of the DEKAmutant of Nav
Rh for Naþ (A) and Kþ (B), respectively. (C) The

calculated residence probability along the per-

meation pathway for Naþ (upper panel) and Kþ

(lower panel).



FIGURE 3 The two-dimensional free-energy profiles at the constriction
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presence of Naþ ions at the two extracellular sites (site 1 and
site HFS) also improves the Naþ preference at the inner site
(site 2) by >1 kcal/mol (Table 1 and Table S2), which may
reduce the interference by intracellular Kþ during the
consecutive cross-membrane conduction of Naþ in mamma-
lian Nav channels.

The previous significant improvement in Naþ/Kþ selec-
tivity at site HFS is associated with the conformational
change of the channel after site 2 is occupied. When the first
ion passes site HFS, the carboxylate groups from Asp-180
and Glu-180 are spatially separated. In this situation, only
one carboxylate group can favorably interact with the
permeating ion without backbone movement (Fig. S12,
left panel). Once the inner site is occupied, the preclusion
of the forward permeation leads to the long residence of
the incoming cation at site HFS, which allows the backbone
movement of both chain A and chain B. The face-to-face
backbone movement of both chains then geometrically per-
mits the approximation of the side-chain carboxylate groups
of Asp-180 and Glu-180 on them (Fig. S12, right panel).
Finally, the cation is sandwiched between both carboxylate
groups, a conformation that sufficiently stabilizes the cation
bound at site HFS (Fig. S11). The new conformation is high-
ly Naþ selective, as indicated by the large DDG(Naþ/Kþ)
of 4.79 kcal/mol in the control experiment in which the ion
located at site 2 was removed to exclude its effect and the
protein backbone conformation was maintained by strong
positional restraints (Table S2).
site suggest the role of Lys in Naþ/Kþ selection. (A and B) A cation is

forced to sample in the plane of the constriction site of the DEKA (A)

and DEAA (B) mutants, where the shaded squares at the center indicate

the allowed sampling space. The key residues at the constriction site taken

from one snapshot of the according simulations are shown around the

squares. The relative coordinate of the a-carbon is shown for each key

residue. (C) The two-dimensional free-energy maps of the DEKA (left

column) and DEAA (right column) mutants were calculated for Naþ (upper

row) and Kþ (lower row), respectively. A representative cation coordinate

(labeled by white squares) was selected from each local minimum, and

FEP calculation was engaged to evaluate the ion selectivity at the location

(Table S4). The representative structures for the previous selected locations

are shown in Fig. S14 with the same letter labeling.
The role of Lys in NaD/KD selectivity

Although the significant improvement in ion selectivity by
the DEKA mutant indicates the crucial roles of these four
residues, they do not have equal contribution to Naþ/Kþ

selectivity. In fact, Lys was reported to be the most impor-
tant residue, because a single K to A mutation completely
disrupted the high Naþ/Kþ selectivity in mammalian Nav
channels (24). To better understand the role of Lys in
Naþ/Kþ selectivity, a DEAA mutant of NavRh was gene-
rated and was simulated as a control (simulations 11 and
12 in Table S1). Due to the lack of the Lys side chain at
the constriction site, this mutant is always permeable for
both Naþ and Kþ. To analyze the ion selectivity at site
HFS, the SF structures were extracted from the highly
Naþ-selective conformation of the DEKA mutant and
from one conformation of the DEAAmutant (after sufficient
equilibration in 70 mM NaCl), respectively, and all atoms
outside the SF were neglected to accelerate the calculation.
The SF regions were blocked at the chain termini and were
immersed in water boxes with strong positional constraints
to maintain their backbone conformations (Fig. S13 A and
Fig. S13 B). Later, a cation (Naþ or Kþ) was allowed to
sample in the plane of the constriction site (Fig. S13 C) to
derive the two-dimensional free energy profiles using the
adaptive biasing force method (Fig. 3 A and B).
In the DEKA mutant, only one energetically favorable
location is present for both Naþ and Kþ (o and o0 in
Fig. 3 C, left column), where the cation is sandwiched
by the carboxylate groups of Asp-180 and Glu-180, a
conformation indicative of high Naþ/Kþ selectivity
(Fig. S14). Accordingly, DDG(Naþ/Kþ) at this location
is 2.05 kcal/mol (Table S4). In contrast, the free-energy
maps of both Naþ and Kþ in the DEAA mutant are much
less restrictive (Fig. 3 C, right column). In particular, Kþ

has four energetically favorable locations, three of which
are also local minima for Naþ. The upper left minimum
(a and a0) is highly Naþ selective (DDG(Naþ/Kþ) ¼
2.05 kcal/mol in Table S4), because the cation is sand-
wiched by the carboxylate groups of Asp-180 and Glu-
180 (Fig. S14). At the upper right (b and b0) and lower right
Biophysical Journal 104(11) 2401–2409
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minima (c and c0), Naþ is less preferred (DDG(Naþ/
Kþ) ¼ 1.16 and 1.64 kcal/mol, respectively, in Table S4),
because the cation is only coordinated by the carboxylate
group of Glu-180 (Fig. S14). The local minimum in the
lower left energy well (d and d0) on the Kþ free-energy
map is disfavored for Naþ, as indicated by the
DDG(Naþ/Kþ) of �1.09 kcal/mol (Table S4). At this
location, the cation interacts more intimately with the
carbonyl oxygen of Ala-180 than with the carboxylate
groups (Fig. S14).

In summary, in the absence of Lys side chain, the cation
can stay at several locations within the constriction site,
most of which are weakly Naþ selective or even Kþ selec-
tive. The presence of Lys side chain, however, precludes
all less Naþ-selective locations by electrostatic and geomet-
rical repulsion. Consequently, the cation has to permeate
through the only available location (between Asp and
Glu), which is highly Naþ selective. The free energy anal-
ysis suggests that Lys at the constriction site renders Naþ/
Kþ selectivity through a negative design (or deselection).
The role of Asp/Glu in NaD/KD selectivity

The previous analysis leads to another question: Why is Naþ

highly preferred when sandwiched by two carboxylate
groups? To address this question, we first evaluated the
Naþ/Kþ selectivity of a carboxylate group (in acetate) and
a carbonyl group (in N-methylacetylamide or NMA) (Fig.
S15). As shown in Table S5, the carboxylate group slightly
prefers Naþ, whereas the carbonyl group weakly favors Kþ.
This difference can partially rationalize the distinct struc-
tural design in the SF of Nav and Kv channels: Kv channels
expose backbone carbonyls to favor the Kþ coordination
(5–7), whereas Nav channels use side-chain carboxylate
groups to prioritize the passage of Naþ ions (12–14,20).
This agrees with multiple previous research studies, where
both the field strength and the number of the coordinating
groups have been proposed to be consequential in ion
selection by solvating the target ion in a symmetrical
environment composed of homogenous ion-coordinating
groups to mimic the binding site in potassium channels
(50–55). Although the cation is highly hydrated and
frequently coordinates asymmetrically to only one or two
protein groups in sodium channels, the field strength of
the coordinating group can still weakly determine the ion
selectivity.

In the previous calculation, the cations are restrained
within 3 Å to the center of the carboxylate oxygens, which
slightly allows monodentate interaction between the cation
and the carboxylate group. When cations are restricted in
a bidentate binding state (within 2.6 Å to both carboxylate
oxygens), Naþ preference rises to the level of the site HFS
in the DEKA mutant (DDG(Naþ/Kþ) ¼ 2.62 kcal/mol
in Table S5). On the other hand, in a control simulation
where asymmetrical binding is allowed to a larger extent
Biophysical Journal 104(11) 2401–2409
(by restraining the cation within 5 Å to the center of the
carboxylate oxygens), Naþ is more likely to stay in a biden-
tate state than Kþ, as clearly suggested from their distinct
distributions of the difference in ion-oxygen distances
(Fig. S16).

In the following simulations, the cations were forced to
locate at equal distances to both carboxylate oxygens of
acetate to explore why Naþ is highly preferred at the biden-
tate binding state (Fig. S17 A). The coordination numbers of
Naþ and Kþ were then counted and statistically fitted with
Gaussian distribution, respectively (Fig. S17 B). When the
cation is well chelated by the carboxylate group (both ion-
oxygen distances %2.4 Å), as in the site HFS (Fig. S16
D), the coordination number of Kþ ions drops greatly
from the ideal value (sevenfold coordination in water)
(Fig. S17 C, lower panel). Therefore, Kþ has to sacrifice
the favorable electrostatic interaction in the bidentate bind-
ing state and choose a monodentate binding manner to pre-
serve its ideal coordination state. Naþ, on the contrary, can
optimize the favorable electrostatic interaction by bidentate
binding but with only a tiny loss in its ideal coordination
number (sixfold coordination in water) (Fig. S17 C, upper
panel). This difference leads to the high Naþ/Kþ selectivity
at site HFS in the mammalian Nav channels, where the
electrostatic bias for the bidentate binding is amplified by
the closely clustered carboxylate groups of Asp and Glu
(Fig. S16 D). Accordingly, Kþ has to pay more energetic
cost to maintain the monodentate interactions with both
carboxylate groups. These observations agree with the
research of Bostick et al. (50), where the ion coordination
was systematically analyzed by simulations using polariz-
able force field. In this insightful work, Kþ was proposed
to be highly favored when constrained in a state of eightfold
coordination by the carbonyl oxygens in the SF of potassium
channels. Similarly, according to their free energy analysis
(50), Naþ should be favored when constrained in a state
of sixfold coordination, the situation when the cation is
well chelated by the carboxylate group. Similarly, Corry
and coworkers (51–53) proved that larger ions such as Kþ

are effectively favored in over coordinating environment
in a series of studies. In addition, through quantum me-
chanics calculations, Dudev and Lim also proposed that
disruption on the coordination state of ions exerted by the
protein coordinating groups favors the cation with a smaller
coordination number (28).

In summary, the high Naþ/Kþ selectivity at site HFS is
generated by the chemical property of the carboxylate
group, which is naturally designed to prefer Naþ to Kþ in
the chelated state. Consistent with mutational analysis
(24), at least one acidic residue is required for Naþ selection
and the presence of both Asp and Glu improves the Naþ/Kþ

selectivity by enforcing the bidentate binding at site HFS. In
contrast to Lys, Asp/Glu at the constriction site renders
Naþ/Kþ selectivity through a positive design (or direct
selection). Notably, the role of Asp/Glu was analyzed
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principally on model compounds solvated in a water box
and therefore still awaits the validation by more stringent
computations.
DISCUSSION

Implications in the mammalian Nav channels

According to the sequence similarity (Fig. 1 B and Fig. S1),
the SF of mammalian Nav channels is proposed to adopt a
similar structural framework to that of NavRh. Therefore,
the mammalian Nav channels may follow a mechanism of
ion permeation and ion selection similar to the DEKA
mutant of NavRh (Fig. 4).

In the mammalian Nav channels, the side chain of Lys at
the constriction site may control the opening and closing
of the SF (Fig. 4). Once the Lys side chain moves upward
to allow ion permeation, an acidic residue in the outer layer
may hold the Lys side chain at the on-state to sustain the
opening of the SF. Otherwise, the occasional downward
movement of Lys side chain will occlude the SF and impair
the efficiency of ion permeation. This important acidic resi-
due, which is equivalent to the Glu-183 (chain D) in the
DEKAmutant of NavRh, is invariably Asp in all mammalian
Nav channels (shaded red in domain IV in Fig. S1). Despite
its shorter side chain, Asp can make favorable interaction
with the Lys side chain, as suggested by our simulation
(simulation 13 in Table S1) in which Glu-183 in chain D
of the DEKA mutant was further mutated to Asp (Fig. S18).

When Lys side chain is stabilized at the on-state, both
Naþ and Kþ can permeate across the constriction site
composed of DEKA (Fig. 4). After the first ion occupies
the inner site, the arrival of the second cation at the con-
striction site elicits a conformational change of the SF by
drawing the carboxylate groups of both Asp and Glu at
the constriction site to its proximity (Fig. 4). The new
conformation becomes highly Naþ selective, a property
that is cooperatively contributed by the deselection from
Lys and the selection from Asp/Glu. Specifically, all less
Naþ-selective locations within the constriction site are dis-
allowed for permeation by the electrostatic repulsion from
Lys and the ion has to pass through the naturally highly
Naþ-selective location sandwiched between the carboxylate
groups of Asp and Glu. Therefore, even if Kþ accidentally
arrives at the constriction site, it will be eventually displaced
by the more favorable Naþ ions, as shown in the competition
simulations (simulations 9 and 10 in Table S1; Fig. S4;
Movie S7). Finally, the outer binding site is also occupied
by a Naþ ion, and the three simultaneously bound Naþ

ions allow the continuous Naþ conduction once the intracel-
lular activation gate is open (Fig. 4).
The limitation of our simulation

Although the model proposed in this work presents an
indication on how the Naþ/Kþ selectivity arises in mamma-
lian Nav channels, there are still some limitations in our
simulations. First, we applied a nonpolarizable force field
to accelerate computation. In this manner, the nonnegligible
charge transfer from the protein to the bound ion is omitted
(56). Second, the high Naþ/Kþ selectivity in mammalian
Nav channels was modeled through point mutation on the
crystal structure of the prokaryotic channel NavRh. Third,
the crystal structure of NavRh has a collapsed SF. Although
the SF spontaneously opens in simulation (35), its confor-
mation may have some different properties from those of
the truly open SF in an active channel. Therefore, the model
proposed here still awaits the validation by electrophysio-
logical experiments and by the crystallographic studies on
eukaryotic Nav channels.
METHODS

The protein structure was processed in a similar way to our previous

work (35). Atomic coordinates of the pore domain of NavRh channel

were taken from the Protein Data Bank (PDB code: 4DXW). After mem-

brane insertion, the system was simulated in 70 mM XCl, where X cor-

responds to Naþ, Kþ, or their combination. Mutation on the protein
FIGURE 4 Schematic representation for the

mechanism of the mammalian Nav channels. Na
þ

and Kþ ions are represented by yellow and green

spheres, respectively, and the ion selectivity is re-

flected by the ratio of yellow and green colors in

one sphere. Lys and Asp/Glu are represented by

the red bar and the pink half ring, respectively.

The conformational changes are indicated by

changes in both the color and the shape of the rect-

angles, which represent the pore domain.
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structure was accomplished by the Mutator plugin of VMD 1.9.1 (57).

All simulations were performed using NAMD 2.8 (58) in an NPT

ensemble using the CHARMM27 force field with CMAP correction

(59) and NBFIX (54). More detailed instructions can be found in the

Supporting Material.

Several FEP calculations have been repeated using a different force field

parameter set for the ions (38), and the result has been listed in the last table

in the Supporting Material to show that our FEP calculations are robust on

the choice of force field parameters.
SUPPORTING MATERIAL

Detailed information for simulation methods as well as the supplementary

figures, movies, and tables are available at http://www.biophysj.org/

biophysj/supplemental/S0006-3495(13)00468-2.
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