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Abstract

Voltage-gated sodium channels initiate and propagate action potentials in excit-
able cells. They respond to membrane depolarization through opening, followed
by fast inactivation that terminates the sodium current. This ON-OFF behavior
of voltage-gated sodium channels underlays the coding of information and its
transmission from one location in the nervous system to another. In this review,
we explore and compare structural and functional data from prokaryotic and
eukaryotic channels to infer the effects of evolution on sodium channel structure
and function.
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1 Introduction

The eukaryotic voltage-gated sodium (Na*) channel is composed of a complex
containing a pore-forming a-subunit and up to two p-subunits (Ahern et al. 2016;
Catterall 2012; Catterall and Zheng 2015). The pore-forming a-subunit is sufficient
to form a functional sodium channel, while the B-subunits are known to modulate
the kinetics and voltage dependence of Na* channel activation and inactivation
(Isom et al. 1995; Qu et al. 1995). Nine different isoforms of voltage-gated sodium
(Nay) channel a-subunits and four Nay channel p-subunits have been discovered
(Catterall et al. 2005). The central nervous system (CNS) expresses four main
isoforms: Na, 1.1, Na, 1.2, Na,1.3, and Na,1.6. Peripheral nervous system (PNS)
has three different isoforms Na, 1.7, Na, 1.8, and Na,1.9. These three subtypes of
Nay channels are mainly associated with autonomic regulation and pain sensation.
In skeletal muscles, Na,1.4 is the principal Nay channel, while Na,1.5 is the
primary Nay channel in cardiac muscle. In each of these channels, the a-subunit
is composed of ~2,000 amino acid residues that form four homologous domains
(traditionally numbered as I-IV), each with six transmembrane helices (Fig. 1a,
numbered S1-S6) (Ahern et al. 2016; Catterall 2012). The fourth transmembrane
helix (S4) in each domain has 4-8 positive residues (R or K) that sense changes in
voltage, while transmembrane helices S5 and S6 from each domain form the pore-
lining residues of the channel (Bezanilla 2000; Catterall 2010). Eukaryotic Nay
channels are subject to broad posttranslational modifications including phosphory-
lation, glycosylation, palmitoylation, ubiquitination, and methylation (Catterall
1986a). This reflects the diversity of eukaryotic Nay channel expression and the
role played by posttranslational modification in fine-tuning its function. Recently
published structures of Nay channels from American cockroach (Na,Pas) and
electric eel electroplax (Na,1.4) reveal the subunit architecture and structural
modules of eukaryotic Nay channels (Shen et al. 2017; Yan et al. 2017).
Compared to the complexity of mammalian Nay channels, bacterial Nay
channels are composed of four identical subunits of ~250-270 residues. Every
subunit has a voltage sensor domain (VSD) and a pore domain (PD) (Payandeh
et al. 2011; Ren et al. 2001). They share the major biophysical features with
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Fig. 1 Overall structures of eukaryotic and prokaryotic sodium channels. (a) Topology of a
eukaryotic voltage-gated sodium channel showing four homologous domains. Each domain
consists of six segments. Voltage-sensing segments (S1-S4) are shown in gray with S4 segment
depicted in marine blue. The pore domain (S5-S6) is shown in light green. Right, topology of a
single domain of a bacterial sodium channel. (b) Top view of the overall model of the eukaryotic
voltage-gated sodium channel NavPas (/eft) (SXOM) and bacterial sodium channel NavAb (right)
(PDB 3RVZ). Key structural and functional features of Na,Pas (/eft) and Na,Ab (right) channels
are color labeled including the voltage sensor domain (S1-S3, green; S4, marine blue), pore
domain (light green)

eukaryotic counterparts (Catterall and Zheng 2015). In contrast to eukaryotic
channels, bacterial Nay channels lack auxiliary subunits and posttranslational
modifications. Crystallization of full-length bacterial Nay channels like Na,Ab,
Na,Rh, and Na,Ms and analysis of their structures at high resolution (Payandeh
etal. 2011, 2012; Sula et al. 2017; Zhang et al. 2012) make them invaluable models
for studying the structural basis of ion conduction, activation, inactivation, and drug
interaction. In this review, we use an evolutionary perspective to analyze the
differences and similarities between bacterial and eukaryotic Nay channels and
how they might have evolved over billions of years.

2 The Voltage-Sensing Module
2.1 The Excitable Membrane and the Voltage Sensor
Nay channels are integral membrane proteins that rely on the potential generated by

selective ion conductance and unequal concentrations of ions across the plasma
membrane (Hille 2001). This separation of ions across the lipid bilayer plus high
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resting membrane permeability to K* results in a membrane potential that ranges
from —40 to —95 mV depending on the cell type (measured from inside with
respect to the outside). Since the plasma membrane is a lipid bilayer of ~30 A
thickness, this produces an electric field across the plasma membrane that can be as
high as 3 x 10’ V/m. Voltage-gated ion channels exploit this high electric field by
coupling protein conformational changes to physiological changes in the electric
field strength. From a structural standpoint, the voltage sensor domains of eukary-
otic and bacterial Nay channels are very similar in that there are four voltage-
sensing units per channel and each voltage-sensing domain consisting of four
transmembrane helices numbered S1-S4 by convention. Transmembrane helix S4
is the key player in sensing the voltage across the cell membrane by placing four to
eight positively charged R or K residues across the membrane (Bezanilla 2000;
Catterall 2010). These gating charge residues are located at every third position
along S4 high order channels (Fig. 2). An important difference between prokaryotic
channels and their eukaryotic counterparts is that the number of charged S4 residues
is fixed among the four subunits in prokaryotic, homotetrameric channels but can
vary a great deal among the subunits and homologous domains of higher-order
channels along S4 (Fig. 2). Crystal structures show that the S1, S2, and S3 helices of
the voltage sensor module surround the S4 segment and form a gating canal, which
facilitates the movement of S4 (Payandeh et al. 2011, 2012; Zhang et al. 2012).
The S1, S2, and S3 helices contain polar or negative residues that create the
gating canal that catalyzes the movement of S4 from its inward resting-state
position to progressively more activated states upon depolarization (Fig. 2a, b).
The positively charged residues in the S4 segments were proposed to form ion pairs
with polar/negatively charged amino acid residues present in these surrounding
helices (Catterall 1986a, b; Guy and Seetharamulu 1986). S1 has an N residue (N25
in Na,Ab numbering) that is highly conserved in bacterial and eukaryotic sodium
channels (Fig. 1S). Another less conserved residue is E32 (Na,Ab numbering),
which is present in some bacterial Nay channels and in two or three domains of
eukaryotic Nay channels. The S2 segment has two negative (or one negative and
one polar) residues separated by nine, mostly hydrophobic, residues. On the
N-terminal side, either D, E, or N is present, and on the C-terminal, E is always
present. In-between these two negative residues, a set of hydrophobic residues
(including F56 in NavAb numbering) serve as a hydrophobic plug that prevents
ionic leak through VSD. This hydrophobic constriction site (HCS, Fig. 2) is
conserved among voltage sensors from many different proteins, including K,,
Na,, Ca,, proton channels, and voltage-dependent phosphatase (VSP) enzymes
(Li et al. 2014; Payandeh et al. 2011; Tao et al. 2010; Wu et al. 2016). In the case
of segment S3, E80 (Na,Ab numbering) is a very conserved residue in bacterial and
eukaryotic Nay channels. The high sequence identity of residues within VSD
indicates that gating has been conserved through evolution (Figs. 1S and 2a).
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Fig. 2 The prokaryotic voltage sensor shares structural features with eukaryotic channels. (a)
Sequence alignment of S4 segment of Na,Ab with Na, 1.4 showing the conservation of residues
discussed in the text. (b) Structural model of Na,Ab in orthogonal views, highlighting residues and
structural regions discussed in the text. Helices are shown as ribbon models, while important side
chains are shown as sticks. R1-R4 refer to voltage-sensing arginine residues; ENC, HCS, and INC
refer to extracellular negative cluster, hydrophobic constriction site, and intracellular negative
cluster, respectively. (¢) Structure-based alignment of the voltage sensor of Na,Ab and Domain II
of the recently solved Na,Pas structure. Alignment was performed using the entire voltage sensor
sequence of each respective protein. (d) Cartoon model highlighting the variability of gating
charge positions in Na,Pas when compared to Na,Ab. The gray model represents the S4 helix of
Na,Ab, while the blue helices represent those of Na,Pas. Gating charges are shown as yellow
boxes, the HCS is shown as an orange box, and lipids are drawn in a cartoon format. We have
assigned a gating charge position to each S4 helix, shown in the line below the diagram and meant
to highlight the different position of gating charges in DI-DIV on Na,Pas

2.2 A Conserved Mechanism of Activation

There is a consensus among voltage-gated ion channel biophysicists that the
electromechanical coupling between the voltage sensor module and the activation
gate of the pore domain follows a sliding-helix mechanism (Vargas et al. 2012).
The S4 segment serves as the main voltage sensor by virtue of its high concentration
of positively charged residues (Catterall 1986a). Mutagenesis studies of these
residues resulted in reduction of the steepness of voltage-dependent gating and a
shift of its voltage dependence (Logothetis et al. 1992; Papazian et al. 1991;
Stuhmer et al. 1989). The S1-S3 segments form the structure of the gating pore
through which S4 moves from its resting to the activated state (Catterall 2010). The
shape of the voltage-sensing module looks like an hour glass, with a large extracel-
lular aqueous cleft (~10 A) and a smaller intracellular cleft (Fig. 2b). The hydro-
phobic constriction site (HCS, Fig. 2b) is present between these two aqueous clefts.
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Very highly conserved residues (I in S1, F in S2, and V or I in S3) form this
hydrophobic seal, which prevents ionic leak through voltage-sensing module.

The activated and resting states of voltage sensors of sodium channels have
been probed with gating pore current studies (Gamal El-Din et al. 2010; Gamal
El-Din et al. 2014; Sokolov et al. 2005, 2008), disulfide cross-linking experiments
(DeCaen et al. 2008, 2009, 2011), and substituted cysteine accessibility methods
(Larsson et al. 1996; Yang et al. 1996). These studies showed that the R3 or R4
gating charges seal the gating pore at the hydrophobic constriction site during
activation, probably by interacting with nearby negatively charged or hydrophilic
residues in the S2 segment (E, D, or N). Crystal structures of many voltage
sensors showed that either R3 or R4 has proximity to the outermost residue in
the extracellular negative cluster (N49 in Na,Ab or D48 in Na,Rh) on the S2
segments (Payandeh et al. 2011; Zhang et al. 2012). Interestingly, computational
models using the Rosetta method combined with disulfide cross-linking revealed
the existence of three different activated states of the bacterial sodium channel
NaChBac (Yarov-Yarovoy et al. 2012). In activated state I, gating charges R1 and
R2 interact with the external negative cluster, while R3 is located between N49
and F56. In activated state II, R1 is solvated in the extracellular aqueous cleft,
while R2 interacts with E43 and R3 interacts with N49. In activated state III, R1
is still solvated, R2 and R3 interact with E43 and N49, respectively, and R4
passes through the hydrophobic constriction site and is located just on the
extracellular side of F56.

Lack of a crystal structure of a Nay channel in the resting state has placed
primary emphasis on experimental and computational methods to assist in seeing
the unseen. Fluorometric studies have shown that the electric field is focused
around the part of the S4 segment that interacts with the hydrophobic constriction
site (Ahern and Horn 2005; Asamoah et al. 2003). The substituted cysteine acces-
sibility method (SCAM), in which the gating charge of interest is mutated to
cysteine and perfusion of cysteine-reactive agent (MTSET, MTSES, or MTSEA)
probes its aqueous accessibility, showed that R1 is not accessible from either side in
mammalian or bacterial Nay channels (Blanchet and Chahine 2007; Yang and Horn
1995), which means that it is buried within the gating canal. R2, on the other hand,
was accessible from both sides in the resting state, indicating that it can move
through the hydrophobic constriction site in a pair of structurally similar resting
states. Mutation of R1, R2, or both to neutral, shorter, and uncharged residues
causes a leak current, the gating pore current, through the mutated voltage-sensing
module. R1 and R2 gating pore currents are active in the resting state and shut off in
the activated state (Gamal El-Din et al. 2010, 2014; Sokolov et al. 2005; Starace and
Bezanilla 2001, 2004).

Based on the available data regarding resting and activated states of the voltage
sensor, we can now consider the current evidence regarding the gating transition
between these states. When the potential difference across the plasma membrane is
reduced during depolarization, the voltage-sensing modules undergo a conforma-
tion transition from the resting state to the activated state. During this transition,
sequential formation and breakage of salt bridges and hydrogen-bonding



Structural and Functional Analysis of Sodium Channels Viewed from an. ..

interactions between arginine residues (R1-R4) on S4 and the negatively charged
and polar residues on neighboring segments S1-S3 mediate low-energy passage of
the S4 gating charges through the hydrophobic constriction site, as posited in the
sliding helix or helical screw models (Catterall 1986a, b; Guy and Seetharamulu
1986). This transition of gating charges from resting to activated state is equivalent
to moving ~8—14 elementary charges across the membrane electric field (Bezanilla
2000; Catterall 2010; Gamal El-Din et al. 2008; Hirschberg et al. 1995). Gating
pore current and disulfide-locking experiments tracked this journey of the S4
segment from resting to activated states (Gamal El-Din et al. 2010, 2014; DeCaen
et al. 2008, 2009, 2011). There is agreement that the S4 helix slides ~10 A outward
through the gating pore formed by the S1, S2, and S3 segments, accompanied by
~30° rotation and a sideways tilt at the pivot point in the hydrophobic constriction
site (Vargas et al. 2012; Yarov-Yarovoy et al. 2012). All the resting-state models
show the positive gating charge residues along S4 are in position to form salt
bridges with acidic residues in the S1-S3 helices or interact with the aqueous
regions of the lipid head groups. These conclusions agree with the experimental
data on sodium channels obtained from the disulfide cross-linking experiments
(DeCaen et al. 2008, 2009, 2011; Yarov-Yarovoy et al. 2012) and measurements
of gating pore currents (Gamal El-Din et al. 2014).

Even though the overall mechanism of S4 activation is very similar between the
bacterial and eukaryotic Nay channels, the details of this transition differ in several
ways. First, the position of the resting state of each voltage sensor relative to the
activation gate is different (Gosselin-Badaroudine et al. 2012). Second, the voltage
sensors of eukaryotic Nay channels are in a different axial position in the plasma
membrane relative to the prokaryotic voltage sensor and often in different positions
relative to each other (Shen et al. 2017; Yan et al. 2017). These differential
positions may enable these channels to activate faster and tune individual voltage
sensors for specific aspects of sodium channel function (Fig. 2d). The result of these
different resting and activated states may be stabilization of the channel in various
conformations over a specific range of membrane potentials as required for the
physiological niche for each Nay channel.

3 The Selectivity Filter: From Symmetry to Asymmetry

It is intuitive that ion channels could attract cations with a cluster of negative
charges (Hille 2001), and, indeed, the structure of the selectivity filter of the
prokaryotic Nay channels showed just such a mechanism (Payandeh et al. 2011).
These channels are considered the ancestors of eukaryotic Nay and Cay channels,
and each contains a quartet of negatively charged E residues arranged around the
selectivity filter, confirming this idea (Payandeh et al. 2011; Ren et al. 2001). The
selectivity filter itself is formed of four identical segments, located in the “turn” in
the “P1 helix-turn-P2 helix” structure from each domain. The selectivity filter of
bacterial Nay channels has the signature sequence motif TLX,;SWX,, where X; is
the site of high-field-strength anionic site in most channels. The only exception is
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Na,Ms, where X, is the high-field-strength site instead of X;. The selectivity filter in
Na,Ab has the sequence (TLESWSM). It has been suggested that the carboxylate
groups of the four E residues (one from each domain) form an extracellular
symmetric acidic coordination site (Siteyrs), while the backbone carbonyls of the
four L and T residues form the central and inner coordination sites (Sitecgyn and
Siten), respectively. The crystal structure of Na,Ms showed three Na* at almost the
same sites proposed for NayAb (Naylor et al. 2016). Ordered water molecules were
observed in the NayAb and NayMs structures in the lower part of the selectivity
filter. Molecular dynamics studies elucidated the catalytic mechanism of Na*
conduction (Chakrabarti et al. 2013; Ulmschneider et al. 2013). Remarkably, highly
degenerate but energetically favorable dunking motions, in which one to three of
the carboxylate side chains at Siteygs bend at a single torsion angle and move
inward accompanying partially, dehydrated Na* (Chakrabarti et al. 2013).

While mammalian Nay channels are virtually impermeable to Ca®* under
physiological conditions, bacterial Nay channels show a significant permeability
for Ca2+, as demonstrated by permeability ratios of Pc,/Pn, of 0.15, 0.14, 0.27, and
0.2 for NaChBac, Na,Rh, Na,Ab, and Na,Ms, respectively (Naylor et al. 2016;
Tang et al. 2014; Yue et al. 2002; Zhang et al. 2012). This indicates that ancient
bacterial Nay channels might have served as a conductance pathway for both Na*
and Ca”*. Over billions of years of evolution, the homomeric structure of eukaryotic
Nay channels was converted into a single polypeptide chain by covalently linking
the C- and N-termini of two neighboring subunits. This resulted in loss of the
fourfold symmetry of the pore and selectivity filter, as well as the signature motif at
Siteyrs. This stepwise evolution is reflected in the many different signature motifs
at Siteygs in invertebrate sodium channels: EEEE, EEKE, EEAA, DEAA, etc.
(Stephens et al. 2015). The signature motif EEEE has remained the same for Ca,
channels, the position of the carbon backbone stayed the same, but the geometry of
the locations of the E residues side chains changed (Wu et al. 2016) (Fig. 3). On
the other hand, the evolution of bacterial to eukaryotic Nay channels involved
changes in the chemical signature of residues that select Na* to give much higher
selectivity. K appeared in Domain III as the residue conferring higher selectivity
for Na* and preventing the permeability of Ca®* (Favre et al. 1996). Studies that
target this residue in Nay channels by mutating it to E rescued Cay conductance
(Heinemann et al. 1992). Overall, the structure of the carbon backbone of the high-
field-strength site of the cockroach NavPas channel resembles that of the quartet of
E residues in Na,Ab, though the exact placement of the side chains is uncertain
(Fig. 3b).

Two amino acids have been conserved throughout the evolution process, W179
and T175 (NayAb numbering). T175 forms a hydrogen bond with W179 of a
neighboring subunit. This bond is a key interaction site to connect adjacent subunits
at the selectivity filter and to stabilize the overall structure of the selectivity filter
(Payandeh et al. 2011).

The apparent similarity of Na* and Ca®* permeation through eukaryotic ion
channels indicate that they have evolved from the same ancestor. In both cases,
Na* and Ca>* have to be partially hydrated in order to move through the relatively
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Fig. 3 The selectivity filters of Na,Ab, Ca, 1.1, and Na,Pas. (a) Comparing the selectivity filters
from a view above the plane of the membrane. Each selectivity filter is shown in stick format, with
the residue equivalent to HES2 (E177 in Na,Ab) highlighted. Na,Ab is shown in gray, Ca,1.1 in
orange, and Na,Pas in light blue. (b) Side view of Na,Ab and Na,Pas selectivity filters
highlighting the position of residues important for selectivity (E177 in Na,Ab, D375, E701,
K1061, A1353 in Na,Pas) and overall structure of the selectivity filter (W179 in Na,Ab and
W377 and W702 in Na,Pas are highlighted)

wide selectivity filter (Hille 1971; Naylor et al. 2016; Payandeh et al. 2011; Tang
et al. 2014; Wu et al. 2016) (Fig. 3). This is fundamentally different from K*
channels where K* ions pass completely dehydrated through the selectivity filter
(Zhou et al. 2001). Moreover, in both Nay and Cay channels, there is an
extracellular cluster of negatively charged residues that recruit cations to the
selectivity filter. In contrast, Ky, channels use only interactions with backbone
carbonyls to select and conduct K* (Naylor et al. 2016; Wu et al. 2016). Another
major difference between permeation in eukaryotic versus bacterial Nay and Cay
channels on one hand and Ky channels on the other hand is flexibility versus
rigidity of the selectivity filter. The finding that the size of the selectivity filter of
Nay and Cay channels is much wider than Ky channels indicates that the side
chains of the surrounding residues have more degrees of freedom. Classic studies
of Cay channels suggested that carboxylate side chains of the EEEE locus move
independently to form a high-affinity binding site for incoming Ca®* (Sather and
McCleskey 2003; Yang et al. 1993). Molecular dynamics studies of Na,Ab
showed that the E side chains of Siteyrs undergo a “dunking” motion with each
permeating Na™ (Chakrabarti et al. 2013). In contrast, the relative tightness of the
Ky channel selectivity filter requires backbone carbonyls to select the right ions,
while the side chains of the selectivity filter residues point away from the lumen
of the pore (Morais-Cabral et al. 2001; Zhou et al. 2001).
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4 Inactivation Evolved from Bacterial to Eukaryotic Sodium
Channels

In contrast to the conserved mechanism of activation between bacterial Nay
channels and their eukaryotic counterparts, inactivation mechanisms have evolved
over billions of years to become faster and more efficient as required for the rapid
information processing in excitable cells of multicellular organisms. Eukaryotic
Nay channels have two main types of inactivation: fast inactivation that occurs on a
time scale of 1-5 ms (Hodgkin and Huxley 1952a, c, d) and slow inactivation that
occurs on a time scale of hundreds of milliseconds to seconds (Adelman and Palti
1969; Palti and Adelman 1969; Rudy 1975, 1981). Mechanistically, fast inactiva-
tion takes place when a short peptide located in the segment between domains I11
and IV (IFM) binds to the intracellular mouth of the pore, which stops ion
conduction (Catterall 2012). Slow inactivation, on the other hand, is believed to
result from collapse of the pore of the Nay channel (Payandeh et al. 2012; Zhang
et al. 2012).

4.1 Slow Inactivation of Eukaryotic Sodium Channels

When Nay channels are exposed to prolonged depolarizations, either by applying
one long positive pulse or a series of high-frequency repetitive ones, they stop Na*
conduction by entering the slow-inactivated state (Ulbricht 2005; Vilin and Ruben
2001). Just as entry into this inactivated state takes much longer than fast inactiva-
tion, recovery from it also proceeds very slowly with time constants in the range of
hundreds of milliseconds to minutes, compared to 20 - 30 ms for fast inactivation.
During this time, excitable membranes become refractory to further stimulation.
Slow inactivation seems to be an ancient mechanism that Nay channels used to
protect cells against high stress conditions that generate highly repetitive stimuli.

Studies of slow inactivation of eukaryotic Nay channels using site-directed
mutagenesis methods implicated amino acid residues in the selectivity filter and
surrounding S5 and S6 segments in conformational changes that accompany slow
inactivation (Balser et al. 1996; Benitah et al. 1996, 1997; Vilin and Ruben 2001).
Mutation of W402 located in the selectivity filter of Domain I of Na, 1.4 dramati-
cally reduces slow inactivation (Balser et al. 1996). Four charged residues within
the selectivity filter of rNa, 1.4 (E403/DI, E758/DII, D1214/DIII, and D1532/DIV)
move toward each other during establishment of slow inactivation (Xiong et al.
2003), as indicated by disulfide bond formation between substituted cysteine
residues. Similarly, F1236C was accessible only from the outside during short
depolarizing pulses, which did not induce slow inactivation but became inaccessi-
ble during long depolarizing pulses (6 s), which induce slow inactivation (Ong et al.
2000).
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4.2 Studies of Slow Inactivation of Bacterial Sodium Channels

Bacterial Nay channels lack the equivalent linker between Domain III and IV that is
responsible for fast inactivation in eukaryotic Nay channels and thus have only
slow inactivation (Pavlov et al. 2005). The crystal structure of Na,Ab showed that
its selectivity filter is rigidly anchored by a hydrogen bond (~ 3.0 A) between T175
(equivalent to T in domains I, III, and IV in Nay1.4) and W179 (equivalent to W402
in Nay1.4) in neighboring subunits [(Payandeh et al. 2011, 2012); Fig. 4]. However,
the crystal structure of an inactivated state of Na,Ab/WT showed that two of the
key T175-W179 inferactions have become very weak, forming hydrogen bonds
with a length ~3.8 A compared to ~3 A in case of pre-open state (Payandeh et al.
2012). This suggests that the hydrogen bond to W at this outer side of the selectivity
filter is keeping the pore open for permeation of hydrated Na®. In the inactivated
structure of Na,Ab, S180 has flipped into a different conformation and interacts
with the carboxylate side chain of E177 of a neighboring subunit (Payandeh et al.
2012). This movement led to the asymmetric collapse of two of the four pore-lining
S6 segments of Na,Ab. In order to have a highly conductive channel, the geometry
at the selectivity filter must be perfectly sized to coordinate and conduct a hydrated
square-planar Na*, as in the NayAb-1217C structure (Chakrabarti et al. 2013;
Payandeh et al. 2011). Therefore, the change in size and shape of the selectivity
filter in the slow-inactivated state of NayAb/WT (Payandeh et al. 2012) is likely to
make it poorly conductive.

Fig. 4 The selectivity filter changes conformation as sodium channels inactivate. (a—¢) Space
filling (top row) and stick models (bottom row) are shown for pre-open Na,Ab (gray, pdb 3RVY),
inactivated Na,Ab (purple, pdb 4EKW AB tetramer), and NavRh (green, pdb 4dxw) highlighting
conformational changes as the channel moves into the inactivated state. Residues and hydrogen
bonds discussed in the text are highlighted in the stick figures
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Structure-function studies suggested that both activation and inactivation of
bacterial Nay channels occur via twisting and bending movements of the S6 pore-
lining helix at a glycine hinge, such as G219 in NaChBac (Zhao et al. 2004b). The
same mechanism has been proposed for the bacterial KcsA and MthK channels
(Cuello et al. 1998; Jiang et al. 2002a, b; Perozo et al. 1999). In NaChBac, mutation
of the neighboring T residue (T220) also greatly slows inactivation during the pulse
(Lee et al. 2012; Zhao et al. 2004a, b). Crystal structures of Na,Ms show a kink at
T219 that is equivalent to the glycine hinge in NaChBac (McCusker et al. 2012).
Recently, the same kink in Na,Ab has been observed, indicating a similar mecha-
nism of twisting and bending movements of the S6 pore-lining helix (Lenaeus et al.
2017). Mutation of T206 at the bending point in the NayAb S6 segment causes a
negative shift of the voltage dependence of activation and is also required for early
voltage-dependent inactivation (Gamal EI-Din et al. 2017). These results suggest
that this segment of the S6 segment undergoes two conformational changes, one that
initiates opening of the activation gate and a second that begins the process of
inactivation.

The amino acid residues that move during slow inactivation of mammalian Nay,
channels are also intimately involved in inactivation of bacterial Nay channels. For
example, residues E403 in Domain I, E758 in Domain II, D1214 and F1236 in
Domain III, and D1532 in Domain IV of Nay 1.4 move when the channel is subject
to high-frequency depolarizing pulses. E403 and E758 are equivalent to S180,
F1236 is equivalent to 1176, and D1532 is equivalent to M181 in Na,Ab, which
all move during the transition from the pre-open to the slow-inactivated state
(Payandeh et al. 2011, 2012). Evidently, the molecular machinery for slow inacti-
vation has been conserved from bacteria to mammals, even as the rate and timing of
inactivation have evolved.

4.3 Evolution of Fast Inactivation in Eukaryotic Sodium Channels

In contrast to the conserved evolution of the slow inactivation from bacterial to the
mammalian sodium channel, current inactivation during application of a
depolarizing stimulus has evolved tremendously over billions of years by addition
of a fast inactivation using the linker connecting Domain III to Domain IV to act as
a hinged lid and block the pore from the intracellular side. The need for efficient
information processing in the mammalian nervous system might be the driving
force behind the evolution of the mechanisms of inactivation during the pulse.

A typical mammalian Nay channel in the nerve or muscle opens very rapidly
upon depolarization and closes within 1-2 ms, even if the stimulus is still on. In
their seminal work on action potential initiation and propagation, Hodgkin and
Huxley (1952b, c, d) described the Na* channel conductance as being proportional
to m’h, where m and h are gating particles responsible for activation and inacti-
vation, respectively (Hille 2001). This was the first indication that the fast
inactivation process is voltage dependent, which predicted that there is a differ-
ential functionality of voltage sensor modules in eukaryotic Nay channels.
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Currently, there is a consensus that S4 segments of domains I, II, and III are
mainly responsible for activation, while Domain IVS4 is primarily responsible for
initiating and maintaining fast inactivation (Capes et al. 2013; Chanda and
Bezanilla 2002; Kuhn and Greeff 1999; Rogers et al. 1996; Sheets et al. 1999).

The structural motif that is responsible for translating the electrical signal sensed
by the S4 segment in Domain IVS4, and thus initiating fast inactivation, is the
intracellular linker between domains III and IV (Vassilev et al. 1988, 1989). Cutting
this motif (Stuhmer et al. 1989) or mutating the critical hydrophobic residues (IFM)
abolishes inactivation during the pulse (Kellenberger et al. 1997; Patton et al. 1992;
West et al. 1992). The inactivation gate NMR structure shows that it has an alpha-
helix backbone capped at its N-terminus by two turns, with the hydrophobic IFM
residues located in this turn motif. Structural studies confirmed the physiological
results that the IFM triad and adjacent threonine residue are essential components of
the latch (Rohl et al. 1999). This structure is seen exactly in the corresponding
segment in the cryo-EM structure of Nay1.4 (Yan et al. 2017).

5 Modulation of Sodium Channels by Their C-Terminal Tail

In eukaryotic Nay channels, the intracellular extensions of S6 segments begin the
large C-terminal segments following each homologous domain. They are ~250
residues in length and they constitute the major targets for channel regulation. The
C-terminal domains regulate fast inactivation (Cormier et al. 2002; Deschenes et al.
2001; Mantegazza et al. 2001; Nguyen and Goldin 2010) as well as slow inactiva-
tion that is modulated by interaction of calmodulin with a conserved site in the
proximal segment (Gabelli et al. 2016). The newly published cryo-EM structure of
a Nay1.4 channels reveals extensive interactions between the C-terminal domain
and Domain III-IV linker, which may explain the ability of the C-terminal tail to
modulate fast inactivation (Shen et al. 2017) (Fig. 5).

Most bacterial Nay channels have a short (~40 residues) C-terminal tail. The
crystal structure of the tail was resolved for Na,Ms, Na,Ae, Na,SulP, and NayAb
(Bagneris et al. 2013; Irie et al. 2012; Lenaeus et al. 2017; Shaya et al. 2014). There
is a striking similarity among these structures, in which the C-terminal tails from
four subunits form a four-helix bundle (the neck) proximal to the activation gate,
which terminates in a four-stranded coiled coil. While there is a consensus about the
similarity of C-terminal crystal structure, there are differences in its function.
Originally, it was proposed that C-terminal is essential for tetramer formation
(Powl et al. 2010; Shaya et al. 2014), but subsequent reports argued that it is only
important for stabilizing subunit-subunit interactions (Mio et al. 2010). Indeed,
many bacterial Nay channels are functional even after deleting the entire
C-terminal (Arrigoni et al. 2016; Irie et al. 2012; Lenaeus et al. 2017). Arrigoni
et al. showed that the proximal part of the C-terminal (the neck domain) is subject to
temperature-dependent unfolding transitions during gating, while the coiled-coil
part stays intact (Arrigoni et al. 2016). They found that only the neck has a major
effect on channel activation profile, with a minor role for the coiled coil. Their
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Fig. 5 The interaction between the C-terminal domain and the pore domain is different in
prokaryotic channels and Na,Pas. Cartoon models of prokaryotic channels Na,Ab (closed state,
gray), Na,Ms (open state, light green), and Na,Pas (uncertain state, blue). In each case, a cartoon
model is shown with overlying space-filling figure to highlight the interactions between C-terminal
and membrane-spanning domains. Each channel shows the pore and voltage-sensing domains in a
single color, then the associated C-terminal domain in orange to allow for contrast. The Na,Pas
model also shows the DIII-DIV linker associated with inactivation in pink. The implications
related to inactivation are discussed in the text

experiments demonstrated little effect of the C-terminal tail on inactivation. In
contrast, C-terminal truncations modulate early voltage-dependent inactivation of
NayAb during single depolarizations (Gamal El-Din et al. 2017). Progressive
deletions from the C-terminus cause graded increases in the rate of the early
voltage-dependent inactivation process, without major effects on the rate of activa-
tion. This reflects a loss of voltage dependence, as if truncation of the C-terminal tail
removes a voltage-dependent brake on the early phase of the inactivation process. A
similar effect has been shown previously in the KcsA channel where truncation of
the C-terminal tail enhanced inactivation kinetics (Cuello et al. 1998). In contrast,
deleting the C-terminal tail of NaySulP slowed its early phase of inactivation during
single depolarizations, and point mutations that disrupt the four-helix bundle also
caused that effect (Irie et al. 2012). These results suggest that the C-terminal tail can
modulate the voltage dependence and kinetics of the early phase of voltage-
dependent inactivation of different Nay channels in different directions, depending
on the molecular context.

The fine-tuning of inactivation during the pulse via the C-terminal tail has been
preserved over billions of years of evolution, as truncation or mutation of
C-terminal residues of eukaryotic Nay channels affects inactivation kinetics. Trun-
cation of 129 residues of the distal C-terminus of Na,1.3 accelerates fast inactiva-
tion by approximately fourfold (Nguyen and Goldin 2010). The C-terminus has a
strong influence on kinetics and voltage dependence of inactivation of brain
(Na,1.2), cardiac (Na,1.5), and skeletal muscle (Na,1.4) channels and is primarily
responsible for their differing rates of channel inactivation (Deschenes et al. 2001;
Mantegazza et al. 2001).
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The interplay between the early and late phases of inactivation in bacterial Nay
channels is quite evident. This explains the recent results showing that truncation of
the C-terminal tail of NayAb/WT also removes the late, use-dependent phase of
inactivation (Gamal El-Din et al. 2013, 2017). Cutting as few as ten residues from the
distal end of the tail was both sufficient to abolish use-dependent inactivation at low
frequency (0.2 Hz); however, at higher frequency (1 Hz), ~ 20-30% use-dependent
inactivation occurs during the first few pulses, and then the peak current stays
constant for up to 50 pulses. Overall, the movement of S6 segments seems to be
finely tuned by the C-terminal tail in eukaryotic or bacterial Nay channels.

6 Conclusion

As this brief review shows, sodium channels are ancient membrane signaling
proteins with many functional properties conserved from bacteria to human. The
simple bacterial sodium channels have provided an invaluable resource for high-
resolution structural analysis of sodium channel function. The recent addition of
cryo-EM structures of eukaryotic sodium channels at near-atomic resolution shows
striking conservation of the core structures of sodium channels over this full length
of evolutionary time. Looking ahead, the combination of structural studies of
bacterial and eukaryotic sodium channels seems likely to reveal the mechanisms
of their core functions in atomic detail and their complex regulation in eukaryotes
with increasing resolution. It is an exciting time in this field of research!
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