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New Findings
� What is the topic of this review?

The central goal of the research reviewed here is to understand the functional properties of
voltage-gated sodium channels at the level of high-resolution structure of the channel protein.

� What advances does it highlight?
The key functional properties of voltage-gated sodium channels, including voltage-dependent
activation. Sodium conductance and selectivity, block by local anesthetics and related drugs,
and both fast and slow inactivation, are now understood at the level of protein structure with
high resolution. These emerging high-resolution structural models may lead to development
of safer and more efficacious drugs for treatment of epilepsy, chronic pain, and cardiac
arrhythmia through structure-based drug design.

Voltage-gated sodium channels initiate action potentials in nerve, muscle and other excitable
cells. Early physiological studies described sodium selectivity, voltage-dependent activation and
fast inactivation, and developed conceptual models for sodium channel function. This review
article follows the topics of my 2013 Sharpey-Schafer Prize Lecture and gives an overview of
research using a combination of biochemical, molecular biological, physiological and structural
biological approaches that have elucidated the structure and function of sodium channels at
the atomic level. Structural models for voltage-dependent activation, sodium selectivity and
conductance, drug block and both fast and slow inactivation are discussed. A perspective for
the future envisions new advances in understanding the structural basis for sodium channel
function and the opportunity for structure-based discovery of novel therapeutics.
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Introduction

Sodium currents were first recorded as part of the
analysis of the action potential of the squid giant axon
using the voltage-clamp procedure (Hodgkin & Huxley,
1952a,b,c,d). That early work showed that electrical signals
in nerves are initiated by voltage-dependent activation of
sodium current that carries Na+ inward and depolarizes

The Sharpey-Schafer Prize Lecture was given on 24 July 2013 at IUPS
2013 in Birmingham, UK.

the cell. The sodium current then inactivates within
1–2 ms, and electrical signalling is terminated by
activation of the voltage-gated potassium current, which
carries K+ outward and re-establishes the original balance
of electrical charges across the membrane. Much later
work described a separate slow inactivation process for the
sodium current in the squid giant axon, which developed
in hundreds of milliseconds and reversed very slowly
(Rudy, 1978). Studies of ion selectivity, saturation and
block of sodium permeation led to a detailed model of the
ion selectivity filter of the sodium channel and its function
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in sodium selectivity (Hille, 1971, 1972, 1975a). The four-
barrier, three-site model envisaged partial dehydration of
Na+ through interaction with a high-field-strength site
containing a carboxyl side-chain at the extracellular end of
the pore followed by rehydration in the lumen of the pore
and escape into the intracellular milieu. This early work
also established that local anaesthetics and related drugs
that act on sodium channels bind to a receptor site in the
pore of the channel, which can be accessed either through
the open activation gate at the intracellular end of the pore
or, for small hydrophobic drugs, through a membrane
access pathway (Hille, 1977). Voltage sensitivity was
proposed by Hodgkin and Huxley to depend on the
movement of electrically charged particles, the gating
charges, which were driven across the membrane by
the change in voltage. Armstrong & Bezanilla (1973,
1974) used high-resolution electrophysiological recording
methods to detect the transmembrane movement of
the gating charges. Armstrong and colleagues also made
key insights into the process of fast sodium channel
inactivation, showing that it is mediated by protein
components on the intracellular surface of the sodium
channel that were hypothesized to fold into the pore
and block it during inactivation (Armstrong et al. 1973;
Armstrong & Bezanilla, 1977; Bezanilla & Armstrong,
1977). Together, the studies from many laboratories in the
1970s established enduring conceptual models of sodium
channel function (reviewed by Armstrong, 1981; Hille,
2001), but there was no information on the structure of
ion channel proteins at that time.

Discovery of the sodium channel protein

When I set up my laboratory at the University of
Washington, the main new goal was to identify and
purify the sodium channel molecule. Through the 1970s,
work in several laboratories had demonstrated that
neurotoxins act on multiple receptor sites to modify
the ion conductance and voltage-dependent gating of
sodium channels (reviewed by Catterall, 1980). In
1980, we identified the protein subunits of the sodium
channel by photoaffinity labelling with scorpion toxin
derivatives (Beneski & Catterall, 1980), revealing large
α subunits of 260 kDa and smallerβ subunits of 30–40 kDa
(Fig. 1). After solubilization and purification, brain
sodium channels were found to contain an α subunit with
a non-covalently associated β1 subunit and a disulfide-
linked β2 subunit (Fig. 1; Hartshorne & Catterall, 1981,
1984; Hartshorne et al. 1982), and this purified complex
was sufficient to reconstitute voltage-gated sodium
(NaV) channel function with the correct pharmacology,
single-channel conductance and voltage sensitivity after
insertion into phospholipid vesicles and bilayers (Fig. 1;
Talvenheimo et al. 1982; Tamkun et al. 1984; Hartshorne
et al. 1985). These studies provided the first identification

and functional reconstitution of a voltage-gated ion
channel protein and established the principle that these ion
channels are composed of primary pore-forming subunits
in association with auxiliary subunits.

Primary structures of sodium channel subunits

Cloning and sequencing of cDNA encoding the α subunits
of sodium channels defined their primary structures and
showed that mRNA encoding the α subunit is sufficient
for expression of functional sodium channels (Noda
et al. 1984, 1986; Goldin et al. 1986). Sodium channel
α subunits are composed of approximately 2000 amino
acid residues organized in four homologous domains,
each of which contains six transmembrane segments
(Fig. 2). Later biochemical analyses and cDNA cloning
showed that sodium channel β subunits are composed of
an N-terminal extracellular immunoglobulin-like fold, a
single transmembrane segment and a short intracellular
segment (Fig. 2; Isom et al. 1992, 1995). These subunits
are thought to form heterodimeric and heterotrimeric
complexes composed of a single α subunit and one or two
β subunits in excitable cell membranes. Coexpression of
β subunits modulates the kinetics and voltage dependence
of sodium channel activation and inactivation, and
the extracellular immunoglobulin domains of β subunits
serve as cell adhesion molecules that interact with

Figure 1. Subunit structure of voltage-gated sodium channels
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
pattern illustrating the α and β subunits of the brain sodium
channels. As illustrated, the α and β2 subunits are linked by a
disulfide bond. Tetrodotoxin (TTX) and scorpion toxins
(ScTX)bind to the α subunits of sodium channels as indicated
and were used as molecular tags to identify and purify the
sodium channel protein (Beneski & Catterall, 1980; Hartshorne
et al. 1982; Hartshorne & Catterall, 1984). Bottom left panel,
single-channel currents conducted by a single purified sodium
channel incorporated into a planar bilayer (Hartshorne et al.
1985).
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extracellular matrix proteins and other cell adhesion
molecules (Isom et al. 1992, 1995; Srinivasan et al.
1998; Malhotra et al. 2000; Ratcliffe et al. 2000, 2001;
Kazarinova-Noyes et al. 2001; Brackenbury & Isom,
2011).

The voltage-gated ion channel protein superfamily

Analysis of the human genome revealed that there are 143
ion channel proteins whose pore-forming segments are
related to sodium channels, and they are associated with
at least 10 distinct families of auxiliary subunits (Yu &
Catterall, 2004). The voltage-gated ion channels and their
molecular relatives are one of the largest superfamilies
of signalling proteins and one of the most prominent
targets for drugs. Surprisingly, the sodium channel family
is ancient in evolution. The bacterial sodium channel
NaChBac and several prokaryotic relatives are composed
of homotetramers of a single subunit whose structure
resembles one of the domains of a vertebrate sodium

or calcium channel (Ren et al. 2001; Koishi et al. 2004).
It is likely that these bacterial sodium channels are the
evolutionary ancestors of the larger, much more complex,
four-domain sodium and calcium channels in eukaryotes
(Yu & Catterall, 2004).

Sodium channel structure at atomic resolution

Sodium channel architecture has recently been revealed in
three dimensions by determination of the crystal structure
of the bacterial sodium channel NaVAb at high resolution
(2.7 Å; Fig. 3; Payandeh et al. 2011). This structure has
revealed a wealth of new information about the structural
basis for voltage-dependent activation, pore opening,
sodium selectivity and conductance, the mechanism of
block of the channel by therapeutically important drugs
and the mechanism of inactivation. As viewed from the
top, NaVAb has a central pore surrounded by four pore-
forming modules composed of S5 and S6 segments and

Figure 2. The primary structures of the subunits of the voltage-gated sodium channels
Cylinders represent α-helical segments. Bold lines represent the polypeptide chains of each subunit
with length approximately proportional to the number of amino acid residues in the brain sodium
channel subtypes. The extracellular domains of the β1 and β2 subunits are shown as immunoglobulin-
like folds. Symbols: �, sites of probable N-linked glycosylation; P in red circles, sites of demonstrated
protein phosphorylation by protein kinase A (PKA; circles) and protein kinase C (PKC) (diamonds); green,
pore-lining segments; white circles, the outer (EEEE) and inner (DEKA) rings of amino residues that
form the ion selectivity filter and the tetrodotoxin binding site; yellow, S4 voltage sensors; h in blue
circle, inactivation particle in the inactivation gate loop; and blue circles, sites implicated in forming the
inactivation gate receptor (Catterall, 2000). Sites of binding of α- and β-scorpion toxins and a site of
interaction between α and β1 subunits are also shown. Tetrodotoxin is a specific blocker of the pore of
sodium channels (Hille, 1975b), whereas the α- and β-scorpion toxins block fast inactivation and enhance
activation, respectively, and thereby generate persistent sodium current that causes depolarization block
of nerve conduction (Catterall et al. 2007). Tetrodotoxin has been used as a tool to probe the pore of the
sodium channel, whereas the scorpion toxins have been valuable as probes of voltage sensor function.
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the intervening pore loop (Fig. 3A, blue tones). Four
voltage-sensing modules composed of S1–S4 segments are
symmetrically associated with the outer rim of the pore
module (Fig. 3A, warm colours). The transmembrane
architecture of NaVAb shows that the adjacent subunits
have swapped their functional domains such that each
voltage-sensing module is most closely associated with the
pore-forming module of its neighbour, similar to voltage-
gated potassium (KV) channels (Long et al. 2007). It is
likely that this domain-swapped arrangement enforces
concerted gating of the four subunits or domains of
sodium and potassium channels. The architecture of the
NaVAb pore reveals a wide outer vestibule, a narrow ion
selectivity filter, a large central cavity and an intracellular
activation gate formed by the crossing of S6 segments,
which is in the closed position in NaVAb (Fig. 3B). The
P helix supporting the ion selectivity filter is similar to
the P helix in KV channels, whereas the P2 helix is unique
to NaV channels and supports the outer vestibule. This
general pore architecture reveals the structural basis for
gated access of blocking ions and drugs to the lumen of
the pore observed in classical studies of ion selectivity and
pore block (Armstrong, 1971; Hille, 1975a, 1977). The
tight closure of the pore illustrates why the pore must be
opened to allow drug access to the receptor site(s) within
it.

Voltage sensing and voltage-dependent activation

Voltage-dependent activation of sodium channels was first
demonstrated by Hodgkin and Huxley, and they predicted
that the steep voltage dependence of sodium channel
activation would require movement of three ‘electrically
charged particles’ across the cell membrane through the

full extent of the transmembrane electric field (Hodgkin &
Huxley, 1952d). The predicted transmembrane movement
of these gating charges was detected as a small capacitative
gating current in high-resolution voltage-clamp studies
of the squid giant axon (Armstrong & Bezanilla, 1973,
1974; Keynes & Rojas, 1974), fulfilling a major tenet of
the Hodgkin–Huxley model for channel function. The
S4 transmembrane segments of sodium channels contain
four to seven repeated motifs of a positively charged
amino acid residue (usually arginine) followed by two
hydrophobic residues. They were proposed to carry the
gating charges of sodium channels in the ‘sliding helix’ or
‘helical screw’ model of voltage sensing (Catterall, 1986a,b;
Guy & Seetharamulu, 1986; Yarov-Yarovoy et al. 2006).
In this model, the S4 segment is proposed to be in a
transmembrane position in both resting and activated
states, the gating charges are stabilized by forming ion
pairs with neighbouring negatively charged residues, and
their outward movement is catalysed by exchange of these
ion pair partners (Catterall, 1986a,b; Guy & Seetharamulu,
1986; Yarov-Yarovoy et al. 2006, 2011; Shafrir et al. 2008).
Extensive studies of sodium channels now provide strong
support for all of the elements of this model (reviewed by
Catterall, 2010).

Mutation of the arginine residues in the S4 segment
of sodium channels reduces the steepness of voltage-
dependent gating, consistent with the idea that these
residues serve as gating charges (Stühmer et al. 1989;
Kontis et al. 1997). The transmembrane position of the
S4 segment in sodium channels has been confirmed by
mapping the receptor sites for scorpion toxins in detail
and showing that these toxins bind to the outer end of
the S3–S4 loop of the voltage sensors in both resting and
activated states, thereby establishing that the S4 segment
remains in a transmembrane position in both of these

Figure 3. Structure of NaVAb channel
A, top view of NaVAb channels coloured according to crystallographic temperature factors of the main
chain (blue < 50 Å2 to red > 150 Å2). B, architecture of the NaVAb pore, with colours as follows: purple,
Glu177 side-chains; and grey, pore volume. The S5 and S6 segments and the P loop from two lateral
subunits are shown (Payandeh et al. 2011).
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states (Catterall, 1979; Rogers et al. 1996; Cestèle et al.
1998, 2006; Wang et al. 2011; Zhang et al. 2011). Covalent
labelling and voltage-clamp fluorescence studies show that
the S4 segments of sodium channels move outward and
rotate upon membrane depolarization and transport the
gating charges from an inner water-accessible vestibule to
an outer water-accessible vestibule (Yang & Horn, 1995;
Yang et al. 1996; Chanda & Bezanilla, 2002). Molecular
modelling of sodium channel voltage sensors with rigid
scorpion toxins bound has yielded high-resolution models
of the voltage sensor in its resting and activated states
(Wang et al. 2011; Zhang et al. 2011), which also illustrate
the outward movement of the S4 segment and exchange of
ion pair partners in the transition from resting to activated
states.

The X-ray crystal structures of the KV1.2 and NaVAb
channels provide high-resolution models of activated
voltage sensors (Fig. 4A; Long et al. 2005a; Payandeh
et al. 2011). The four transmembrane helices are organized
in two helical hairpins composed of the S1–S2 and the
S3–S4 transmembrane segments. The four gating-charge-
carrying Arg residues in the S4 segment (R1–R4 in NaVAb;
yellow in Fig. 4) are arrayed in a sequence across the
membrane. Immediately below the centre of the four-
helix bundle, a cluster of hydrophobic residues, including a
highly conserved phenylalanine residue (Phe56 in NaVAb),
form the hydrophobic constriction site (HCS), which seals
the voltage sensor to prevent transmembrane movement

of water and ions (Fig. 4A, green). An analogous Phe
residue is crucial for voltage sensor function in KV channels
(Tao et al. 2010). Gating charges R1–R3 are located on the
extracellular side of the HCS, and their Arg side-chains
interact with the negatively charged side-chains of the
extracellular negative cluster (ENC; Fig. 4A, red). Gating
charge R4 is located on the intracellular side of the HCS
and interacts with the intracellular negative cluster (INC;
Fig. 4A, red). Overall, the structure of the voltage sensor
seems designed to catalyse movement of the S4 gating
charges through the HCS, exchanging ion pair partners
between the INC and ENC.

The voltage sensor in the NaVAb structure has three
of its gating charges on the extracellular side of the HCS
(Fig. 4A; Payandeh et al. 2011). This conformation is nearly
identical to the conformation of the voltage sensor in the
structure of the KV1.2 channel in its open state (Long et al.
2005a,b). Nevertheless, the activation gate of NaVAb is
tightly closed by interaction of the side-chains of Met221
(Fig. 3B). Therefore, it is likely that the NaVAb structure
has captured the pre-open state, which is an expected
intermediate in the activation process in which all four
voltage sensors have been activated by depolarization and
the intracellular activation gate is still closed, but poised
to open rapidly in a concerted conformational change of
all four subunits.

Although the structure of the activated voltage sensor
is now well known, understanding the mechanism of

Figure 4. Structure of the voltage sensor
A, structure of the voltage sensor in an activated state. Side views of the structures of NaVAb (yellow;
Payandeh et al. 2011) and KV1.2 (purple; Long et al. 2005a) are superimposed. Colours and abbreviations
are as follows: red, extracellular negative cluster (ENC); green, hydrophobic constriction site, (HCS); and
red, intracellular negative cluster (INC). B, model of the resting state of the NaChBac voltage sensor.
Gating charges R1–R4 are shown as blue circles; T0, Thr in the position of the R0 gating charge in some
KV channels; L112C, Cys substituted for Leu adjacent to R1 in S4 segment forming a disulfide bond with
Cys substituted for Asp60 (D60C) in S2 segment in the resting state as observed in disulfide locking
experiments; E43, Glu 43 in S1 segment, a component of the extracellular negative cluster; and E70,
Glu70 in S2 segment, a component of the intracellular negative cluster.
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voltage-dependent gating requires knowledge of the
structure of the voltage sensor in its resting state at
high resolution. This structure has proved difficult to
define by X-ray crystallography because the resting
state is only present in cells at the resting membrane
potential of approximately −80 mV, and there is no
membrane potential in protein crystals. We have used
molecular modelling methods to gain initial insight into
the structures of resting and intermediate states of the
voltage sensor. Ab initio molecular modelling using the
ROSETTA algorithm provided a detailed structural model
of the resting states of the voltage sensor and charted
the sequence of conformational changes and gating
charge interactions with negative charges and hydrophilic
groups in the voltage sensor during activation (Fig. 4B;
Yarov-Yarovoy et al. 2006, 2011). These structural models
show that the S4 segment and its gating charges
move through a narrow gating pore at the HCS that
focuses the transmembrane electric field to a distance of
approximately 5 Å normal to the membrane and allows
the gating charges to move from an intracellular aqueous
vestibule to an extracellular aqueous vestibule with a short
transit through the channel protein, as proposed from
structure–function studies (Starace & Bezanilla, 2004;
Chanda et al. 2005). A structurally realistic gating movie
based on these ROSETTA structural models captures the
essence of the transmembrane movement of the gating
charges (Supplemental Movie S1; Yarov-Yarovoy et al.
2011).

This mechanism of outward movement of the gating
charges during the activation process has been confirmed
by extensive disulfide-locking studies of the ion-pair
interactions in sodium channels predicted from the sliding
helix model of gating (Yarov-Yarovoy et al. 2006, 2011;
DeCaen et al. 2008, 2009, 2011). For example, the R3
gating charge is predicted to be far from Asp60 in
the ENC in the resting state (Fig. 4B), but to move
into close proximity to Asp60 in the activated state
(Supplemental Movie S1; Yarov-Yarovoy et al. 2011). This
model predicts that Cys residues substituted at these
two positions in the Cys-free background of NaChBac
would not form a disulfide bond in the resting state but
would rapidly form a disulfide bond in the activated
state and cause persistent inactivation of the channel.
Wild-type NaChBac channels or channels with single
R3C or D60C substitutions conduct sodium current
consistently during repetitive depolarizations (Fig. 5A).
In contrast, the double Cys mutant R3C:D60C conducts
a normal sodium current on its first depolarization but
then inactivates and does not respond to depolarization
again until the disulfide bond is reduced with β-
mercaptoethanol (Fig. 5A). Tests with depolarizations of
increasing duration in the millisecond time scale show
that the rate of disulfide locking is nearly identical to
the rate of pore opening (Fig. 5B), confirming that the

disulfide bond is formed immediately upon voltage sensor
activation.

In contrast to the R3:D60 ion pair, residues Val109
and Leu112 immediately preceding the R1 and R2
gating charges are predicted to be close to Asp60 in
the resting state (Fig. 4B) but not in the activated state
(Supplemental Movie S1; Yarov-Yarovoy et al. 2011).
In this case, the sliding helix gating model predicts
that these pairs of residues would form disulfide bonds
in the resting state of the voltage sensor such that
no sodium current would be observed upon initial
stimulation of the channel, but sodium current would
appear during repetitive depolarizations in the presence
of β-mercaptoethanol to reduce the preformed disulfide
bonds. Indeed, the D60C:V109C and D60C:L112C double
mutants behave exactly as predicted (Yarov-Yarovoy et al.
2011), confirming the interactions between these two pairs
of residues in the resting state. Together, these results
indicate that gating charges R1 and R2 are in position
to interact with the ENC in the resting state, whereas R3 is
in position to interact with the ENC only in the activated
state. This sequence of interactions of all residues in S4
with Asp60 can be predicted from the structure of the
resting state of the voltage sensor (Fig. 4B). Evidently,
amino acid residues at the extracellular end of the S4
segment are in position to interact with Asp60 in the ENC
in the resting state, whereas amino acid residues at the
intracellular end of S4 can interact only in the activated
state.

Studies of the interactions of gating charges with Asp60
in the ENC near the extracellular end of the S2 segment
and with Glu70 in the INC near the intracellular end of
the S2 segment also demonstrated sequential exchange of
ion-pair partners during activation of the voltage sensor
(DeCaen et al. 2009). The innermost gating charge, R4,
does not interact with either Glu70 or Asp60 in the resting
state. However, upon depolarization, R4 is disulfide locked
with Glu70 in the INC and Asp60 in the ENC on the
millisecond time scale. It reacts with Glu70 more rapidly
and at more negative membrane potentials than with
Asp60, as expected from the more intracellular position of
Glu70 in the S2 segment (DeCaen et al. 2009).

Similar results are observed for interactions of the R1–
R4 gating charges with Glu43 in the S2 segment, the
second conserved negatively charged residue in the ENC of
NaChBac (Fig. 4B). The R1C disulfide locks with Glu43 in
the resting state (Fig. 5C). Seventy per cent of R2C forms
a disulfide bond with Glu43 in the resting state, and the
remainder is induced to disulfide lock by repetitive pulses
that generate the activated state (Fig. 5D). These results
indicate that R2 can adopt two distinct conformations in
the resting state, one with its side-chain near Glu43 and
one in which its side-chain is on the intracellular side
of Glu43. The R3 disulfide locks with Glu43 only in the
activated state (Fig. 5E). However, R4 cannot be disulfide
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locked with Glu43, suggesting that this interaction is
beyond the range of outward movement of R4. These
results demonstrate sequential interaction of the R1–R3
gating charges with Glu43 as the channel moves from the
resting to the activated state.

In order to compare the voltage dependence of
disulfide locking of different Cys double mutants, we
also determined the extent of disulfide locking at a range
of membrane potentials and normalized to the voltage
dependence of pore opening to correct for intrinsic
differences in voltage-dependent gating (DeCaen, PG
2010). When compared in this way, there is a close
correlation of the voltage dependence of the pairwise

interactions between amino acid residues in the S4
segment and interacting partners in the S1 and S2
segments, and the positions of these voltage dependence
curves on the voltage axis follows the sequence of
interactions expected in the sliding helix model of
voltage sensor function. Together, these studies define
the detailed mechanism of voltage-dependent activation
of the voltage sensor of sodium channels through a
series of resting and activated states involving an outward
movement of the S4 segment of approximately 10 Å
(Supplemental Movie S1; Yarov-Yarovoy et al. 2011). The
sliding helix model is also consistent with metal ion
and sulfhydryl crosslinking studies of Shaker potassium

Figure 5. Disulfide locking the voltage sensor in resting and activated states
The NaChBac wild-type (WT), single Cys mutants D60C and R3C, and double Cys mutant D60C:R3C were
expressed in tsA-201 cells and recorded using the whole-cell voltage-clamp mode. A, reversible disulfide
locking. Mean normalized peak currents elicited by a 0.1 Hz train of 500 ms depolarizations to 0 mV from
a holding potential of −140 mV in tsA cells transfected with D60C, R3C or D60C:R3C channels. After 2 min
in control saline conditions, cells were exposed to 1 mM β-mercaptoethanol (βME; DeCaen et al. 2008).
B, time course of voltage-sensor locking. The D60C:R3C channels were first unlocked by a 5 s prepulse
to −160 mV. Cells were then depolarized for the indicated times to approximately V1/2 + 20 mV (WT,
−20 mV; D60C and R3C, 0 mV; and D60C:R3C, −30 mV), returned to −120 mV for 5 s and depolarized for
a 100 ms test pulse to 0 mV. Peak test pulse current at 0 mV was normalized to the control pulse current
in the absence of a prepulse and mean (±SEM) was plotted versus prepulse duration (red circles with
error bars). Also shown are the sodium current recorded during a −30 mV prepulse (black continuous
line) and the time course of activation in the absence of inactivation (blue trace) estimated by fitting
an exponential to the current decay and adding the inactivated component back to the total current
(DeCaen et al. 2008). C, disulfide locking of R1 and Glu43 in the resting state. D, disulfide locking of R2
and Glu43 in resting and activated states. E, disulfide locking of R3 and Glu43 in the activated state.
Disulfide locking was induced by depolarization in the presence of 1 mM H2O2 (DeCaen et al. 2011).
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channels (Campos et al. 2007; Broomand & Elinder,
2008; Lin et al. 2011), and a consensus of several groups
using different structural modelling methods supports this
voltage-sensing mechanism (Vargas et al. 2012).

Pore opening

In our crystal structure, NaVAb has been captured in the
pre-open state with all four voltage sensors activated, and
the pore still closed but poised for rapid and concerted
opening. In contrast, the KV1.2 structure has nearly
identical conformation of the voltage sensor but has an
open pore (Long et al. 2005a). We have inferred the
structural changes that cause pore opening by comparing
the NaVAb and KV1.2 structures (Fig. 6). The outward
movement of the S4 segment driven by depolarization
is coupled to rolling movements of the S1–S3 segments
around it and a rolling movement of the entire voltage-
sensing module around the pore module (Fig. 6). This
movement exerts a torque on the S4–S5 linker, which
moves almost parallel to the plane of the intracellular
surface of the membrane, induces a bending and twisting
motion of the S5 and S6 segments, and opens the pore in
an iris-like motion (Fig. 6). These movements are captured
in Supplemental Movie S1–3 (Yarov-Yarovoy et al. 2011).

Ion selectivity and conductance

The region of the sodium channel that forms the outer end
of the pore and the ion selectivity filter was first revealed by
identifying the amino acid residues that form the binding
site of the pore-blocking toxin tetrodotoxin in the short
P loop between S5 and S6 (Noda et al. 1989; Terlau et al.
1991). Mutations of the same amino acid residues in
the pore loop also control ion selectivity (Heinemann

Figure 6. Model for pore opening transition
Superimposition of NaVAb (yellow; Payandeh et al. 2011) and
KV1.2/2.1 (green; Long et al. 2007) viewed from the membrane.

et al. 1992). This initial view of pore structure of sodium
channels has been illuminated at the atomic level by the
structure of the NaVAb channel (Payandeh et al. 2011).
The activation gate is tightly closed by interactions of
the side-chains of Met221 at the intracellular end of the
S6 segment in the NaVAb structure, indicating that this
crystal structure has captured the pre-open state, in which
all four voltage sensors have activated but the pore has not
yet sprung open.

Although the overall pore architecture of sodium and
potassium channels is similar, the structures of their ion
selectivity filters and their mechanisms of ion selectivity
and conductance are completely different. Potassium
channels select K+ by direct interaction with a series of four
ion co-ordination sites formed by the backbone carbonyls
of the amino acid residues that comprise the ion selectivity
filter (Zhou et al. 2001). No water molecules intervene
between K+ and its interacting backbone carbonyls in
the ion selectivity filter of potassium channels (Zhou
et al. 2001). In contrast, the NaVAb ion selectivity filter
has a high-field-strength site at its extracellular end
(Fig. 7A), formed by the side-chains of four glutamate
residues (Payandeh et al. 2011), which are highly conserved
and are key determinants of ion selectivity in vertebrate
sodium and calcium channels (Heinemann et al. 1992).
Considering its dimensions of ∼4.6 Å2, Na+ with two
planar waters of hydration could fit in this high-field-
strength site. This outer site is followed by two ion co-
ordination sites formed by backbone carbonyls (Fig. 7B).
These two carbonyl sites are perfectly designed to bind Na+

with four planar waters of hydration but would be much
too large to bind Na+ directly. In fact, the NaVAb selectivity
filter is large enough to fit the backbone of the entire
potassium channel ion selectivity filter inside it (Payandeh
et al. 2011). Thus, the chemistry of Na+ selectivity and
conductance is opposite to that of K+; negatively charged
residues interact with Na+ to remove most (but not all)
of its waters of hydration, and Na+ is conducted as a
hydrated ion interacting with the pore through its inner
shell of bound water molecules. This structure of the ion
selectivity filter of NaVAb is remarkably similar to the
four-barrier, three-site model of ion selectivity, which
predicted an outer high-field-strength site that would
partly dehydrate the permeating ion and two inner sites
that would conduct and rehydrate the permeant Na+ ion
(Hille, 1975a). This congruence of theory and structure
gives clear insight into the chemistry and biophysics of
sodium permeation.

Molecular dynamics simulations of NaVAb in the pre-
open state (Payandeh et al. 2011), with the intracellular
activation gate closed but the ion selectivity filter in
its active state, have yielded additional insight into the
permeation process (Fig. 8; Chakrabarti et al. 2013). To
examine the permeation of Na+ through the selectivity
filter, we performed large-scale molecular dynamics

C© 2013 The Authors. Experimental Physiology C© 2013 The Physiological Society



Exp Physiol 99.1 (2014) pp 35–51 Voltage-gated sodium channels at atomic resolution 43

simulations in an explicit, hydrated lipid bilayer at 0 mV in
the presence of 150 mM NaCl, for a total simulation time of
23 μs. Although the cytoplasmic end of the pore is closed,
reversible influx and efflux of Na+ through the selectivity
filter occurred spontaneously, leading to equilibrium
exchange of Na+ between the extracellular medium and
the central cavity of the channel. The Na+ bound weakly in
the extracellular vestibule, but was strongly co-ordinated
at two sites in the selectivity filter, one at Glu177 and one in
a box formed by Glu177 carboxyls and Leu176 backbone
carbonyls (Fig. 8A; Chakrabarti et al. 2013). Additional
weak binding was detectable to the backbone carbonyls
of Thr175 and in the central cavity (Fig. 9A; Chakrabarti
et al. 2013). Analysis of Na+ dynamics revealed a knock-
off mechanism of ion permeation characterized primarily
by alternating occupancy of the channel by two and
three Na+ ions, with a computed rate of translocation of
(6 ± 1) × 106 ions s−1 that is consistent with expectations
from electrophysiological studies (Fig. 8B; Chakrabarti
et al. 2013). Although Na+ ions primarily move in and
out of the selectivity filter individually, Na+ ions also
occasionally pass each other in transit and occupy the
selectivity filter side by side, in contrast to the strict single
filing of K+ ions in KV channels. The binding of Na+ is
intimately coupled to the conformational isomerization
of the four Glu177 side-chains lining the extracellular
end of the selectivity filter. The reciprocal co-ordination

of variable numbers of Na+ ions and carboxylate groups
leads to their condensation into ionic clusters of variable
charge and spatial arrangement. Structural fluctuations of
these ionic clusters result in many accessible ion-binding
modes and foster a highly degenerate, liquid-like energy
landscape that promotes Na+ diffusion. By stabilizing
multiple ionic occupancy states while helping Na+ ions
diffuse within the selectivity filter, the conformational
flexibility of Glu177 side-chains underpins the knock-on
mechanism of Na+ permeation.

A complementary (and contemporaneous) molecular
dynamics study of the NaV channel from Magnetococcus
sp. (NaVMs) was based on the open-pore structure
derived from X-ray crystallographic studies of the isolated
pore domain (Ulmschneider et al. 2013). Similarly
complex movements of Na+ and water were observed
for unidirectional movement through the open pore
as for reversible entry and exit from the pre-open
state of NaVAb, as well as similar occupancy of Na+

binding sites. High single-channel conductance and high
selectivity for Na+ over K+ were observed, consistent
with well-known functional properties of eukaryotic NaV

channels. The molecular dynamics simulations of these
two states of bacterial NaV channels lay the foundation
for detailed mechanistic studies aimed to understand
the processes of permeation and selectivity more
completely.

Figure 7. The ion selectivity filter of NaVAb
A, top view of the ion selectivity filter. Symmetry-related molecules are coloured white and yellow; P helix
residues are coloured green. Hydrogen bonds between Thr175 and Trp179 are indicated by grey dashes.
Electron densities from Fo–Fc omit maps are contoured at 4.0 σ (blue and grey), and subtle differences can
be appreciated (Payandeh et al. 2011). B, side view of the selectivity filter. Glu177 (purple) interactions
with Gln172, Ser178 and the backbone of Ser180 are shown in the far subunit. Fo–Fc omit map, 4.75 σ

(blue); putative cations or water molecules (red spheres, IonEX). Electron density around Leu176 (grey;
Fo–Fc omit map at 1.75 σ) and a putative water molecule is shown (grey sphere). Na+ co-ordination sites:
SiteHFS, SiteCEN and SiteIN (Payandeh et al. 2011).
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Drug receptor sites in sodium channels

Sodium channels are blocked by drugs used clinically
as local anaesthetics, antiarrhythmics and antiepileptics.
Site-directed mutagenesis studies of sodium channels
revealed the receptor site for local anaesthetics and related
drugs, which is formed by amino acid residues in the
S6 segments in domains I, III and IV (Fig. 9A; Ragsdale
et al. 1994, 1996; Qu et al. 1995; Wang et al. 1998;
Yarov-Yarovoy et al. 2001, 2002). These drugs bind to a
common receptor site in the pore of sodium channels
and impede ion permeation. The structure of NaVAb

Figure 8. Molecular dynamics of sodium conductance
The entry and exit of sodium ions in the pore of NaVAb were
analysed without constraints for 23 μs at 150 mM Na+ and
V = 0. A, axial distribution of Na+ in the selectivity filter (SF)
and central cavity (CC), distinguishing between states in which
Na+ is directly bound to Glu177 (‘E’, green), to both Glu177 and
Leu176 (‘EL’, yellow) or to neither (brown). The selectivity filter
is defined by two spatially resolved Na+ binding sites, E and EL.
The small peaks at z = −0.65 and z = 0.40 nm in the brown
distribution correspond to direct Na+ co-ordination by the
hydroxyl O atom of Ser178 and water-mediated co-ordination
to the carbonyl O atom of Thr175, respectively. B, mechanism
and kinetics of Na+ translocation through the selectivity filter.
The black box represents the selectivity filter, with the central
cavity to the right and the extracellular mouth to the left. The
populations of all four states (1′, 2, 2′ and 3), which differ in the
occupancy of the channel and of the selectivity filter, are shown
as percentages, and the rate constants computed from the
molecular dynamics trajectories are shown above or below each
arrow in units of μs−1. At this ionic concentration (150 mM),
states 2 and 2′ correspond to the resting state of the system.
The exchange between states 2 and 2′, which corresponds to a
unitary ionic translocation through the selectivity filter, involves
either one-ion or three-ion intermediate states (Chakrabarti
et al. 2013).

places this drug receptor site in three-dimensional context
(Payandeh et al. 2011). The amino acid residues that
form the receptor sites for sodium channel blockers line
the inner surface of the S6 segments and create a three-
dimensional drug receptor site whose occupancy would
block the pore (Fig. 9C). Access to this receptor site by
large or hydrophilic drugs would require opening of the
intracellular activation gate, which is tightly closed in our
structure. This tight closure of the activation gate provides
a structural basis for use-dependent block of sodium
channels by local anaesthetics and related drugs (Hille,
1977), because they would bind much more rapidly when
the channel is opened frequently. Remarkably, consistent
with the modulated receptor hypothesis (Hille, 1977),
fenestrations lead from the lipid phase of the membrane
sideways into the drug receptor site, providing a specific
hydrophobic access pathway for drug binding in the resting
state of the channel (Fig. 9C, pore portals; Payandeh
et al. 2011). Access to the drug binding site in NaVAb
channels is controlled by the side-chain of a single amino
acid residue, Phe203 (Fig. 9C; Payandeh et al. 2011),
which is homologous to amino acid residues identified
in previous structure–function studies that control drug
access and egress from the local anaesthetic receptor site in
mammalian cardiac and brain sodium channels (Ragsdale
et al. 1994; Qu et al. 1995).

Fast inactivation

As first described by Hodgkin & Huxley (1952c), sodium
channels in eukaryotes open in response to depolarization
and then inactivate within 1–2 ms. This fast inactivation
process is required for repetitive firing of action potentials
in neural circuits and for control of excitability in nerve
and muscle cells. Studies with site-directed antipeptide
antibodies showed that the short intracellular loop
connecting homologous domains III and IV of the sodium
channel α subunit is responsible for fast inactivation
(Fig. 2; Vassilev et al. 1988). This fast inactivation gate
serves as an intracellular blocking particle that folds into
the channel structure like a hinged lid and blocks the pore
during inactivation (Vassilev et al. 1988). Binding of a site-
directed antibody to this peptide segment results in slowed
entry of single channels into the inactivated state (Vassilev
et al. 1989). Cutting this loop by expression of the sodium
channel in two pieces also greatly slows inactivation
(Stühmer et al. 1989). The key amino acid motif IFM is
required to maintain closure of the inactivation gate (West
et al. 1992), and peptides containing this inactivation gate
sequence motif can restore fast inactivation to mutant
sodium channels (Eaholtz et al. 1994). The inactivation
gate bends at a key pair of glycine residues, allowing it to
fold into the intracellular mouth of the pore, bind, and
block sodium conductance as a hinged lid (Kellenberger
et al. 1996, 1997a,b). Analysis of the structure of the
inactivation gate by NMR showed that it contains a
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rigid α helix preceded by two loops of protein that
array the IFM motif and a neighbouring Thr residue
on their surface for interaction with and block of the
open pore of the channel (Fig. 9B, Rohl et al. 1999). The
fast inactivation gate is not present in homotetrameric
bacterial sodium channels, so further structural analysis
of the fast inactivation process must await determination
of the three-dimensional structure of a eukaryotic sodium
channel.

Slow inactivation

Slow inactivation of sodium channels on the time
scale of hundreds of milliseconds to seconds was also
first observed in the squid giant axon (Adelman &
Palti, 1969; Rudy, 1978). The molecular mechanism
of slow inactivation is less well defined than fast
inactivation, but extensive structure–function studies

implicate conformational changes in the selectivity filter
(Balser et al. 1996; Todt et al. 1999; Vilin et al. 2001; Hilber
et al. 2005; Pavlov et al. 2005) and the S6 segment (Zhao
et al. 2004a,b; Chen et al. 2006) as key steps in the transition
to the slow-inactivated state. The initial crystallographic
studies of the NaVAb bacterial sodium channel focused
on the I217C mutant, because this mutation substantially
increased the resolution of the structure determination of
the pre-open state (Payandeh et al. 2011). The wild-type
NaVAb channel has very prominent use-dependent slow
inactivation (Fig. 10A). An early phase of slow inactivation
occurs during test pulses, and the composite time constant
for this phase of slow inactivation approaches 20 ms at
positive membrane potentials (Fig. 10A). In addition,
repetitive depolarizations at slow rates (0.2 or 1 Hz;
Fig. 10A) elict a late phase of slow inactivation that
reduces the sodium current to near zero and is very
slowly reversible. Solubilization and purification would be

Figure 9. Drug receptor site and fast inactivation gate
A, model of the local anaesthetic receptor site in mammalian NaV1.2 channels (Yarov-Yarovoy et al. 2002).
B, structure of the inactivation gate of mammalian NaV1.2 channels in solution determined by NMR (Rohl
et al. 1999). C, side view through the pore module, illustrating fenestrations (portals) and hydrophobic
access to central cavity. Phe203 side-chains are shown as yellow sticks. Surface representations of NaVAb
residues aligning with those implicated in drug binding and block are shown as follows: blue, Thr206;
green, Met209; and orange, Val213. Membrane boundaries are shown as grey lines. Electron density
from an Fo–Fc omit map is contoured at 2.0 σ. D, top view sectioned below the selectivity filter, coloured
as in C (Payandeh et al. 2011).
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expected to drive NaVAb into this very stable inactivated
state, and wild-type NaVAb crystallizes in a different
conformation that has the structure expected of the slow-
inactivated state (Payandeh et al. 2012). The selectivity
filter, central cavity and intracellular activation gate have
all been modified by an asymmetric pore collapse, in which
two of the S6 segments move toward the central axis of
the pore and two move away to give a striking dimer-of-
dimers arrangement (Fig. 10B; Payandeh et al. 2012). A
similar conformation is observed in the crystal structure
of the distantly related bacterial sodium channel NaVRh
(Zhang et al. 2012). It is likely that this pore collapse
is responsible for the stability of the slow-inactivated
state and the long time required for recovery from slow
inactivation.

Conclusion

The structure of the slow inactivated state completes our
tour through the functional states of sodium channels,
including voltage sensing and activation, pore opening,
sodium selectivity and conductance, drug block, and
fast and slow inactivation. Discovery of the sodium
channel protein, studies of its structure and function by a
combination of molecular biology and electrophysiology,
and analysis of its structure in multiple states by x-ray
crystallography and high-resolution protein modelling
have given us a clear set of molecular models for each step
in this functional cycle of sodium channels. To illustrate
these advances, the Supplemental Movie (Supplemental
Movie S4) integrates structural information from studies
of bacterial and mammalian sodium channels to produce a

Figure 10. Structure of the slow-inactivated state in NaVAb
A, use-dependent development of slow inactivation. Depolarizations from a holding potential of
−180 mV to −40 mV, 7 ms in duration, were applied at 0.2 Hz (filled circles) or once per minute (filled
triangles), and the peak current elicited by each pulse was measured. Currents were normalized to
the peak inward current during the first pulse. B, top diagrams shown the selectivity filter as stick
representations with a 2Fo–Fc map calculated at 3.2 Å resolution (grey mesh) contoured at 1.5 σ for
NaVAb -I217C and 1.0 σ for NaVAb -CD. Symmetry-related subunits in WT-CD are coloured white (chains
A and D) and cyan (chains B and C), respectively. Middle diagrams illustrate the central cavity. A view
through the pore module sectioned below the selectivity filter illustrates the lateral pore fenestrations,
hydrophobic access to the central cavity, and structural asymmetry in the NaVAb-AB pore domain. Phe203
side-chains are yellow sticks. NaVAb residues implicated in drug binding in vertebrate NaV channels are
coloured as follows: blue, Thr206; green, Met209; and orange, Val213. Bottom diagrams illustrate the
activation gate. Red dashed lines indicate the Cα location of D219 (the last S6 residue modelled in WT-
AB), where the S6 helices are shown as cylinders. Colurs are as follows: purple, WT chain A; and yellow,
WTchain B (Payandeh et al. 2012).
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complete working model of a mammalian sodium channel
with a complete pore domain, a single voltage sensor (for
clarity) and an inactivation gate (Supplemental Movie S4).
Running the Movie shows the outward movement of the
S4 gating charges, the exchange of ion-pair partners that
takes place as they move, the rolling motion of the S1–S3
segments around the S4 segment, the consequent rolling
motion of the voltage sensor around the lateral surface
of the pore domain, the torque on the S4–S5 segment as
it move along the plane of the inner membrane surface
to pull on the S5 and S6 segments, the subtle bending
and twisting motion of the S6 segments and the opening
of the pore. As the pore opens, sodium ions enter from
outside the cell, and the fast inactivation gate closes to
terminate sodium conductance Amazingly, this series of
conformational transitions takes place within 2 ms and
generates the electrical signals that are responsible for
information encoding and transmission in the brain,
action potential conduction in nerves, contraction of
muscles and many other physiological processes. Looking
ahead, one can anticipate more detailed views of these
structural and functional transitions from X-ray crystal
structures of the sodium channel in resting, open
and fast-inactivated states. New crystal structures and
structure–function studies will also reveal the domain-
specific specializations in the four-domain eukaryotic NaV

channels, which have already been well described at the
functional level for the pore module (Heinemann et al.
1992; Favre et al. 1996) and the voltage sensors (Chanda
& Bezanilla, 2002; Capes et al. 2013). Moreover, the
detailed structure of the drug receptor site(s) on sodium
channel will provide the foundation for structure-based
design of new generations of subtype-specific sodium
channel therapeutics for treatment of epilepsy, chronic
pain and cardiac arrhythmia, with greater efficacy and
fewer unwanted side-effects.

Call for comments

Readers are invited to give their opinion on this article.
To submit a comment, go to: http://ep.physoc.org/
letters/submit/expphysiol;99/1/35.
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Movie S1. Side view of NaChBac channel. A single voltage-
sensing module is depicted, linked to a complete pore
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module. Movie illustrates movement of voltage sensor and
pore during activation and pore opening by connecting
several states demonstrated by disulfide locking, molecular
modeling with Rosetta, and x-ray crystallography.

Movie S2. Extracellular view of NaChBac. A single
voltage-sensing module is depicted, linked to a complete
pore module. Movie illustrates movement of voltage
sensor and pore during activation and pore opening
by connecting several states demonstrated by disulfide
locking, molecular modeling with Rosetta, and x-ray
crystallography.

Movie S3. Intracellular view of NaChBac. A single
voltage-sensing module is depicted, linked to a complete
pore module. Movie illustrates movement of voltage
sensor and pore during activation and pore opening
by connecting several states demonstrated by disulfide
locking, molecular modeling with Rosetta, and x-ray
crystallography.

Movie S4. Side view of a model of the mammalian NaV
channel with an inactivation gate. Drawn from Movie 1
with attachment with the structure of the inactivation gate
from a mammalian NaV channel added (see text).
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