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Homotetrameric bacterial voltage-gated sodium channels share major biophysical features with their more complex 
eukaryotic counterparts, including a slow-inactivation mechanism that reduces ion-conductance activity during prolonged 
depolarization through conformational changes in the pore. The bacterial sodium channel NaVAb activates at very negative 
membrane potentials and inactivates through a multiphase slow-inactivation mechanism. Early voltage-dependent 
inactivation during one depolarization is followed by late use-dependent inactivation during repetitive depolarization. 
Mutations that change the molecular volume of Thr206 in the pore-lining S6 segment can enhance or strongly block 
early voltage-dependent inactivation, suggesting that this residue serves as a molecular hub controlling the coupling 
of activation to inactivation. In contrast, truncation of the C-terminal tail enhances the early phase of inactivation yet 
completely blocks late use-dependent inactivation. Determination of the structure of a C-terminal tail truncation mutant 
and molecular modeling of conformational changes at Thr206 and the S6 activation gate led to a two-step model of 
these gating processes. First, bending of the S6 segment, local protein interactions dependent on the size of Thr206, and 
exchange of hydrogen-bonding partners at the level of Thr206 trigger pore opening followed by the early phase of voltage-
dependent inactivation. Thereafter, conformational changes in the C-terminal tail lead to late use-dependent inactivation. 
These results have important implications for the sequence of conformational changes that lead to multiphase inactivation 
of NaVAb and other sodium channels.
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Introduction
Voltage-gated sodium (NaV) channels generate and propagate 
action potentials, which can trigger neurotransmission, endo-
crine secretion, and contraction of cardiac and skeletal muscle 
(Hille, 2001). They respond to membrane depolarization by rap-
idly opening to initiate the regenerative depolarizing phase of the 
action potential, and then they undergo fast inactivation within 
a few milliseconds, thereby beginning repolarization and con-
tributing to termination of the action potential. Prolonged de-
polarizing pulses or trains of repetitive depolarizations induce 
a separate, multiphase, slow-inactivation process, which shapes 
the length and frequency of trains of action potentials, protects 
against excitotoxicity, and plays an important role in encoding 
and transmitting neural information (Cantrell and Catterall, 
2001; Vilin and Ruben, 2001; Carr et al., 2003; Chen et al., 2006). 
Elucidation of the molecular mechanisms underlying the process 
of multiphasic slow inactivation would be an important advance 
in understanding NaV channel function and its role in encoding 
information in the nervous system.

Eukaryotic NaV channels have single pore-forming subunits 
composed of four homologous domains, whereas the ancestral 

bacterial NaV channels are composed of four identical polypep-
tides homologous to one domain in eukaryotic NaV channels 
(Catterall, 2000; Ren et al., 2001; Catterall and Zheng, 2015). Each 
subunit of a bacterial NaV channel has a voltage-sensing mod-
ule and a pore-forming module (Ren et al., 2001; Payandeh et al., 
2011), and they share the major functional and biophysical fea-
tures of their eukaryotic counterparts. The ability to crystallize 
bacterial NaV channels like NaVAb, NaVRh, NaVMs, NaVAe, and 
NaVSp1 (Payandeh et al., 2011, 2012; Zhang et al., 2012; Bagnéris et 
al., 2013; Arrigoni et al., 2016; Sula et al., 2017) and analyze their 
structure at high resolution makes them invaluable for studying 
the structural basis of NaV channel functions that are conserved 
from prokaryotes to mammals.

Slow inactivation is functionally conserved from bacterial to 
mammalian NaV channels (Vilin and Ruben, 2001; Pavlov et al., 
2005; Gamal El-Din et al., 2018), and it has been extensively stud-
ied by mutagenesis of mammalian NaV channels and by x-ray 
crystallography of NaVAb. Bacterial NaV channels show three 
phases of slow inactivation. Early decay of sodium current in 10 
msec to 100 msec during single depolarizing pulses and interme-
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diate, reversible inactivation during long pulses are observed in 
many bacterial NaV channels (Ren et al., 2001; Pavlov et al., 2005; 
Payandeh et al., 2012; Bagnéris et al., 2013; Gamal El-Din et al., 
2013, 2014; Arrigoni et al., 2016). In contrast, late, very slowly re-
versible, use-dependent inactivation is prominent in NaVAb but 
not other bacterial NaV channels (Gamal El-Din et al., 2013). The 
first two phases of bacterial NaV channel slow inactivation may 
be homologous to eukaryotic NaV slow inactivation, whereas the 
third phase of late use-dependent inactivation may be unique to 
the NaVAb channel (Scheuer, 2014). NaVAb activates at very neg-
ative membrane potentials, and its multiphase inactivation pro-
cesses are engaged at negative membrane potentials relative to 
other NaV channels, perhaps providing a rationale for its unique 
third phase of inactivation. We use the terms “early” and “late” 
to distinguish the first two phases of inactivation during single 
pulses in NaVAb from the third phase, because all three phases 
have time courses characteristic of eukaryotic NaV channel slow 
inactivation, making use of the terms “fast” and “slow” poten-
tially confusing. Mutation of Asn49 to Lys in the S2 segment in 
the extracellular negative cluster of the voltage sensor shifts the 
voltage dependence of activation and prevents late use-depen-
dent inactivation (Gamal El-Din et al., 2013), but the structural 
basis for multiphase inactivation of the pore remains unknown. 
Here, we have probed the molecular and structural basis for mul-
tiphase inactivation of NaVAb using a combination of mutagene-
sis, electrophysiological recording, and structure determination. 
Our results reveal that conformational changes involving Thr206 
in the S6 segment are required for early slow inactivation, but 
the long C-terminal tail mediates late use-dependent inactiva-
tion. The requirement for the long C-terminal tail of NaVAb in 
late use-dependent inactivation suggests a potential functional 
role for this large intracellular domain.

Materials and methods
Molecular biology, protein expression, and protein purification
NaVAb mutations and truncations for both structural biology 
and electrophysiology were constructed by the introduction of 
mutations at the desired positions (QuikChange, Agilent) in the 
genetic background of NaVAb WT and confirmed by sequenc-
ing. Recombinant baculovirus was generated using the Bac-to-
Bac system (Invitrogen), and Trichoplusia ni insect cells (High 
Five) were infected for protein production and electrophysiol-
ogy. Protein was produced and purified as previously described 
(Payandeh et al., 2012).

Electrophysiology
T. ni cells were grown on 35-mm Petri dishes in Grace’s insect me-
dium (Gibco) supplemented with FBS (10%) and antibiotics (100 
µg/ml streptomycin and 100 U/ml penicillin). Cells were infected 
by replacing the incubation medium with a medium containing 
the virus encoding NaVAb constructs (10 µg/ml). After 1 h, 2 ml 
incubation medium was added to the virus-containing medium. 
Cells were maintained at 25–27°C for at least 24 h before study 
(Gamal El-Din et al., 2013).

All constructs showed high-level expression that enabled us 
to measure ionic current 24–48 h after infection. Whole-cell so-

dium currents were recorded using an amplifier (Axopatch 200; 
Molecular Devices) with glass micropipettes (2–4 MΩ). Capac-
itance was subtracted and series resistance was compensated 
using internal amplifier circuitry; 85–90% of series resistance 
was compensated. For ionic current measurements, the intra-
cellular pipette solution contained (in mM) 35 NaCl, 105 CsF, 10 
EGTA, and 10 HEP​ES, pH 7.4 (adjusted with CsOH). The extra-
cellular solution contained (in mM) 140 NaCl, 2 CaCl2, 2 MgCl2, 
and 10 HEP​ES, pH 7.4 (adjusted with NaOH). The standard volt-
age-clamp protocol for measuring ionic currents consisted of 
steps from a holding potential of −180 mV to voltages ranging 
from −180 mV to +50 mV in 10-mV steps. Use-dependent inacti-
vation was induced by depolarizing from −180 mV to 0 mV or to 
the indicated potentials at 0.2 Hz or 1 Hz. Voltage-clamp pulses 
were generated and currents were recorded using Pulse software 
controlling an Instrutech ITC18 interface (HEKA). Data were an-
alyzed using Igor Pro 6.2 software (WaveMetrics).

NaVAb crystallization and data collection
NaVAb/WT and mutants were reconstituted into DMPC/CHA​PSO 
bicelles (Anatrace) as previously described, mixed in a 1:2 ratio, 
and set up in a hanging-drop format over well solutions contain-
ing 1.8 M ammonium sulfate and 100 mM sodium acetate, pH 
4.8. Crystals appeared in 3–5 d and grew to full size within 1 wk 
(∼50 µm by 100 µm). They were cryoprotected by slow addition 
of well solution supplemented with increasing concentrations of 
glucose up to 30%. Crystals were harvested in nylon loops and 
plunged into liquid nitrogen for data collection. Data were col-
lected at Advanced Light Source (Beamlines BL821 and BL822). 
As crystals were highly radiation sensitive, exposure times were 
minimized to limit decay during data collection. Data reported 
herein were collected from single crystals.

Structure determination and refinement
X-ray diffraction data were integrated and scaled with DEN​ZO/
SCA​LEP​ACK (Otwinowski and Minor, 1997) and processed with 
PHE​NIX (Adams et al., 2010). We investigated multiple space 
groups and determined the reported space group (I422) by com-
parison of merging statistics, as well as fully refined structures 
determined in C2, I222, I4, and I422 with and without inclusion 
of weakly recorded reflections. The NaVAbΔ28 structure was 
solved with molecular replacement using the NaVAb/I217C struc-
ture (PDB accession no. 3RVY), modified by removal of the S4–S5 
linker and base of S5 helix (amino acids 115–137) plus the S6 helix 
as the search model. Following initial phases, models of both pro-
teins were manually rebuilt based on resulting electron density 
maps. Electron density was easily interpretable throughout the 
S6, S4–S5 linker, and C-terminal domain NaVAbΔ28. Simulated 
annealing omit maps were used to confirm the placement of 
the S6 at the activation gate, as well as the position of the S4–
S5 linker. Lipids and waters were added to both models near the 
end of refinement. Geometry, B-factors, and electron density fits 
were assessed with POL​YGON (Urzhumtseva et al., 2009).

Online supplemental material
Fig. S1 presents a 3-D view of the amino acid residues involved in 
the early phase of voltage-dependent inactivation of NaVAb and 
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in slow inactivation of NaV1.4, as listed in Table S1. Fig. S2 pres-
ents results on the steady-state inactivation of mutants at the 
position of Thr206. Fig. S3 presents high-resolution views of the 
fits of our molecular models for the region around Thr206 and for 
the C-terminal tail coiled-coil domain to the underlying electron 
density maps. Table S1 presents a comparison of amino acid res-
idues that are involved in the early phase of voltage-dependent 
inactivation in the bacterial sodium channel NaVAb and in slow 
inactivation of the mammalian sodium channel NaV1.4. Table S2 
presents the mean data and statistical analysis for the new struc-
tural models derived from our x-ray crystallography studies.

Results
Block of early voltage-dependent inactivation by 
a mutation in S6
The rate of inactivation of NaVAb and other bacterial NaV chan-
nels during a single depolarization is ∼10- to 50-fold slower than 
fast inactivation of mammalian NaV channels (Ren et al., 2001; 
Ito et al., 2004; Pavlov et al., 2005; Gamal El-Din et al., 2013), and 
movements of the selectivity filter and S6 segment are implicated 
in slow inactivation in mammalian sodium channels (Vilin et al., 
2001) and NaChBac (Zhao et al., 2004a,b; Pavlov et al., 2005). 
Amino acid residues that are implicated in slow inactivation 
both by mutagenesis studies of mammalian NaV channels and 
by mutagenesis and structural studies of bacterial NaV channels 
are listed in Table S1 and illustrated in structural format in Fig. 
S1. The extensive overlap in the amino acid residues implicated 
in slow inactivation of mammalian and bacterial NaV channels 
suggest a similar underlying mechanism for slow inactivation of 
mammalian NaV channels and the early voltage-dependent phase 
of inactivation of NaVAb.

We hypothesized that the gating movements of the S6 seg-
ment leading to opening of the pore (Zhao et al., 2004a,b; Pavlov 
et al., 2005) may also begin the multiphase process of inacti-
vation of NaVAb. Structural and functional experiments have 
suggested that Thr206 in the S6 segment is involved in both ac-
tivation and inactivation gating in NaVAb. This residue is in the 
position homologous to the Gly hinges identified in prokaryotic 
potassium channels and NaChBac (Zhao et al., 2004a,b; Cuello 
et al., 2010; Lee et al., 2012). We mutated Thr206 to Ala (Fig. 1) 
in order to determine whether it would disrupt the early phase 
of inactivation during the test pulse. Indeed, this mutation abol-
ished inactivation during the pulse (Fig. 1 A, upper traces). Even 
during long 500-ms depolarizing pulses, little decay of the so-
dium current was observed (Fig. 1 A, lower traces). The T206A 
mutation also caused partial loss of steady-state inactivation (Fig. 
S2 A), and it shifted the activation curve of NaVAb by ∼25 mV in 
the negative direction (Fig. 1 B). These results indicate that this 
mutation stabilizes the open state of the channel and allows more 
complete activation at each test potential (Fig. 1 B) yet uncouples 
this enhanced voltage-dependent activation from the early phase 
of slow inactivation.

Mutation of Thr to Ala both prevents hydrogen bond forma-
tion and reduces side-chain size (Thr: V = 118.3 Å3; Ala: V = 87.8 Å3; 
Perkins, 1986). To separate these two effects, we mutated Thr to 
different residues that would either remove the hydroxyl group 

of Thr and thereby prevent hydrogen bonding or change the side-
chain volume. We found that the T206S mutation abolishes the 
early phase of inactivation similar to T206A. This suggests that 
hydrogen bond formation is not sufficient to retain early phase 
inactivation, because Ser has a hydroxyl group like Thr but re-
moves inactivation during the pulse (Fig. 1 C, green; Tang et al., 
2016). However, Ala and Ser have similar molecular volumes (87.8 
vs. 91.7 Å3, respectively). Therefore, to test whether side-chain 
volume is the main factor in tuning early phase inactivation ki-
netics, we mutated Thr206 to a bulky residue Val (V = 138.8 Å3). 
To our surprise, the NaVAb/T206V mutation greatly increased 
the rate of early voltage-dependent inactivation (Fig. 1 C, red). 
To further test the role of side-chain volume as a determinant of 
the kinetics of early phase inactivation, we mutated Thr206 to 
Cys (V = 105.5 Å3) and Gly (V = 59.9 Å3). Indeed, T206C exhibited 
intermediate inactivation kinetics, whereas T206G inactivated 
even more slowly than T206A and T206S (Fig. 1 C). Overall, these 
results demonstrate a striking correlation of inactivation rate 
with molecular size of the residue at position 206 over a 1,000-
fold range of inactivation rates (Fig. 1 C).

All of the Thr206 mutations that reduce side-chain size 
caused negative shifts in the voltage dependence of activation 
(Fig. 1 B), whereas they had comparatively small effects on the 
use-dependent inactivation profile (Fig. 1 D). These results reveal 
a significant correlation of negative shifts in the voltage depen-
dence of activation with reduction in the molecular volume of 
the side chain of Gly, Cys, Ser, and Val substituted for Thr206 
(Fig. S2 B; r = 0.86), and substitution of Ala has even greater 
effects (Fig. S2 B). Thus, reducing molecular volume correlates 
with both negative shifts of activation and dramatic slowing of 
the rate of inactivation (Fig. 1 C). We hypothesize that Thr206 
serves as a molecular hub coupling conformational changes im-
portant for activation and the early phase of inactivation; there-
fore, mutations that reduce side-chain size uncouple activation 
from inactivation.

Role of the C-terminal tail in early voltage-
dependent inactivation
The S6 transmembrane helix continues uninterrupted as an 
intracellular helix in the C-terminal tail in some bacterial NaV 
channels (e.g., McCusker et al., 2012; Bagnéris et al., 2013), and 
we wondered whether this extension of the S6 helix could mod-
ulate inactivation kinetics. To address this question, we con-
structed a series of truncation mutants of the C-terminal tail 
(NaVAbΔ40, Δ28, Δ10, Δ7, and Δ3; Fig. 2 A). The construct named 
NaVAbΔ40 encodes the same protein form as NaVAb/1–226, whose 
structure we determined in an open state previously (Lenaeus et 
al., 2017). All of these constructs conducted robust voltage-de-
pendent sodium currents (Fig. 2 B). Complete truncation of the 
C-terminal tail in NaVAbΔ40 facilitates activation, as revealed by 
an approximately −14-mV shift of the G–V curve compared with 
NaVAb/WT (V1/2 = −110.7 ± 2.1 for NaVAbΔ40, red; V1/2 = −97 ± 1.4 
mV for NaVAb/WT, black; P < 0.001; Fig. 2 B; Lenaeus et al., 2017). 
On the other hand, this truncation did not affect the steady-state 
inactivation profile (Fig. 2 C; NaVAbΔ40, V1/2 = −116.1 ± 4.4, red; 
NaVAb/WT, V1/2 = −119 ± 1.1, black, NS). NaVAbΔ28, Δ10, and Δ3 
showed positive shifts in their G–V curves compared with NaVAb/
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WT (Fig. 2 B; NaVAbΔ28, V1/2 = −90.1 ± 1.5, P < 0.001; blue; NaVAb/
Δ10, V1/2 = −90.7 ± 0.8, P < 0.05, green; NaVAbΔ3, V1/2 = −89.1 ± 0.8, 
gray, P < 0.001). In contrast, NaVAbΔ7 did not affect voltage-de-
pendent activation significantly (Fig. 2 B; NaVAbΔ7; V1/2 = −104.1 
± 2, yellow; NaVAb/WT, V1/2 = −97 ± 1.4 mV, black). Steady-state 
inactivation measurements showed a positive shift in V1/2 for all 
constructs except NaVAbΔ40 and NaVAbΔ3 (Fig. 2 C; NaVAbΔ28, 
V1/2 = −106.7 ± 0.6, P < 0.001, blue; NaVAbΔ10, V1/2 = −109.7 ± 0.6 
mV, green, P < 0.001; NaVAbΔ7, V1/2 = −104.7 ± 0.4, yellow, P < 
0.001; NaVAbΔ3, V1/2 = −121.7 ± 0.4, gray, NS). The differential 
effects of these truncations on the activation and inactivation 
profiles suggest distinct functions of the proximal versus distal 
C-terminal tail.

Deletion of the entire C-terminal tail in NaVAbΔ40 acceler-
ated the early phase of inactivation compared with NaVAb/WT 
(Fig. 3 A; Gamal El-Din et al., 2013). Remarkably, this truncation 
removed the voltage dependence of current decay and rendered 

the rate of inactivation during the pulse voltage insensitive 
(Fig.  3  A, red). However, the kinetics of activation, measured 
as time to peak current, did not change greatly compared with 
NaVAb/WT (Fig. 3 B). We analyzed the kinetics of inactivation 
during the pulse for NaVAbΔ28, Δ10, Δ7, and Δ3. These progres-
sively truncated constructs showed progressively faster kinetics 
of decay of the sodium current during single depolarizations 
(Fig.  3  C); however, there were only minor effects on activa-
tion kinetics (Fig. 3 D). Therefore, these results demonstrate a 
specific effect of the C-terminal tail of NaVAb on the rate and 
voltage dependence of the early phase of voltage-dependent 
slow inactivation.

Control of late use-dependent inactivation of NaVAb by its 
C-terminal tail
NaVAb/WT activates at very negative potentials and shows a dra-
matic, very slowly reversible form of use-dependent inactivation 

Figure 1. Size-dependent effects of mutations of Thr206 on the early phase of inactivation. (A) Top left: Representative current traces of NaVAb/T206A. 
Cells were held at −180 mV, and 50-ms depolarizing pulses were applied in 10-mV steps from −180 mV to +50 mV. Top right: Comparison of NavAb/T206A 
inactivation during the pulse (blue) to NaVAb/WT (black). The 100-ms pulse was applied from a holding potential of −180 mV to −70 mV. Bottom: Representative 
current traces of NaVAb/T206A recorded during 500-ms depolarizing pulses from −180 mV to +50 mV. (B) Voltage dependence of NaVAb/WT and mutants: 
NaVAb/WT, V1/2 = −97 ± 1.4 mV (black circles; n = 7); NaVAb/T206A, V1/2 = −121 ± 2 mV (blue; n = 5); NaVAb/T206S, V1/2 = −115 ± 1 mV, (green); NaVAb/T206C, V1/2 
= −95 ± 4 mV (gray; n = 7); NaVAb/T206V, V1/2 = −95 ± 0.9 mV (red; n = 8). The activation curves were constructed from I–V curves in which 500-ms depolarizing 
pulses were applied. (C) Top: Representative current traces showing inactivation kinetics of NaVAb Thr206 mutants compared with NaVAb WT. Bottom: Time 
constants for early voltage-dependent inactivation plotted versus the volume of the amino acid residue at position 206. (D) Peak inward currents measured 
during each pulse of 1-Hz trains of depolarizations and normalized to the current produced by the first depolarization of the train for NaVAb/WT (black), T206C 
(gray), T206S (green), T206V (red), T206G (purple), and T206A (blue). Error bars represent SEM.
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(Payandeh et al., 2012; Gamal El-Din et al., 2013). Repetitive de-
polarizations of NaVAb/WT to 0 mV for either 7 ms or 100 ms at 
0.2 Hz resulted in reduction of current amplitude to ∼20% of its 
initial value after 40 pulses (Fig. 4, A and B, black and gray). In 
sharp contrast, NaVAbΔ40 shows no use-dependent inactivation 
in either pulse protocol (Fig. 4, A and B, red). Applying higher 
frequency repetitive pulses resulted in ∼20% decline during the 
first few pulses followed by stable current compared with con-
tinuous decline for NaVAb/WT (Fig. 4 C, red and black, respec-
tively). By the end of 40 pulses, NaVAbΔ40 lost only 25% of its 
initial current amplitude compared with a 75% loss in case of 
NaVAb/WT. In contrast to its loss of late use-dependent inacti-
vation, NaVAbΔ40 showed no effect on early steady-state inacti-
vation during single depolarizations compared with NaVAb/WT 
(Fig. 4 D). These results indicate that the molecular mechanism 
of early steady-state inactivation is different from that of late 
use-dependent inactivation.

Graded effects of progressive truncation of the C-terminal tail
How many residues must be cut from the C-terminal tail to block 
late use-dependent inactivation of NaVAb? We found that pro-
gressive deletions of the NaVAb C-terminal tail at Δ28, Δ10, Δ7, 
and Δ3 caused graded effects on use-dependent inactivation 
(Fig. 5). However, deletion of only 10 residues was sufficient to 
abolish nearly all of the late use-dependent inactivation of NaVAb 
(Fig. 5, A and B). At 0.2 Hz, NaVAbΔ28 and NaVAbΔ10 showed no 
use-dependent inactivation. NaVAbΔ7 showed ∼20–25% current 
decay during the first few pulses, after which the current stayed 
relatively constant (Fig. 5 A). On the other hand, NaVAbΔ3 had 
use-dependent inactivation similar to NaVAb WT (Fig. 5 A). Ap-
plication of 100-ms depolarizing pulses to 0 mV at 1 Hz resulted 
in ∼30% current decay for NaVAbΔ28 and NaVAbΔ10, 40% cur-

rent decay for NaVAbΔ7, and ∼70% current decay for NaVAbΔ3, 
but with slow kinetics compared with NaVAb/WT. Overall, these 
results lead to the surprising conclusion that the most distal seg-
ment of the C-terminal tail is required for late use-dependent 
inactivation of NaVAb.

Structural basis for multiphase inactivation of NaVAb
As a first step toward understanding the structural basis for the 
striking effects of mutations of Thr206, the S6 segment, and the 
C-terminal tail in multiphase inactivation of NaVAb, we set out to 
analyze the structures of the NaVAb mutants with progressively 
truncated C-terminal tail domains using x-ray crystallography. 
We were not able to solve the structures of crystals formed by 
NaVAbΔ10, NaVAbΔ7, and NaVAbΔ3. However, the high-resolu-
tion structure of NaVAbΔ28 (Fig. 6 A and Table S2) has given key 
insights into the conformations of the S6 inactivation gate, the 
C-terminal tail, and the region of Thr206 and nearby residues.

Structure of NaVAbΔ28 with a closed pore
The structure of the S6 segments of NaVAbΔ28 precisely over-
lays the closed-state structure of NaVAb/FY through the level 
of the truncation at the intracellular surface of the membrane 
(Fig.  6  B), leading us to assign it as a putative closed state as 
demonstrated directly for NaVAb/FY (Lenaeus et al., 2017). The 
activation curve of NaVAbΔ28 (Fig. 2 B) is shifted ~21 mV com-
pared with NaVAbΔ40, which was crystallized in a putative open 
state (Lenaeus et al., 2017), indicating that the closed state is pre-
ferred in NaVAbΔ28. Analysis with MOLE also indicates that the 
pore is closed at the activation gate (Fig. 6 C, tan) at the positions 
of Ile271 and Met221 (Fig. 6 C, sticks). The closed conformation 
of the activation gate of NaVAbΔ28 is further illustrated by the 
surface representation of the structure at the levels of Ile217 and 

Figure 2. Effects of C-terminal truncation on the 
voltage dependence of activation and inactivation. 
(A) A cartoon of NaVAb showing the different truncations 
of the C-terminal tail domain. (B) G–V curves of NaVAb/
WT and C-terminal truncated constructs: NaVAb/WT, 
V1/2 = −97 ± 1.4 mV (black, n = 7); NaVAbΔ40, V1/2 = −110.7 
± 2.1 mV (red, n = 5); NaVAbΔ28, V1/2 = −90.1 ± 1.5 mV 
(blue, n = 8); NaVAbΔ10, V1/2 = −90.7 ± 0.8 mV (green, n 
= 4); NaVAb/Δ7, V1/2 = -104 ± 2 mV (gold, n = 5); and NaV-
AbΔ3, V1/2 = −89.1 ± 0.8 mv (gray, n = 4) (C) Steady-state 
inactivation curves of the constructs. NaVAb/WT, V1/2 = 
−119 ± 1.1 mV (black, n = 5); NaVAbΔ40, V1/2 = −116.1 ± 4.4 
mV (red, n = 5); NaVAbΔ28, V1/2 = −106.7 ± 0.6 (blue, n = 
3); NaVAbΔ10, V1/2 = −109.7 ± 0.6 mV (green, n = 5); NaV-
AbΔ7, V1/2 = −104.7 ± 0.4 mV (gold, n = 3); and NaVAbΔ3, 
V1/2= −121.7 ± 0.4 (gray, n = 5). Error bars represent SEM.
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Met221 at the intracellular ends of the four S6 segments, which 
interact to seal the activation gate nearly completely (Fig. 6 D). 
The diameters of the pore estimated from the contours of the 
amino acid residues shown in Fig. 6 D are 2.1 Å at I217 and 0.8 Å 
at M221, both far smaller than hydrated Na+. Because NaVAbΔ28 
is fully functional, unlike NaVAb/FY (Lenaeus et al., 2017), it 
provides a valuable additional structural model of the closed 
state of the pore.

C-terminal tail
Previously published crystal structures of NaVAb have omit-
ted the C-terminal domain because of poorly resolved electron 
density in this region (Payandeh et al., 2011, 2012), except for a 
study of a constitutively closed NaVAb mutant, NaVAb/FY, which 
resolved clear electron density for the C-terminal domain and al-
lowed determination of its structure at high resolution (Lenaeus 
et al., 2017). In that structure, the C-terminal tail of NaVAb 
formed a long four-helix bundle, as has been observed in other 
bacterial NaV channels (McCusker et al., 2012; Bagnéris et al., 
2013; Shaya et al., 2014). Similarly, we found that the C-terminal 
tail of NaVAbΔ28 also forms a four-helix bundle (Fig. 6, A and B). 
Its structure precisely overlaps the C-terminal of NaVAb/FY, even 

though it is missing the last 28 amino acid residues. The inter-
subunit hydrogen-bonding pattern that stabilizes the four-helix 
bundle is completely conserved, as illustrated for Glu228, Glu229, 
and His231 in Fig. S3 (B and C). The striking structural similarity 
between NaVAbΔ28 and NaVAb/FY, despite truncation of 28 resi-
dues in the C terminus, suggests a limited range of conformations 
for this domain. Moreover, the structure of NaVAbΔ28 shows that 
even large truncations of the C-terminal tail do not disrupt its 
four-helix bundle structure and therefore support the conclusion 
that more subtle molecular changes must be responsible for the 
functional effects of NaVAbΔ28, NaVAbΔ10, and NaVAbΔ7 in the 
early and late phases of voltage-dependent inactivation.

Thr206
To search for structural changes that accompany the striking 
functional effects of mutations of Thr206, we compared the 
relevant regions of the structures of NaVAb/WT, NaVAb/T206A, 
and NaVAb/T206V determined in NaVAb constructs with differ-
ent functional states of the pore: NaVAbΔ40 (open, equivalent to 
NaVAb/1–226; Lenaeus et al., 2017), NaVAb/WT (inactivated), and 
NaVAbΔ28 (closed). The structures surrounding Thr206 in these 
three states were quite similar (Fig. 7 A; RMSD 1.05 Å between 

Figure 3. Truncation of the C-terminal tail accelerates the early phase of inactivation. (A) Cells were held at −180 mV, and 50-ms depolarizing pulses were 
applied in 10-mV steps from −180 mV to +50 mV. Top: Comparison of NaVAbΔ40 inactivation during the pulse (red) to NaVAb/WT (black) during a depolarizing 
pulse from a holding potential of −180 mV to −80 mV. Bottom: Time constant of the decay of current during depolarizations to the indicated potentials for 
NaVAbΔ40 (red, n = 4) and NaVAb/WT (black, n = 7). The NaVAb/WT inactivation time constants were adapted from previous work (Gamal El-Din et al., 2013) 
for ease of comparison. (B) Time to peak current for NaVAbΔ40 (red) and NaVAb/WT (black; n = 5–7). (C) Top: Representative normalized current traces during 
a depolarizing pulse from a holding potential of −180 mV to −80 mV. Time constant of inactivation for NaVAbΔ40 (red), NaVAbΔ28 (blue), NaVAbΔ10 (green), 
NaVAbΔ7 (gold), and NaVAbΔ3 (gray); n = 4–11. The inactivation time constants were estimated using the equation yo + A(exp(−t/τ). (D) Time to peak current 
of the C-terminal truncated constructs, color coded as in C (n = 6–7). Error bars represent SEM.
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NaVAbΔ40 and NaVAb/WT; RMSD 1.20 Å between NaVAb/WT 
and NaVAbΔ28). Although the local conformations surrounding 
Thr206 in these three states are quite similar, significant changes 
in the distance of the hydroxyl group of Thr206 relative to 
Met174 at the inner end of the ion selectivity filter are observed: 
5.5 Å in the putative closed state structure, 3.6 Å in the putative 
open state structure, and 6.1 Å in the putative inactivated state 
structure (Fig. 7 A). In addition, a hydrogen bond is observed be-
tween Thr206 and Ile210 in the closed state, it is lost in the open 
state, and it is reformed but at greater distance and more oblique 
angle in the inactivated state (Fig. 7 A). The movement of Thr206 
within 3.6 Å of Met174 in the open state may allow formation of a 
weak hydrogen bond, which is lost upon inactivation (Fig. 7 A). In 
contrast to the open state, in which the S6 helix is kinked and the 
side chain of Thr206 has moved closer to underside of the pore 
helix (Lenaeus et al., 2017; Fig. 7 A), the S6 helix is linear in the 
closed state, allowing the hydrogen bond to Ile210 to form again 
and the side chain of Thr206 to move significantly farther away 
from the pore helix (Figs. 7 A and S3 A). When examined at high 
resolution, the close fit of the electron density to the model in a 
simulated annealing omit map confirms the important confor-

mational differences at this key site of bending in the S6 helix as 
the channel moves to the inactivated state (Fig. S3 A).

This series of transitions among functional states also induces 
clear structural changes in the intracellular activation gate. The 
distal portions of the S4–S5 linker helix and S6 helix move toward 
the pore axis during the transition between the putative open 
and inactivated states (Fig. 7 B, arrows). This movement creates 
the partial asymmetric collapse of the S6 segments in the inacti-
vated state, with two S6 segments moving toward the axis of the 
pore and two moving away (Payandeh et al., 2012; Zhang et al., 
2012). Similar movements of these segments away from the axis 
of the pore are observed in the transition from the inactivated 
state to the closed state (Fig. 7 C, arrows). A crucial result of this 
movement is to return the activation gate to a fourfold symmet-
ric square conformation in readiness for eventual reopening in 
a concerted transition to the conducting state. Collectively, these 
data support earlier conclusions regarding asymmetric pore col-
lapse in the transition from the open state to the inactivated state 
(Payandeh et al., 2012; Zhang et al., 2012) and further show that 
the pore conformation returns to fourfold symmetric configura-
tion in the transition from the inactivated state to the closed state 

Figure 4. Truncation of the C-terminal tail abolishes late use-dependent inactivation. (A) Representative current traces showing late use-dependent 
inactivation of NaVAb WT (black) and loss of late use-dependent inactivation in NaVAbΔ40 (red). (B) Peak inward currents recorded during each pulse in trains 
of depolarizations at 0.2 Hz and normalized to the current produced by the first depolarization of the train for NaVAbΔ40 (7 ms, red, n = 7; 100 ms, pink, n = 5) 
and NaVAb/WT (7 ms, black, n = 7; 100 ms, gray n = 11). (C) Top: Representative currents recorded during each pulse in trains of depolarizations at 1 Hz. Bottom: 
Normalized currents during each depolarizing pulse for NaVAbΔ40 (red, n = 3) and NaVAb/WT (black, n = 5). (D) Top: Representative currents for NaVAb40 (red) 
during 100-ms conditioning pulses followed by 20-ms test pulses. Bottom: Voltage dependence of inactivation for NaVAb40 (red) compared with NaVAb/WT 
(black), as reported previously (Lenaeus et al., 2017). Error bars represent SEM.



Journal of General Physiology
https://doi.org/10.1085/jgp.201711884

Gamal El-Din et al. 
Molecular dissection of sodium channel inactivation

181

in preparation for the next pore opening. The fourfold symmetric 
conformation of the closed activation gate in our original struc-
ture of NaVAb/I217C in the preopen state (Payandeh et al., 2011) 
fits closely with this proposed series of conformational transi-
tions that control movement of Na+ through the activation gate.

The structures of the S6 helices of NaVAb/T206A, NaVAb/
T206S, and NaVAb/T206V were similar to WT when studied in 
the closed state in NaVAbΔ28 (Fig. 8, A and B). Close inspection 
of the structures at position 206 helps explain the relationship 
between side-chain volume and channel gating (Fig. 8 B). The 
relatively large side chains of Thr206 and Val206 leave a dis-
tance of ∼5 Å between the nearest S6 residue and the under-
side of the pore helix, when measured from the center of the 
closest nonhydrogen atom at position 206 and the center of the 
main chain carbonyl oxygen of Met174. The smaller side chains 
of Ala206 and Ser206 leave a larger distance between the same 
points (in the range of 6.1–6.7 Å), perhaps explaining the effect of 
side-chain volume on activation and inactivation gating. To fur-
ther study this point, we made models of the mutants at position 
206 in the open-state structure of NaVAb (Fig. 8 C). Each model 

was created by mutating the side chain of T206 into the most 
frequent rotamer of the substituted amino acid. Native Thr206 
(Fig. 8 C, T206) shows a distance of 3.6 Å between the hydroxyl 
oxygen of Thr206 and the main-chain carbonyl of Met174, while 
mutations to Ala (A206) or Val (V206) have distances of 5.2 Å 
and 3.7 Å, respectively. In contrast, introducing Leu (L206) re-
sulted in a distance of 2.9 Å between the side chain and the car-
bonyl of Met174 and introducing Phe (F206) gave a distance of 
1.4 Å. These distances are both less than the sum of the van der 
Waals radii of the nearest atoms (3.2 Å for the terminal carbon 
of Leu and the carbonyl of Met174, and 3.4 Å for the carbon at 
the edge of the phenyl ring of Phe and the carbonyl of Met174). 
Thus, these larger side chains create a steric clash between the 
S6 helix in the open conformation and the underside of pore 
helix. These apparent structural clashes are consistent with our 
finding that these mutants can be expressed as protein but do 
not activate (Lenaeus et al., 2017; unpublished data for T206L). 
We speculate that these larger side chains exceed the available 
space and thereby prevent activation. It would be interesting to 
have structures of NaVAb constructs with these substitutions in 

Figure 5. Graded effects of C-terminal tail truncations on late use-dependent inactivation. (A) Top: Current traces elicited by applying 100-ms depolariz-
ing pulses from a holding potential of −180 mV to 0 mV at 0.2 Hz for different truncated constructs. Bottom: Peak inward currents measured during each train 
of pulses and normalized to the current produced by the first depolarization of the train for NaVAb/WT (black, n = 7), NaVAb 40 (red, n = 7), NaVAb 28 (blue, 
n = 12), NaVAb 10 (green, n = 5), NaVAb 7 (yellow, n = 9), and NaVAb 3 (gray, n = 5). (B) Top: Current traces elicited by 100-ms depolarizations from a holding 
potential of −180 mV at 1 Hz with different constructs. Bottom: Use-dependent inactivation profile of the different constructs during application of 100-ms 
repetitive pulses applied at 1 Hz. NaVAb WT (black, n = 7), NaVAbΔ40 (red, n = 11), NaVAbΔ28 (blue, n = 6), NaVAbΔ10 (green, n = 5), NaVAbΔ7 (yellow, n = 6), 
and NaVAbΔ3 (gray, n = 5). Error bars represent SEM.



Journal of General Physiology
https://doi.org/10.1085/jgp.201711884

Gamal El-Din et al. 
Molecular dissection of sodium channel inactivation

182

the open state. Unfortunately, we could not solve the structures 
of any T206 mutations in the NaVAb/Δ40 construct that allows 
determination of the open-state structure.

Discussion
A hinge region in the S6 segment initiates activation and early 
voltage-dependent inactivation
It has been suggested that slow inactivation of bacterial NaV chan-
nels occurs through a C-type inactivation mechanism involving 
conformational changes in the pore (Pavlov et al., 2005). Previ-
ous crystallographic studies revealed asymmetric pore collapse as 
the likely structural mechanism for inactivation (Payandeh et al., 
2012; Zhang et al., 2012). However, it is unknown how voltage-de-
pendent activation of the channel is linked to voltage-dependent 
inactivation and asymmetric collapse of the pore. Structure–func-
tion studies suggested that both activation and inactivation of bac-
terial NaV channels occur via twisting and bending movements of 
the S6 pore-lining helix at a Gly hinge, such as Gly219 in NaChBac 
(Zhao et al., 2004b). The same mechanism has been proposed 
for the bacterial K+ channels KcsA and MthK (Cuello et al., 1998; 
Perozo et al., 1999; Jiang et al., 2002a,b). In NaChBac, mutation of 
the neighboring Thr residue (Thr220) also greatly slows the early 
phase of slow inactivation (Zhao et al., 2004a,b; Lee et al., 2012). 
Here, we have found through mutagenesis and structural studies 
that Thr206 is part of a voltage-dependent coupling hub in NaVAb, 
as indicated by the strong reciprocal shifts in the kinetics and volt-
age dependence of activation versus inactivation in the mutants 

T206A/S/G compared with T206V. 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 couples activation to the multiphase process of inac-
tivation. Our structural studies provide a potential rationale for 
this mechanism. As illustrated in Fig. 7 (A and B), we find that the 
S6 helix kinks at the level of Thr206 during activation and then 
unkinks during inactivation. The kinking and unkinking of S6 is 
accompanied by a change in the position and potential binding 
partners of the side chain of Thr206, with the activated, kinked 
conformation having its Thr206 side chain closer to the underside 
of the pore helix and the unkinked conformation of S6 having its 
Thr206 side chain within hydrogen-bonding distance of the main 
chain of the S6 segment. Side-chain volume is the critical factor in 
determining how the hinge at Thr206 position interacts with the 
bottom of the selectivity filter. The early voltage-dependent phase 
of inactivation may be initiated by repulsion between Thr206 in 
the S6 helix and Met174 on the underside of the pore helix, which 
would provide a potential mechanism for larger side chains in 
this position to accelerate inactivation and smaller side chains to 
delay inactivation.

The C-terminal tail opposes inactivation during single 
depolarizations
Asymmetric collapse during inactivation alters the conformation 
along the full length of the pore from the extracellular vestibule 
and selectivity filter to the intracellular activation gate (Payandeh 
et al., 2012; Zhang et al., 2012). Therefore, conformational changes 

Figure 6. The structure of NaVAbΔ28. (A) The overall fold of NaVAbΔ28 is shown as cartoon helices, with one of the four monomers highlighted in red. Left: 
Top view. Right: Side view. (B) Ribbon overlay of NaVAbΔ28 (dark red) and NaVAb/T206F/V213Y (PDB accession no. 5VB8, blue). The inset shows a close-up 
view of the overlay in the region of the S6 helix and activation gate. (C) Side view of the pore domain of NaVAbΔ28, with one subunit highlighted as in A and one 
subunit removed for clarity. The solvent-accessible volume derived from the program MOLE is shown in wheat color to illustrate the closed activated gate at 
the level of Ile217 (left) and Met221 (right), which are shown in stick format. Arrows are shown to demonstrate the diameter of the activation gate at the level 
of the sidechain of I217 or M221, respectively. (D) The four S6 helices are shown at the level of the activation gate residues: Ile217 (left) and Met221 (right). The 
contours illustrate these amino acid residues in space-filling format. From the contours, we estimate that the orifice of the activation gate has a diameter of 
2.3 Å at Ile217 and 1.5 Å at Met221. CTD, C-terminal domain; FY, NaVAb/FY; Δ28, NaVAb/Δ28. 
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Figure 7. Conformational changes accompanying gating of NaVAb. (A) Close-up views of the S6 helix near Thr206 during the closed, open, and inactivated 
states of NaVAbΔ28, NaVAb/1–226 (cyan, open; equivalent to NaVAbΔ40) and NaVAb/WT (yellow, inactivated). The main chain of each model is shown in stick 
format, as is the side chain of Thr206. All other side chains have been removed for clarity. Possible hydrogen bonds are shown as black dashes, and a broken 
hydrogen bond between the carbonyl of Thr206 and amide of Ile210 is shown in gray in the middle panel. (B) An overlay of NaVAb/1–226 (cyan, open; equivalent 
to NaVAb 40) and NaVAb/WT (yellow, inactivated) with the view as if one is standing below the membrane and looking upward along the permeation pathway. 
Voltage sensors have been removed for clarity, and arrows show the conformational changes associated with the transition from the open to the inactivated 
state. (C) An overlay (as in B) showing a comparison between NaVAb/WT (yellow, inactivated) and NaVAbΔ28 (magenta, closed). As in B, arrows highlight the 
conformational changes associated with the transition between states.

Figure 8. The structures of Thr206 mutants. (A) Side view of the isolated S6 helices of NaVAbΔ28 (dark red), NaVAbΔ28/T206A (green), NaVAbΔ28/T206S 
(blue), and NaVAbΔ28/T206V (orange). (B) Stick models are shown for each of the mutations in A, with focus on the 206 position of the S6 helix and the nearby 
portion of the pore helix. Coloring is as in A. Distances between the centers of the atoms of the side chain at position 206 and the main-chain carbonyl of Met174 
are displayed in black in order to illustrate the differences among these mutations. Two rotamers are shown for T206S (blue), as determined in the crystal 
structure. (C) Hypothetical positions of Thr206 mutations in the open state (PDB accession no. 5VB2), with (from left to right) Thr206 (WT), T206A, T206V, 
T206L, and T206F. In each case, the model was created by substituting the Thr206 position with the amino acid shown, without energy minimization or any 
other rotamer selection. Rotamers selected are the most commonly encountered in the PDB and are meant to be illustrative of space constraints.
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in the C-terminal tail extending beyond the activation gate might 
also affect the early phase of inactivation. We found that C-ter-
minal truncations modulate early voltage-dependent inactiva-
tion during single depolarizations. 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 activation. These increases in the rate of the early 
phase of inactivation of NaVAb with progressive truncation of 
the C-terminal tail reflect loss of voltage dependence, as if trun-
cation 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., 2010). In contrast, previous studies found that deleting the 
C-terminal tail of NaVSulP and NaVMs slowed the early phase of 
inactivation during single depolarizations, and point mutations 
that disrupt the four-helix bundle also caused that effect (Irie et 
al., 2012; Bagnéris et al., 2013). Similarly, deleting the C-terminal 
domain or mutating specific residues within it is a prerequisite 
for function of the bacterial sodium channel NaVAe (Arrigoni et 
al., 2016). These results suggest that the C-terminal domain can 
modulate the voltage dependence and kinetics of the early phase 
of voltage-dependent inactivation of different NaV channels over 
a wide range, from locking the channel in an inactivated state to 
more subtle modulation of the rate of inactivation in different di-
rections, depending on the molecular context.

The C-terminal tail is required for late use-
dependent inactivation
Truncation of the C-terminal tail of NaVAb/WT removes the late 
use-dependent phase of inactivation, which seems to be unique 
to NaVAb among bacterial NaV channels studied to date. Cutting 
10 residues from the distal end of the tail was sufficient to abolish 
use-dependent inactivation at a low frequency (0.2 Hz); however, 
at a higher frequency (1 Hz), ∼20–30% use-dependent inactiva-
tion occurs during the first few pulses, and then the peak current 
stays constant for up to 50 pulses. The distal 20 residues of the 
tail, comprising a coiled-coil region, are hydrophobic (9 hydro-
phobic residues out of 20) compared with proximal part that is 
mostly hydrophilic (4 hydrophobic residues out of 20). These 
hydrophobic interactions in the coiled coil likely help to stabilize 
the distal part of the tail in the four-helix bundle structure. How-
ever, our crystal structure of NaVAbΔ28 indicates that the distal 
C-terminal tail is not required to maintain the four-helix bundle. 
Evidently, the strong effects of the Δ7, Δ10, and Δ28 mutations on 
late use-dependent inactivation do not require unwinding of the 
four-helix bundle.

Arrigoni et al. (2016) showed that the proximal part of the 
C-terminal domain (the “neck” domain) is subject to tempera-
ture-dependent unfolding transitions during gating, while the 
coiled-coil part stays intact. They found that only the neck has 
a major effect on activation, with just a minor role for the coiled 
coil. Their experiments did not reveal a major effect of the C-ter-
minal domain on the rate of inactivation, again illustrating that 
control of late use-dependent inactivation by the C-terminal do-
main depends on its molecular context and may serve different 
functions in different bacterial NaV channels.
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