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Slow inactivation in voltage-gated sodium channels (NaVs) directly regulates the excitability of neurons, cardiac myocytes, 
and skeletal muscles. Although NaV slow inactivation appears to be conserved across phylogenies—from bacteria to 
humans—the structural basis for this mechanism remains unclear. Here, using site-directed labeling and EPR spectroscopic 
measurements of membrane-reconstituted prokaryotic NaV homologues, we characterize the conformational dynamics of 
the selectivity filter region in the conductive and slow-inactivated states to determine the molecular events underlying 
NaV gating. Our findings reveal profound conformational flexibility of the pore in the slow-inactivated state. We find 
that the P1 and P2 pore helices undergo opposing movements with respect to the pore axis. These movements result in 
changes in volume of both the central and intersubunit cavities, which form pathways for lipophilic drugs that modulate 
slow inactivation. Our findings therefore provide novel insight into the molecular basis for state-dependent effects of 
lipophilic drugs on channel function.
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Introduction
Voltage-gated sodium channels (NaVs) are an established molecu-
lar target in the treatment of neuropathic pain, cardiac arrhyth-
mia, and epilepsy (Kaczorowski et al., 2008; Nardi et al., 2012; 
Catterall and Swanson, 2015). The therapeutic drugs currently in 
use to treat these conditions inhibit NaV activity by blocking the 
channel pore and allosterically shifting the gating equilibrium 
toward the resting or inactivated state (Hille, 2001; Catterall, 
2012). The NaV open state is transient in nature and rapidly ter-
minated by entry into inactivated states. In addition to the fairly 
well-understood mechanism of fast inactivation, which takes 
place within milliseconds and is believed to involve a physical 
pore block by a region between domains III and IV (Armstrong 
et al., 1973; Rojas and Rudy, 1976), NaVs also exhibit inactivation 
on the slower timescales (seconds to minutes), the mechanisms 
for which are still unclear (Rudy, 1978). Slow inactivation reduces 
the availability of channels after a high-frequency stimulation 
or a prolonged depolarizing pulse, and manifests as hysteresis 
or “memory” of previous excitation (Narashashi, 1964; Toib et 
al., 1998). Consequently, slow inactivation regulates cellular ex-
citability and controls neuronal properties such as firing rates 
and spike-frequency adaptation. The onset and recovery of slow 
inactivation varies over several orders of magnitude based on the 
frequency, amplitude, and duration of the activating pulses, and 
suggests that there may not be just one underlying mechanism, 

but rather a complex interplay of multiple processes involving 
different regions of the channel (Narashashi, 1964; Toib et al., 
1998; Ulbricht, 2005).

The structural basis for slow inactivation has remained elu-
sive, partly because mutational hotspots that alter this process 
are distributed throughout the channel (Silva, 2014; Ahern et 
al., 2016). Based on the effects of toxins, permeant ions, and 
pore blockers, the selectivity filter (SF) region is implicated as 
the active center for slow inactivation, analogous to the C-type 
inactivation in K+ channels (Balser et al., 1996a; Townsend and 
Horn, 1997; Sandtner et al., 2004; Szendroedi et al., 2007; Capes 
et al., 2012). Mutations elsewhere in the protein, such as in the 
voltage-sensing domain (VSD), the S4-S5 linker, and the C-ter-
minal end of S6, also dramatically alter slow inactivation (Ruben 
et al., 1992; Kontis and Goldin, 1997; Capes et al., 2012; Silva and 
Goldstein, 2013; Lenaeus et al., 2017). Therefore, understanding 
the multifaceted cross-talk between different regions of the NaV 
channel leading to slow inactivation has been a herculean task.

Prokaryotic NaVs, with their overall structural, functional, 
and pharmacological conservation (Ren et al., 2001; Shaya et 
al., 2011; McCusker et al., 2012; Zhang et al., 2012; Sula et al., 
2017), are still the most tractable system to investigate the 
mechanisms of gating and modulation. This is because the in-
formation regarding protein dynamics in native membranes 
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can be directly combined with high-resolution structural data, 
and together these findings can be analyzed in the framework 
of detailed functional studies. Interestingly, although prokary-
otic NaVs lack fast inactivation, they appear to have preserved 
the hallmark features of slow inactivation (Pavlov et al., 2005; 
Lee et al., 2012; Payandeh et al., 2012; Zhang et al., 2012), and 
therefore, are ideal systems for probing the mechanism and 
regulation of this clinically critical NaV phenomenon. Crys-
tal structures of currently available NaV reveal the VSD in its 
activated or “up” conformation and the pore domain (PD) in 
a closed conformation (either symmetrically, as seen in NaV-

Ab-217C [Arcobacter butzleri] structures, or asymmetrically, as 
in NaVAb-WT and NaVRh [Rickettsiales sp. HIMB114]; Payandeh 
et al., 2011, 2012; Zhang et al., 2012) or in an open conforma-
tion (as in NaVMs [Magnetococcus marinus; Sula et al., 2017] 
and C-terminal truncated NaVAb [Lenaeus et al., 2017]). Addi-
tionally, the PD has been crystallized in either a closed (NaVAe 
[Alkalilimnicola ehrlichii]) or an open (NaVMs) conformation 
(Shaya et al., 2014; Naylor et al., 2016). The structures with a 
loss of fourfold symmetry (NaVAb-WT and NaVRh) are sug-
gested to represent slow-inactivated states. However, to what 
extent these structures represent conformations on the mem-
brane is still not resolved. Although the VSD conformation in 
these structures is as expected at 0 mV, the closed pore con-
formation is intriguing and in sharp contrast to the wide-open 
pores of all KV structures (Jiang et al., 2003; Long et al., 2005, 
2007). Although the loss of symmetry, as proposed, could be one 
potential mechanism of inactivation, conformational changes 
at the SF between the two NaVAb structures (WT and 217C) are 
rather subtle and likely to be insufficient to impede permeation 
of partially hydrated sodium ions (Payandeh et al., 2012). The 
structural differences also do not account for the observed dra-
matic differences in pore blocker accessibilities or affinities in 
the closed and inactivated conformations (Hille, 1977; Ragsdale 
et al., 1994; Nau and Wang, 2004; Fozzard et al., 2005). This 
leads us to the following question: What are the conformational 
changes at the SF region associated with NaV slow inactivation 
in a membrane environment?

A complete understanding of the conformational changes 
in the SF region during slow inactivation of NaV in a physiolog-
ical environment mandates a structural description of at least 
two conformational states: an activated-conductive state and a 
slow-inactivated conformation. Under steady-state conditions, 
at 0 mV membrane potential, the channels are expected to be 
predominantly in the slow-inactivated conformation. However, 
in NaV channels, the open conductive conformation is transient 
and structurally not accessible under equilibrium conditions. To 
circumvent this problem, we use the isolated PD as a surrogate 
for the conductive conformation. The isolated PD opens stochas-
tically and is less prone to slow inactivation, in the absence of 
the voltage-sensor domain. By using site-directed spin labeling 
and EPR spectroscopy, we map out differences in the spin label 
dynamics and solvent accessibility at equivalent positions in the 
two channel constructs. The extent of these changes is quanti-
fied by double electron-electron resonance spectroscopy (DEER) 
distance measurements to elucidate the conformational changes 
underlying slow inactivation.

Materials and methods
Cloning and protein expression
The full-length (NavSp1) and the PD construct (residues 
F122-K258, NavSp1-P) of voltage-gated sodium channel from 
Silicibacter pomeroyi in modified pET24b vector were a gift from 
Daniel Minor, Jr. (University of California, San Francisco, San 
Francisco, CA). NavSp1-pET24b construct carries an N-terminal 
His8-tag and HRV-3C protease cleavage site. NavSp1-P-pET24b 
construct carries an N-terminal His6-tag, maltose-binding pro-
tein, and HRV-3C protease cleavage site. Both proteins were 
expressed and purified using previously published protocols 
with modifications (Shaya et al., 2011). In brief, C43 (BL21 
(DE3)) Escherichia coli cells (Lucigen) transformed with the 
constructs were grown in 1L of Terrific Broth media containing 
50 µg/ml kanamycin (Gibco) at 37°C to OD600 of 0.4. Afterward, 
the temperature was reduced to 18°C and the cells were grown 
until the OD600 reached 1.0. The cells were then induced with 
0.4 mM isopropyl 1-thio-β-d-galactopyranoside (GoldBio) over-
night at 18°C. Membranes were prepared by homogenizing the 
cells in Buffer A (300 mM NaCl, 20 mM Tris-HCl, pH 8.0) with 
protease inhibitors (Roche), and centrifuged at 167,000 ×g for 
45 min. Unbroken cells and debris were separated by centrifu-
gation (14,000 ×g at 4°C, 15 min) and the supernatant was then 
ultracentrifuged (167,000 ×g at 4°C, 45 min) to pellet and sepa-
rate the membranes from the supernatant. NavSp1 and NavSp1-P 
membranes were solubilized in Buffer B (200 mM NaCl, 20 mM 
Tris base, 8% vol/vol glycerol, pH 8.0) supplemented with ei-
ther 40 mM n-dodecyl-β-d-maltopyranoside (DDM; Anatrace) 
or 40  mM n-decyl-β-d-maltopyranoside (DM; Anatrace), re-
spectively, at 4°C. NavSp1 was purified by binding to Ni-NTA 
(Ni2+ loaded on to agarose-derivatized nitriloacetic acid chela-
tion moiety) resin (Qiagen; equilibrated with Buffer B in 1 mM 
DDM) for 2 h, washed with Buffer B containing 20 mM imidazole 
(Sigma-Aldrich), 0.5 mM tris(2-carboxyethyl)phosphine (TCEP; 
Amresco), and 1 mM DDM, pH 7.4, and eluted with Buffer B con-
taining 300 mM imidazole, 1 mM DDM, and 0.05 mM TCEP, pH  
7.4. NavSp1-P was purified by binding to amylose resin (New En-
gland BioLabs), washed with Buffer B containing 0.5 mM TCEP 
and 2.7  mM DM, pH 7.4, and eluted with Buffer B containing 
40  mM maltose, 2.7  mM DM, and 0.05  mM TCEP, pH 7.4. The 
maltose-binding protein tag was cleaved with HRV-3C protease 
for 4 h at 4°C.

Site-directed spin labeling
One native cysteine in NavSp1 at position 51 (in the VSD) was 
mutated to serine and used as the template to generate mutants 
of interest. Removal of the VSD to generate the NavSp1-P con-
struct leads to a cysteine-less template. Mutant proteins were 
expressed similar to the WT constructs. The affinity purified 
protein was labeled with a methanethiosulfonate spin probe 
(1-oxyl-2,2,5,5-tetramethylpyrrolidin-3-yl) methyl methaneth-
iosulfonate (MTSL; Toronto Research) at a 10:1 label/protein 
molar ratio and incubated on ice for 1 h, after which a second 
dose of MTSL was added in a 5:1 molar ratio and further in-
cubated on ice for 1–5 h. The labeled protein was purified by 
size exclusion chromatography on a Superdex 20/200 column 
(GE Healthcare). Spin-labeled samples were reconstituted at 
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a 1:3,000 proteinlipid molar ratio in a mixture of asolectin or 
dioleoyl-3-trimethylammonium-propane (DOT AP; Avanti Polar 
Lipids) lipid, incubated with biobeads (80 mg) overnight at 4°C, 
and centrifuged (167,000 ×g at 4°C, 2 h) to obtain a pellet of the 
proteoliposomes.

EPR spectroscopy and analysis
Continuous wave (CW)–EPR spectroscopy (CW-EPR) measure-
ments were performed at room temperature on a Bruker EMX 
X-band spectrometer equipped with a dielectric resonator and 
a gas-permeable TPX plastic capillary. First derivative absorp-
tion spectra were recorded at an incident microwave power of 
2.0 mW, modulation frequency of 100 kHz, and modulation 
amplitude of 1.0 G. Our analyses were centered on two types 
of dynamic EPR structural information (Farahbakhsh et al., 
1992; Altenbach et al., 2005). The first is the mobility of the 
spin probe, calculated as the inverse of the central line width of 
the first derivative absorption spectra (ΔHo

−1). This parameter 
is governed both by the local steric contacts in the immediate 
vicinity of the probe and by the flexibility of the backbone to 
which it is attached (Mchaourab et al., 1996). As the frequency 
of nitroxide rotational motion is reduced, as witnessed in the 
presence of tertiary or quaternary contacts, the ΔHo

−1 value de-
creases for any particular motional geometry. On the contrary, 
structural motions leading to an increase in the probe’s freedom 
of movement is reflected as an increase in ΔHo

−1. The second is 
spin probe solvent accessibility evaluated by collisional relax-
ation methods. Here, nonpolar molecular oxygen (ΠO2) serves 
as a contrast agent to evaluate membrane accessibility, whereas 
polar Ni(П) ethylenediaminediacetic acid (ΠNiEDDA) reports 
the extent of aqueous exposure (Farahbakhsh et al., 1992; Gross 
and Hubbell, 2002). The accessibility parameter (П) is estimated 
from power saturation experiments in which the vertical peak-
to-peak amplitude of the central line of the first derivative EPR 
spectra is measured as a function of increasing incident micro-
wave power (Farahbakhsh et al., 1992).

DEER measurements
Intersubunit distances (<50 Å) were measured using DEER 
methods (Jeschke et al., 2002; Zou and McHaourab, 2010) for 
spin-labeled samples in detergents. The spin labeling efficiency 
was determined as the ratio of the molar concentration of spin 
label determined by CW-EPR spectra and the protein concentra-
tion determined at UV (280) absorbance using a nanodrop spec-
trometer. The protein concentration range included ∼250 µM, 
and the spin labeling efficiency ranged between 50–75% based 
on the position tested. Four-pulse DEER experiments were per-
formed using a Bruker ELE XSYS E580 spectrometer equipped 
with a SuperQ-FT pulse Q-band system with a 10-W amplifier 
and EN5107D2 resonator. The sample was loaded into a 1.1-mm 
inner diameter quartz capillary (Wilmad LabGlass) and mounted 
into the sample holder (plastic rod) inserted into the resonator. 
Dipolar time evolution data were obtained at 80 K using a stan-
dard DEER four-pulse sequence (π/2)mw1–τ1–(π)mw1–τ1–(π)
mw2–τ2–(π)mw1–τ2–echo (Pannier et al., 2000) at Q-band 
frequency (∼33.9 GHz). The experimental conditions included 
pulse lengths of 10 and 20 ns for (π/2)mw1 and (π)mw1, respec-

tively; 24 ns for (π)mw2, 80 MHz of frequency difference be-
tween probe and pump pulse, shot repetition time determined 
by spin-lattice relaxation rate (T1), 100 echo/point, and 2-step 
phase cycling. Data were collected out to ∼2.0 µs for overnight 
data acquisition time. DEER signals were background corrected 
assuming a 3-D homogeneous background and analyzed by the 
Tikhonov regularization in the DEER Analysis 2014 software 
(Chiang et al., 2005; Jeschke et al., 2006) to determine average 
distances and distributions in distance. The regularization pa-
rameter in the L curve was optimized by examining the fit of the 
time domain. The background factor takes into consideration 
contributions from intermolecular spin interaction leading to 
signal decay. Determination of the correct background subtrac-
tion is nontrivial and incomplete background correction could 
result in distance peak artifacts (Polyhach et al., 2007). This 
limitation is further confounded in liposome samples because 
of shorter dipolar evolution times, lower sensitivity, and higher 
background contribution through intermolecular interactions. 
Therefore, DEER data were collected in detergent samples, and 
for each dataset, different backgrounds were tested by moving 
the starting point of the background fit to identify the best fit. 
Previous studies confirm that there are no significant conforma-
tional differences in the detergent environment (Bagnéris et al., 
2014; Arrigoni et al., 2016).

To ensure that the distance peaks are real interspin distances 
and not ghost peaks arising as an artifact of the presence of mul-
tiple dipolar coupled spin labels in a symmetrical system, we per-
formed suppression of ghost distances using power scaling of the 
form factor (primary DEER data/background function) with an 
exponent ξN = 1/(1-N) with n = 4 (for four-spin system) in the 
DEER Analysis software (von Hagens et al., 2013; Fig. S3). The 
orientation dependence of DEER was assessed by measuring the 
effect of pump/probe position on the distance distribution for 
representative positions (Figs. S4, S5, and S6).

Electrophysiology
NavSp1 was cloned into the pIRES2-EGFP vector, and all the 
NavSp1 mutants were made using the QuickChange Site-Directed 
Mutagenesis kit (Stratagene) and sequenced before recordings. 
Human embryonic kidney cells (HEK-293) were grown at 37°C 
under 5% CO2, in Dulbecco's modified Eagle's medium supple-
mented with 10% FBS, 10% l-glutamine, and antibiotics (100 IU 
ml−1 penicillin and 100 mg ml−1 streptomycin). HEK-293 cells 
were transfected (in 35-mm-diameter wells) with PolyFect (Qia-
gen). Transfected cells were identified visually under the UV 
microscope by enhanced GFP expression. A whole-cell patch 
clamp was used to record Na+ current at room temperature (23 
± 2°C) 24 h post-transfection. Acquisition and analysis were per-
formed using an Axopatch 200B amplifier, digitized at 10 kHz 
sampling frequency, and analyzed using Clampfit 10.2. Pipettes 
were pulled from borosilicate glass capillaries to obtain 2.5 MΩ 
resistances. Pipette solution contained the following, in mM: 
120, Cs methane sulfonate; 8, NaCl; 10, EGTA; 2, Mg-ATP; and 20, 
HEP ES (pH 7.4 with CsOH). Bath solution contained the follow-
ing, in mM: 155, NaCl; 1, CaCl2; 1, MgCl2; 5, KCl; 10, HEP ES; and 10, 
glucose (pH 7.4 with NaOH).
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Electrophysiology in reconstituted liposomes
Electrophysiological measurements were made by patch-
clamp recordings in channel-reconstituted liposomes prepared 
as described earlier (Delcour et al., 1989; Cortes et al., 2001; 
Chakrapani et al., 2007; Velisetty and Chakrapani, 2012). Purified 
NavSp1-P from size exclusion chromatography was reconstituted 
into preformed asolectin vesicles (channels were reconstituted in 
1:10,000 protein/lipid) by diluting in 150 mM NaCl and 10 mM 
MOPS, pH 7.0 (reconstitution buffer). Detergent was removed 

by incubating the proteoliposome suspension with biobeads 
(Bio-Rad) overnight at 4°C. The suspension was centrifuged at 
100,000 ×g for 1 h and the pellet resuspended in reconstitution 
buffer. A drop of the proteoliposome was placed on a glass slide 
and dried overnight in a desiccator at 4°C. The sample was then 
rehydrated with 20 µl of buffer, which yielded giant liposomes. 
All current measurements were made at room temperature by 
inside-out patch clamping of proteoliposome under symmetrical 
NaCl concentrations. Recording pipettes were pulled from thin-

Figure 1. NavSp1-P pore-domain adopts a conductive conformation. (A) A schematic representation of the full-length NavSp1 with the VSD and the 
PD marked. Only two subunits are shown for clarity. An exemplar recording of NavSp1 whole-cell Na+ currents. The activation protocol consisted of 500-ms 
depolarization from −80 to +40 mV in 5-mV increments from a holding potential of −120 mV with a sweep-to-sweep interval of 4 s. The inset shows a typical 
response to 0-mV depolarization pulse, where the steady-state open probability is less than 5% of the peak value (left). NavSp1 currents elicited by pulse-pro-
tocol (shown above). At the end of a 0-mV prepulse, the test pulse to 10 mV evokes minimal inward current, indicating that the channels are inactivated at the 
end of the prepulse (right). (B) Single-channel recordings of NavSp1-P reconstituted in liposomes (a schematic of NavSp1-P shown above) show functionally 
active channels that stochastically open and close. The trace within the gray box is shown in an expanded scale. C and O denote the closed and open states. 
The dotted line marks the zero-current level. (C) Two diagonal subunits of closed-gate NaVAb crystal structure (PDB ID 3RVY) with the position at the bundle 
crossing (I215) shown as black spheres. The boxed regions highlight the activation gate and the selectivity filter region in the channel. Spin-normalized CW-EPR 
spectra of NavSp1-P I215C in asolectin membrane (bottom). Background-corrected Q-band DEER echo intensity is plotted against evolution time for I215R1 in 
DM (middle panel) and fit using model-free Tikhonov regularization. The Tikhonov L-curve is shown in the inset. The corresponding interspin distance distri-
bution with regularization parameter (α = 100) is shown in the right panel, with two distributions corresponding to the distances between the adjacent and 
nonadjacent subunits. For the position I215C, interspin distance distributions were simulated with NaV structures (PDB ID 3RVY for closed, orange; and PDB 
ID 3ZJZ for open, green) based on analysis of spin label rotamers using the MMM software package (Polyhach et al., 2007, 2011). Rotamer library calculations 
were conducted at 83 K.

3RVY
3RVY
3ZJZ
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walled borosilicate glass, heat-polished to a resistance of 1.5–2 
MΩ, and filled with 150 mM NaCl and 10 mM MOPS, pH 7.0. Cur-
rents were measured using Axopatch 200B, digitized at 10 kHz 
sampling frequency, and analyzed using Clampfit 10.2.

Online supplemental material
Figs. S1 through S6 present primarily methods and validation of 
the results obtained by CW-EPR and DEER spectroscopy.

Results
Slow inactivation is reduced in the isolated PD construct
The prokaryotic NaV homologue from S. pomeroyi (NavSp1) ex-
pressed in HEK-293 cells displays voltage-activated currents with 
a V1/2 value of 28.9 ± 0.5 mV (Fig. 1 A, left). The voltage-activated 
gating is right shifted in comparison to other bacterial NaV ho-
mologues (particularly in comparison with NaVAb, which has a 
V1/2 of −98 mV; Payandeh et al., 2011; Arrigoni et al., 2016; also 
see Fig. 2 B). In response to a test pulse of 0 mV, the channels 

are seen to activate and then inactivate within seconds, such that 
very little currents are seen at steady-state (highlighted by the 
red box in Fig. 1 A; a representative current trace shown in the 
inset). A second depolarizing pulse to +10 mV at the end of the 0 
mV pulse shows minimal current confirming that channel activ-
ity was lost because of inactivation (Fig. 1 A, right). In contrast, 
reconstituted isolated PD construct (referred to as NavSp1-P) 
shows robust steady-state currents (Fig. 1 B) with open proba-
bility as high as ∼0.7 (Shaya et al., 2011). This suggests that in 
the absence of the VSD, the isolated PD can open and close sto-
chastically with negligible voltage dependence. To determine the 
extent of opening at the S6-activation gate, we performed site-di-
rected spin labeling at a residue close to the S6 bundle-crossing 
(I215C) and measured the spectra by CW-EPR spectroscopy in 
reconstituted liposomes. The S6 bundle crossing is implicated to 
undergo widening as the channel opens (Sula et al., 2017), leading 
to differential solvent accessibilities in the closed and open states 
(Oelstrom and Chanda, 2016). If the S6 helices in NavSp1-P are 
closed as in the NaVAb structure, the near proximity of the spin 

Figure 2. Characterization of individual cysteine mutants. (A) Elution profiles from size exclusion chromatography for WT and representative spin-labeled 
cysteine mutants before reconstitution. (B) Whole-cell current traces for representative NavSp1 cysteine mutants recorded from HEK-293 cells in response to 
an activation protocol consisting of 500-ms depolarizations from −80 to +100 mV in 5-mV increments from a holding potential of −120 mV with a sweep-to-
sweep interval of 4 s. The bottom panel is the voltage dependence of activation for WT and cysteine mutants. The V1/2 of activation is WT (28.9 ± 0.5 mV, n = 
3); P156C (26.1 ± 0.5 mV, n = 3); D157C (25.5 ± 0.7 mV, n = 3); F170C (21.2 ± 1.1 mV, n = 4); V186C (29.0 ± 0.4 mV, n = 4); and V189C (29.0 ± 0.4 mV, n = 3). The 
vertical lines show SD from “n” individual measurements.
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labels (under 7 Å) will lead to dipolar broadening of the spectra. 
In contrast, we found minimal dipolar coupling at this position, 
suggesting that the helices are likely splayed open (Fig. 1 C, left). 
We then measured interspin distances at I215C between subunits 
using DEER. The resulting distance distribution profile is broad 
and reveals peaks at ∼22 and ∼32 Å for adjacent and diagonal 
intersubunit distances, respectively. These distances are longer 
than the expected distances for the closed channel (the cβ-cβ dis-
tances for adjacent and diagonal subunits are 7 and 14 Å in the 
closed NaVAb structure and are 18 and 26 Å in the open NaVMs-P 
structure; Payandeh et al., 2011; Naylor et al., 2016; Fig. 1 C, right). 
The experimental distance distribution was then compared 
with simulated DEER distances at the I215 position in the closed 
NaVAb and open NaVMs-P channels calculated using the Mul-

tiscale Modeling of Macromolecular systems (MMM) software 
package (Polyhach et al., 2007, 2011; Fig. 1 C). The overlay shows 
that the measured distribution aligns better with the distances 
calculated from the open NaVMs-P (green line) than the closed 
NaVAb (brown line), thereby revealing that the S6 in NavSp1-P is 
predominantly in the open conformation. Both electrophysiolog-
ical studies and EPR data lend support to the idea that NavSp1 and 
NavSp1-P are likely to be models for the slow-inactivated channel 
and the conductive pore, respectively.

Conformational differences between NavSp1 and NavSp1-P in a 
membrane environment
To probe the conformation of the pore in NavSp1 and NavSp1-P, 
we used site-directed spin labeling/CW-EPR methods in mem-

Figure 3. Conformational differences in the selectivity filter region of NavSp1 and NavSp1-P. Spin-normalized CW-EPR spectra for positions along the 
turret loop, P1 helix, and P2 helix in NavSp1 (red) and NavSp1-P (black). These regions are color-coded on the NaVAb structure (PDB ID 3RVY). Dotted lines 
marked as “i” and “m” represent the immobile and mobile components of the spectra, respectively. The two components may arise from two different rota-
meric orientations of the spin labels and/or from two conformational states of the protein in equilibrium. Arrows highlight positions with the most prominent 
differences in line shapes in the two channels.

3RVY
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brane-reconstituted channels. Structural differences were char-
acterized by a systematic evaluation of the probe dynamics and 
solvent accessibility (lipid versus water) of the pore region. CW-
EPR spectral analysis included the determination of two parame-
ters: (1) motional freedom of the nitroxide spin probe (ΔH0

1), which 
is measured as the inverse of the central line width of the first de-
rivative absorption spectra; this line shape parameter is used to 
assess changes in mobility, and thus about the changes in the local 
environment; and (2) solvent accessibility (Π) to either membrane 
or water measured by collisional relaxation in the presence of lip-
id-soluble oxygen (O2) and water-soluble ПNiEDDA, respectively.

Single-cysteine mutations in the outer pore region (the turret 
loop, P1 and P2 helices) were generated on a cys-less background 
(C51S). The residues comprising the SF (Gln171-Met180) were left 
unperturbed. The individual cysteine mutants were expressed in 
E. coli, purified, labeled with MTSL (Fig. 2 A), and reconstituted 
in asolectin membranes using previously established methods 
(McCusker et al., 2012; Velisetty et al., 2012). Because there is no 
simple cellular assay to rapidly check the functionality of each 
mutant, we chose representative cysteine mutants to assay the 
functionality by whole-cell patch clamp recordings in transiently 
transfected HEK-293 cells (Fig. 2 B). An overlay of the EPR line 
shapes for all of the positions studied in NavSp1 and NavSp1-P are 
shown in Fig. 3. A visual examination of the spectra shows prom-
inent differences in line shapes in the two channels at several 
positions in the turret loop, P1 and P2 helices (marked by black 
arrows). This is in sharp contrast to minimal changes observed 
in these regions in the crystal structures (Payandeh et al., 2011, 
2012; Sula et al., 2017). In general, NavSp1 spectra at these posi-
tions were more mobile in comparison to NavSp1-P, suggesting 
that the SF region is more dynamic in NavSp1. Notably, the spectra 
for most positions in the turret loop (Lys149-Phe159) of NavSp1 
revealed two distinct components: an immobile component that 
essentially overlaps with the NavSp1-P spectra (indicated by the 

light blue line) and an additional mobile component (indicated 
by the dark blue line). The two spectral components in the EPR 
signal could arise from two different scenarios. In one, there is 
an equilibrium between two distinct channel populations, and 
in each population, the spin label has a different environment. 
In the second, there are two spin-rotameric orientations for the 
channel in a given conformation, and these rotamers have dis-
tinct environments. Residues Gly163, Tyr167, and Phe170 in the 
P1 helix and residues Arg184 and Pro185 in the P2 helix show the 
most prominent increase in mobility in NavSp1 (black arrows in 
Fig. 3). Interestingly, these residues line an intersubunit cavity 
interfaced by P1 and P2 helices from adjacent subunits (Fig. 4). 
On the other hand, residues that show a decrease in mobility, par-
ticularly Ile182 and Val186, lie on the opposite face of the P2 helix 
away from the intersubunit cavity. These findings highlight the 
conformational differences in the SF region in membrane-recon-
stituted NavSp1 and NavSp1-P channels.

A complete plot of probe mobility (ΔH0
−1) and accessibility 

parameters is presented for NavSp1 and NavSp1-P (Fig. 5 A; see 
Materials and methods for details on the estimation of these 
parameters). Within each dataset, as expected, the turret loop 
and the P2 helix residues are highly mobile (top panel), and sev-
eral positions have substantial water exposure (bottom panel). 
The probe mobility clearly tracks the α-helical periodicity in the 
N-terminal end of the turret loop (residues 149–155) and the P2 
helix. The membrane boundaries are delineated by a drop in 
aqueous exposure at Phe154 and Val190 in the turret loop and P2 
helix, respectively. The buried environment of P1 is evident in its 
overall lower mobility and water/lipid accessibility. However, the 
most remarkable finding is that there are notable differences in 
the probe mobility and accessibility parameters between NavSp1 
and NavSp1-P channels at several positions. In addition to an 
overall increase in dynamics, the equivalent positions in NavSp1 
showed higher accessibility to lipids than NavSp1-P (marked by 
blue circles). When the differences in values of ΠΟ2 parameters 
between the two channels were mapped on the NaVAb structure, 
residues with higher lipid accessibility in NavSp1 were found 
to line the intersubunit cavity (Fig. 5 B). This also matches the 
pocket of increased side-chain dynamics (Fig. 4). A plot of the 
average lipid accessibility as a function of the mobility parameter 
(Fig. 5 C) reveals that the SF region is more dynamic and lipid-ex-
posed in NavSp1. This increase is most pronounced in the turret 
loop and followed by the P1 helix and then the P2 helix (Fig. 5 C; 
the length and the slope of the dotted lines). Based on these find-
ings, we suggest that the SF region is substantially different in the 
conformation adopted by NavSp1 and NavSp1-P.

Extent of conformational changes in the 
selectivity filter region
What is the conformational change that brings about the observed 
differences in mobility and lipid accessibility in the SF region? 
To quantify the magnitude of conformational differences be-
tween NavSp1 and NavSp1-P SF regions, we determined average 
interspin distances between the subunits in the two channels 
by Q-band DEER (see Materials and methods, Fig. S1). Because 
DEER measurements are complicated in liposome samples due 
to shorter dipolar evolution times, lower sensitivity, and higher 

Figure 4. A close-up view of the intersubunit cavity in the NaVAb struc-
ture. Residues that show a prominent increase in mobility in NavSp1 in com-
parison to NavSp1-P are shown in red, and those that show a decrease in this 
parameter are represented in blue. The residues with higher mobility values 
are found to line the intersubunit cavity, which is at the interface of P1 and P2 
helices from two adjacent subunits.
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background contribution, these measurements were collected in 
detergent samples. In each case, as expected for a symmetric te-
trameric system, the distance distribution shows at least two main 
components, one corresponding to the short adjacent distance and 
the other to the long nonadjacent distance (Fig. 6). For positions 
Ala153, Phe155, and Pro156 in the turret loop, the DEER distances 
in NavSp1-P are consistent with the NaV crystal structures (Cβ-Cβ 
distances calculated in NaVAb, PDB ID 3RVY, indicated by black 
dotted lines, Fig. 6). A comparison of the distance distribution for 
these positions in NavSp1 revealed an interesting trend of protein 
motion. Although the distance peaks for A153 were identical and 
essentially overlapped in both channels, the distance distribution 
for positions Phe155 and Pro156 in NavSp1 were broader and pro-
gressively moved toward longer distances when compared with 
NavSp1-P. Interestingly, simulated distance distribution calculated 
using MMM software (Polyhach et al., 2007, 2011) on the “poten-
tially inactivated” NaVAb structure (PDB ID 4EKW) also shows 

multiple peaks at several positions, arising from the loss of four-
fold symmetry (gray dotted lines, Fig. 6). Differences in distance 
distribution between NavSp1 and NavSp1-P were also observed for 
positions along P1 and P2 helices, albeit in the opposite direction. 
In comparison to NavSp1-P, for Tyr167 and Phe170 in the P1 helix, 
the NavSp1 distance peaks had additional components that ap-
peared at shorter distances. On the other hand, for positions along 
P2 helix, namely Val183, Arg184, Val186, Val189, and Trp194, the 
DEER distributions consistently had longer components in NavSp1. 
These results point to a rearrangement of the P1 and P2 helices 
with respect to each other, such that P1 helix moves closer to the 
pore axis, whereas P2 helix moves away from it.

Conformation of the SF region with the VSD in its 
“down” conformation
To further assess if the observed conformational differences in SF 
region in NavSp1 and NavSp1-P indeed reflect structural changes 

Figure 5. EPR environmental parameters reveal conformational differences in the membrane-embedded NavSp1 and NavSp1-P. (A) A plot of residue 
environmental parameters for NavSp1-P (shown in gray) and NavSp1 (shown in color). ΔHo

−1 parameter (top); O2 accessibility, ΠO2 (middle); water accessibility, 
ΠNiEDDA (bottom). The EPR parameters for continuous positions are linked by solid lines. Residues that were not studied (because of sub-optimal expression/
oligomeric stability) appear as gaps. Positions revealing prominent changes are highlighted within blue circles. (B) Difference in ΠO2 values between the NavSp1 
and NavSp1-P are mapped on the NaVAb structure (PDB ID 3RVY) and color-coded, red denoting an increase and blue representing a decrease in the environ-
mental parameter. (C) A plot of the average lipid accessibility (ΠO2) as a function of the average mobility parameter ΔHo

−1 for the turret loop (yellow), P1 helix 
(green), and P2 helix (magenta). The light gray boxes represent NavSp1-P, and the black boxes denote NavSp1. The dotted lines connecting the light and black 
boxes for each region signify the magnitude of difference between the EPR environmental parameters in the two channels.

3RVY
4EKW
3RVY
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accompanying slow inactivation, we probed the conformation of 
NavSp1 when it is in a potentially resting conformation. We ex-
pect that the SF region of the channel in its resting state should 
adopt a conformation closer to that of the conductive conforma-
tion. Transitions to the resting conformation require application 
of negative membrane potentials in liposomes, a process that is 
harder to achieve under our current EPR conditions. However, 
several studies have shown that lipids with positively charged 
head groups (such as 1,2-dioleoyl-3-trimethylammonium pro-
pane [DOT AP]) promote the “down” state of the VSD (Schmidt et 
al., 2006). Therefore, the lipid-mediated shifts in activation can 
be used to control the functional state of the channel (even in the 
absence of a membrane potential; Li et al., 2014). Interestingly, 
these conformations have been shown to be equivalent to that 
driven by voltage (Zheng et al., 2011).

To test if the SF region conformation in NavSp1 resting state 
is similar to that of NavSp1-P, we reconstituted representative 
spin-labeled NavSp1 mutants in the P2 helix in DOT AP lipids. The 
measured CW-EPR spectra under these conditions were com-
pared with NavSp1 and NavSp1-P spectra in asolectin. In asolectin, 
positions Ile182 and Val186 are more immobile in NavSp1 than in 
NavSp1-P (Fig. 7, left panel). In DOT AP, these positions become 
more mobile (Fig. 7, right panel) such that they now closely re-
semble NavSp1-P spectra (Fig. 7, middle panel, gray box). In con-
trast, Val189 is more mobile in NavSp1 compared with NavSp1-P, 
but in DOT AP, its mobility decreases with the appearance of 
the immobile component. To verify that the observed effects 
on spectral line shapes in NavSp1 reconstituted in DOT AP arose 
from conformational changes induced by the VSD, we measured 
the spectra of DOT AP-reconstituted Ile182 and Val186 mutants 

Figure 6. Extent of conformational change measured by DEER spectroscopy. NaVAb structure showing the positions investigated by DEER (PDB ID 
4EKW). Fit to the background subtracted DEER echo intensity is plotted against evolution time. The corresponding interspin distance distribution (right) for 
the NavSp1-P (black) and NavSp1 (red) for different spin-labeled positions. The two expected distances (Cβ–Cβ) from the adjacent and nonadjacent subunits 
in NaVAb crystal structure are shown in black dotted lines. The shorter distance is from the adjacent subunits and the longer from the diagonal subunits. The 
dotted gray lines are distance distributions from rotamer simulation for respective positions on PDB ID 4EKW (potentially slow-inactivated NaVAb conforma-
tion) using MMM. The arrows highlight the direction of change. Asterisk denotes distance peaks that may arise from intermolecular spin interactions between 
individual tetramers.

4EKW
4EKW
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on the NavSp1-P template (Fig. S2). As expected, there were no 
differences in the line shapes from asolectin and DOT AP samples, 
confirming that DOT AP had no effect on the dynamics of the PD. 
Therefore, the pore conformation in NavSp1 is sensitive to the 
membrane lipid environment and capable of switching between 
resting and inactivated conformational states.

Functional validation of the proposed model
The CW and pulsed EPR data reveal conformational differences 
in the pore region of NavSp1-P and NavSp1, which suggests that 
the two channels adopt distinct functional states. Functional 
studies show that NavSp1-P has a greater steady-state open prob-
ability under depolarized conditions, and therefore, these struc-
tural differences may reflect conformational changes underlying 
inactivation. To further test this idea, we measured the effect of 
mutational perturbation at the intersubunit interface (Fig.  4) 
on slow inactivation. Residues lining this interface showed pro-
nounced changes in CW spectra, lipid accessibility, and DEER dis-
tances. Compared with WT, the F170C mutant showed enhanced 
inactivation manifested as a greater use-dependent reduction of 
peak amplitude in response to a prolonged train of brief depolar-

izing pulses (at both 0.2 Hz and 1 Hz stimulations; Fig. 8 A). It is 
notable that NavSp1-WT had very little inactivation in response to 
low-frequency stimulation at 0.2 Hz. In comparison to WT, F170C 
shows a small left shift in voltage-dependence of steady-state in-
activation (Fig. 8 B). The mutation also results in a decrease in the 
time constant of inactivation; the effect is most pronounced at 
10 mV (Fig. 8 C). This finding further underscores the role of the 
intersubunit pocket in the slow inactivation mechanism.

Discussion
Disruption of NaV slow inactivation is associated with numer-
ous diseases such as epilepsy, hyperkalemic periodic paralysis, 
myotonia, idiopathic ventricular fibrillation, and long-QT syn-
drome (Vilin and Ruben, 2001; Bendahhou et al., 2002; George, 
2005; Andavan and Lemmens-Gruber, 2011; Dib-Hajj et al., 2013; 
Leipold et al., 2013). Several therapeutic drugs (local anesthetics, 
anticonvulsants, and antiarrhythmics), toxins (batrachotoxin, 
grayanotoxins, and brevetoxin), and bioactive membrane lipids 
(polyunsaturated fatty acids such as DHA, EPA, and ALA) mod-
ify NaV function by targeting the slow-inactivated state (Schauf, 

Figure 7. Spectral changes at the SF region underlying transitions between the putative resting/conductive and slow-inactivated states. CW spectra 
for NavSp1 at representative positions in the P2 helix (positions marked on the NaVAb structure) reconstituted in asolectin (red) and DOT AP (cyan) and compared 
with NavSp1-P reconstituted in asolectin (black). A similarity of NavSp1-DOT AP and NavSp1-P–asolectin spectra is highlighted in the gray box.



Chatterjee et al. 
Structural dynamics of slow inactivation in NaV channels

Journal of General Physiology
https://doi.org/10.1085/jgp.201812118

1343

1987; Balser et al., 1996b; Leifert et al., 1999; Xiao et al., 2001; 
Sheets et al., 2010; Song et al., 2011; Moreno et al., 2012; Kalia 
et al., 2015). Although the inactivation mechanisms have been 
studied for decades, structural insight into the NaV slow-inacti-
vated state is sparse, and the extent to which different regions 
contribute to impeding ion permeation is still unclear.

Here we probed the conformational dynamics of the SF 
region in membrane-reconstituted NaV full-length and PD 
channels to delineate the structural changes underlying tran-
sition from the conductive to the slow-inactivated state. Spec-
tral line shapes, as well as accessibility data, suggest that the 
SF region undergoes extensive conformational changes in the 
slow-inactivated state. Distance distributions reveal a pattern 
of changes that is also consistent with the slow-inactivated 
state being highly dynamic. For NavSp1, both the CW spectra, 
as well as distance distributions, reveal two sets of components, 
one that matches with NavSp1-P and an additional component. 
Multi-component distributions could arise from an ensemble 
of channel population belonging to conductive and slow-in-

activated states. Alternatively, asymmetric movements of in-
dividual subunits could also result in additional components. 
Such a loss of symmetry is in agreement with the closed pore 
WT-NaVAb, CaVAb, and NaVRh structures that are suggested to 
represent inactivated states (Payandeh et al., 2012; Zhang et al., 
2012; Tang et al., 2016). However, the extent of conformational 
changes seen in these structures is much smaller than what is 
inferred from EPR data. Interestingly, in CaVAb structures, it 
appears that drug binding within the inner vestibule or along 
the pore causes the asymmetry (Tang et al., 2016). However, it is 
important to note that there are crystal structures of NaVMs-P 
bound to local anesthetics that do not adopt an asymmetric con-
formation (Bagnéris et al., 2014), suggesting that further stud-
ies need to be done to fully understand the role of asymmetric 
collapse in slow inactivation.

In comparison to the conformation of the SF region in 
NavSp1-P, there is an inward motion of P1 helix toward the pore 
axis and an outward movement of P2 helix in NavSp1 (Fig. 9). 
If the conformation of the reconstituted NavSp1-P and NavSp1 

Figure 8. Electrophysiological characterization of slow inactivation in a mutant channel NavSp1-170C. (A) Use-dependent development of slow inacti-
vation: depolarizations from a holding potential of −120 mV to 20 mV were applied at 0.2 Hz (left, for 200 ms in duration) and 1 Hz (right, for 150 ms in duration) 
frequencies, and the normalized peak current for each pulse was plotted as a function of the pulse number for NavSp1-WT (gray squares) and NavSp1-F170C 
(blue squares). The error bars denote SDs from n = 4 for NavSp1-WT and n = 5 for NavSp1-F170C. (B) Voltage dependence of inactivation: peak currents were 
measured during test pulses to 20 mV after a 2-s inactivating pulse to the indicated potentials. Values from individual experiments were normalized to the 
maximum test pulse currents. Inactivation curves were fit with a Boltzmann equation, 1/1+exp[(V−Vh)/kh], where Vh is the half-inactivation voltage and kh is 
the slope factor. For NavSp1-WT, mean Vh was −30.3 ± 1.7 mV (n = 4); for NavSp1-F170C (n = 4), Vh was −35.7 ± 1.3 mV. (C) Time constants of inactivation versus 
voltage curves for NavSp1-WT (gray squares, n = 4) and NavSp1-F170C (blue squares, n = 4) obtained by fitting a single exponential to the current decay during 
depolarization to shown potentials from a holding potential of −120 mV.
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were to represent the conductive and slow-inactivated states, 
respectively, the observed structural changes are indicative 
of rearrangements in the SF region that underlie slow inacti-
vation. This rearrangement is likely to cause positional differ-
ences of the side chains at the SF, particularly the residue Glu176, 
which recruits Na+ from the extracellular side and coordinates 
the ions within the SF. Large movements of Glu176 side chains 
are observed in molecular dynamic simulations, and these mo-
tions appear to be correlated to ion binding and translocation 
(Chakrabarti et al., 2013; Boiteux et al., 2014). Our proposed 
pore helix motions are consistent with multi-microsecond sim-
ulations, which reveal extensive conformational changes in the 
entire SF region and are hypothesized to lead to NaV SF distor-
tion in the slow-inactivated state (Boiteux et al., 2014). These 
studies also suggest that SF fluctuations are influenced by the 
bending motion of S6 and overall dynamics of the PD. Additional 
evidence also supports the dynamic nature of the selectivity 
filter. Particularly, even though the conformational changes at 
the outer pore in the crystal structures are relatively small, the 
β-factors in the P1 and P2 helix are substantially higher in the 
putative inactivated state structures, reflecting the intrinsic mo-
bility of this region (Payandeh et al., 2012). Further, disulphide 
formation in the P-loop (Bénitah et al., 1999) has been shown to 
be sensitive toward slow inactivation kinetics of NaV. This sug-
gests that proximity between residues in the SF region changes 
during slow inactivation. The data presented here support the 
concept that is analogous to C-type inactivation in K+ channels: 
slow inactivation is facilitated by the structural rearrangement 
in the P1 and P2 loop in NaV.

Another remarkable feature of our findings is the enhanced 
lipid accessibility of the intersubunit cavity. NaV structures re-
veal lipid tails occupying these sites, and in simulations the lipid 
molecules exchange freely with the bulk (Boiteux et al., 2014). 
This cavity (also referred to as “fenestration”; Payandeh et al., 
2011) forms a conduit connecting the membrane to the central 
pore cavity, and is implicated to be a pathway for lipophilic drugs 
(such as antiepileptic agents and local anesthetics) to enter 
the cavity, where they block ion permeation. Our data suggest 
changes in polarity, as well as a potential widening of the inter-
subunit pocket, brought about by the relative motions of P1 and 

P2 helices. This may explain why certain NaV inhibitors bind to 
the slow-inactivated states with higher affinity than to the rest-
ing or open conformation (Kambouris et al., 1998). Consistently, 
we show that mutational perturbation of Phe170, a conserved 
residue lining the intersubunit cavity, has a pronounced effect 
on inactivation. Similar findings have been previously reported 
for cardiac NaV1.5, where naturally occurring mutation to Ser 
side chain at the analogous position in domain IV significantly 
enhances inactivation and is associated with disease phenotype 
(Otagiri et al., 2008). The mutation F1705S causes a hyperpo-
larizing shift of steady-state inactivation and delayed recovery 
from inactivation, which further reduces the availability of NaV 
channels and delays the conduction of cardiac impulses. Addi-
tionally, several other P1 helix mutations are reported to alter 
slow inactivation kinetics in multiple NaV homologues (Vilin et 
al., 2001; Tan et al., 2006).

Besides the SF region, two other key domains are associated 
with slow inactivation: the VSD and the C-terminal end of S6. 
The movement of the VSD during activation has been shown to 
correlate with conformational changes during slow inactivation 
(Ruben et al., 1992; Kontis and Goldin, 1997; Capes et al., 2012; 
Silva and Goldstein, 2013), presumably through interaction of 
the VSD with the extracellular end of the PD, and thereby im-
parting voltage dependence to this process. Clearly, the lack of 
slow inactivation in the PD highlights the role of VSD in this 
process. Although our study does not directly probe the VSD-PD 
interaction, spectral changes in the turret-loop in NavSp1 and 
NavSp1-P suggest that this region might couple the movements 
within the two domains. Further, the cytoplasmic regions at 
the C-terminal end of the S6 activation gate, referred to as the 
“neck” region, are also implicated in activation and slow inac-
tivation gating (Bagnéris et al., 2014; Arrigoni et al., 2016). EPR 
spectroscopic data from multiple NaV homologues suggest that 
this region unwinds during channel opening (McCusker et al., 
2012; Arrigoni et al., 2016).

Overall, this study provides molecular insights into protein 
motions associated with NaV slow inactivation at the level of the 
SF region. Future studies will illuminate the mechanism of cou-
pling between the activation gate at the S6 C-terminal end and 
the SF region of the channel.

Figure 9. An EPR-based model for the mechanism of slow inactivation at the SF region. A cartoon representation of putative changes in the P1 and P2 
helices during slow inactivation. These positional differences are likely to change intersubunit cavity volumes and hence, the accessibility of lipids and lipophilic 
molecules into these vestibules. The region in the inset is shown from the top (extracellular end).
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