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Abstract (120 words) 
Voltage-gated sodium channels are crucial for electro-signalling in living systems. Analysis of 

the molecular mechanism requires both fine electrophysiological evaluation and high-resolution 

channel structures.  

Here we optimized a dual expression system of NavAb, which is a well-established standard of 

prokaryotic voltage-gated sodium channels, for E.coli and insect cells using a single plasmid vector 

to analyze high-resolution protein structures and measure large ionic currents.  

Using this expression system, we evaluated the voltage dependence and determined the crystal 

structures of NavAb wild type and two mutants, E32Q and N49K, whose voltage dependences 

were positively shifted and essential interactions were lost in voltage sensor domain. The 

structural and functional comparison elucidated the molecular mechanisms of the voltage 

dependence of prokaryotic voltage-gated sodium channels. 
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Introduction 

Voltage-gated sodium channels (Navs) evoke action potentials and are involved in many 

important physiological processes, such as neural transduction, muscle contraction, and pain 

sensation [1]. The propagation of action potentials is achieved mainly by selective permeation of 

sodium ions across cell membranes through Navs. Therefore, Navs are important targets for 

various therapeutics [2-4]. In eukaryotic Navs, the channel is formed by the α-subunit, which 

comprises four repeats of six transmembrane segments, with each repeat consisting of 300 to 400 

amino acids. The α-subunit carries several glycosylation sites and co-assembles with auxiliary 

subunits to form the native channel [5]. Structures of eukaryotic Navs are obtained by cryo-

electron microscopic (cryoEM) single particle analysis [6, 7]. These structures provide 

information about the whole structure, such as the domain arrangement, and allow for prediction 

of the drug binding site or residues involved in genetic diseases. The limited resolution, however, 

makes it is difficult to reveal the underlying molecular mechanisms. 

 Prokaryotic Navs (BacNavs) are rather simple tetrameric cation channels, comprising 

monomers of fewer than 300 amino acids [8-11]. Their structural simplicity makes BacNavs 

useful for analyzing the basic molecular mechanisms of Navs. Structures of various homologues 

of BacNavs in different states were solved by X-ray crystallography [12-17] or electron 

microscopy [18], and functional studies [19, 20] of wild-type (WT) and mutant BacNavs have 

provided insight into the molecular mechanisms of Navs. NavAb was cloned from Arcobacter 

butzleri and the structure was solved as the first full-length structure of Nav at atomic resolution 

by X-ray crystallography [12]. NavAb provided the first insight into the characteristic features of 

Navs, such as the additional helix (P2-helix) in the extracellular vestibule of the channel pore and 

the lateral fenestrations in the lipid-bilayer sides of the pore domain. These features helped to 

clarify the eukaryotic channel structure based on cryo-EM single particle analysis. However, 

several important issues of sodium channels, such as the molecular bases of the sodium-ion 

selectivity, the voltage dependence and the inhibitor binding, have not been completely clarified 

although the comprehensive studies provided interesting insight [16, 20, 21].   

Understanding how mutations of particular residues alter the functional activity of BacNav will 

help to elucidate the molecular mechanisms. In a previous study [12], NavAb protein was 

obtained from an insect cell baculovirus expression system, which provides high-yield protein 

expression but virus amplification requires several weeks for large-scale expression. This is a 

rate-limiting step of structure-function studies based on mutational analysis. Furthermore, 

baculoviruses are lysogenically released from the plasma membrane of the host cell after 

transfection [22], which interferes with electrophysiological measurement. To improve the 

structural and functional analysis systems of NavAb, we constructed a dual expression system of 

NavAb in E.coli and insect cells, and determined three crystal structures of NavAb wild type and 



 
 

two mutants. These results provided the structural insight of voltage dependence of NavAb. 

 
Materials and Methods 
Protein expression and purification 

 The NavAb DNA was synthesised by Genscript Inc. and subcloned into modified pBiEX-1 

vector (Novagen) that was modified by replacing the fragment from NcoI site (CCATGG) to SalI 

site (GTCGAC) in multi cloning site with the sequence 

“CCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCA

GCCATATGCTCGAGCTGGTGCCGCGCGGCAGCGGATCCTAAGTCGAC” to add the N-

terminal His tag and thrombin cleavage site. The NavAb DNA was subcloned between BamHI 

site (GGATCC) and SalI site. Proteins were expressed in the E. coli KRX strain (Promega). Cells 

were grown at 37ºC to an OD600 of 0.8, induced with 0.1% rhamnose (Wako), and grown for 16 h 

at 18ºC. The cells were suspended in TBS buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl) and 

lysed using a French Press (SLM AMINCO) at 12,000 psi. Cell debris was removed by low-

speed centrifugation (12,000×g, 30 min, 4°C). Membranes were collected by centrifugation 

(100,000×g, 1 h, 4°C) and solubilized by homogenization in TBS buffer containing 1.5 % n-

dodecyl-β-D-maltoside (DDM, Anatrace). After centrifugation (40,000×g, 30 min, 4°C), the 

supernatant was loaded onto a HIS-Select® Cobalt Affinity Gel column (Sigma). The column 

was washed with 10 mM imidazole in TBS buffer containing 0.05 % DDM, and the protein was 

eluted with 300 mM imidazole. Eluted protein was purified on a Superdex-200 column (GE 

Healthcare) in TBS buffer containing 0.05 % DDM. 
 

Thermostability assay of purified proteins 

 The purified proteins were subjected to a tryptophan fluorescence-detection size-exclusion 

chromatography-based thermostability assay [23]. The 300-ng purified proteins in 50-μl TBS 

buffer containing 0.05 % DDM or 0.05% lauryl maltose neopentyl glycol (LMNG, Anatrace) 

were incubated at 4˚C to 90˚C for 10 min, using a thermal cycler, and then centrifuged at 40,000 

× g for 30 min. The supernatant (50 μl) was loaded onto a Superdex 200 Increase 5/150 GL 

column (GE Healthcare). The eluate from the SEC column was passed through a fluorometer 

(280 nm excitation and 340 nm emission). The peak heights were normalized to that of samples 

incubated at 4˚C, and melting temperatures (Tm) were determined by fitting the curves to a 

sigmoidal dose-response equation.  

 

Protein purification for crystallization 

The protein bound to the cobalt affinity column was washed with 10 mM imidazole in TBS 

buffer containing 0.05% LMNG instead of DDM. After washing, the protein was eluted with 300 



 
 

mM imidazole and, purified on a Superdex-200 column in TBS buffer containing 0.05% LMNG. 

 

Crystallization and structural determination 

Before crystallization, the purified protein was concentrated to ~20mg ml-1 and reconstituted 

into a bicelle solution [24], containing a 10% bicelle mixture at 2.8:1 (1,2-dimyristoyl-sn-

glycero-3-phosphorylcholine [DMPC, Anatrace]: 3-[(3-cholamidopropyl)dimethylammonio]-2-

hydroxypropanesulfonate [CHAPSO, DOJINDO]). The NavAb-bicelle preparation was mixed in 

a 10:1 ratio. Crystals were grown by sitting-drop vapor diffusion at 20°C by mixing 300-nl 

volumes of the protein solution (8–18 mg/ml) and the reservoir solution (9%–11% polyethylene 

glycol [PEG] monomethyl ether 2000, 100 mM NaCl, 100 mM calcium nitrate, and 100 mM 

Tris-HCl, pH 8.4) with mosquito LCP (TTP Labtech). All crystals were cryoprotected by 25 % 

(v/v) DMSO and flash frozen in liquid nitrogen. 

All data were collected at BL41XU and BL32XU of SPring-8 and processed using HKL2000. 

Analyses of the data with the University of California Los Angeles anisotropy server [25] 

revealed that WT crystals were severely anisotropic with an effective resolution of 2.8 Å in the 
c* direction, but only 3.4 Å in the a* and b* directions. The data were ellipsoidally truncated and 

rescaled to minimize the inclusion of poor diffraction data. 

The initial phase was obtained using a molecular replacement method with PHASER[26]. The 

final model was constructed in COOT [27] and refined at 2.8Å in refmac5 [28] and Phenix [29]. 

Data collection and refinement statistics of all crystals are summarized in Table 1. 

 

Transient protein expression in insect cells 

SF-9 cells were grown in Sf-900™ III medium (Gibco) complemented with 0.5% 100× 

Antibiotic-Antimycotic (Gibco) at 27°C. Cells were transfected with NavAb-cloned pBiEX 

vectors and enhanced green fluorescent protein (EGFP)-cloned pBiEX vectors using Fugene HD 

transfection reagent (Promega). The NavAb-cloned vector (2 μg) was mixed with 0.5μg of the 

EGFP-cloned vector in 3-μL Fugene HD reagent. Next, 100μL of the culture medium was added 

and the mixture was incubated for 10 min before the transfection mixture was gently dropped on 

3 mL cultured medium containing 0.6 × 106 cells. After incubation for 24-48 h, the cells were 

used for the electrophysiological measurements. 

 

Electrophysiological measurement of insect cells 

Cells were voltage-clamped with an EPC10 amplifier (HEKA Elektronik, Lambrecht, 

Germany). The pipette solution contained 105 mM CsF, 35 mM NaCl, 10 mM EGTA, and 10 

mM HEPES (pH 7.4). The bath solution contained 150 mM NaCl, 1.5 mM CaCl2, 1 mM MgCl2, 

2 mM KCl, 10 mM HEPES (pH 7.4), and 10 mM glucose. Patch pipette resistances were 2–3.5 



 
 

MΩ. Data were collected with the Patchmaster program (HEKA). To measure the inactivation by 

repetitive pulses at a negative holding potential, the bath solution was replaced by the 

measurement solution (150 mM NaCl, 5 mM CaCl2, 1 mM MgCl2, 2 mM KCl, 10 mM HEPES 

(pH 7.4), and 10 mM glucose). The bath solutions were changed using the Dynaflow® Resolve 

system. All experiments were conducted at 25°C ± 2°C. All results are presented as mean ± 

standard error. 

 
 
Results and Discussion 

Crystallization of NavAb obtained from the E.coli expression system 

 NavAb DNA was cloned into a pBiEX-1 vector, which is a dual expression vector for both 

E.coli and insect cell systems, and transformed to the E.coli system of KRX strain, which has 

high transformation efficiency and produces large amounts of protein. By single-step 

transformation of sub-cloning or mutagenesis, we are able to obtain both an E.coli host for large-

scale protein expression and sufficient amounts of the plasmid for insect cell transient 

expression.  

 The NavAb protein was solubilized by DDM (Fig. S1a) and well purified through metal-chelate 

affinity chromatography and gel filtration chromatography as a 25.9-kDa protein (Fig. 1a). From 

1 liter of the culture medium, 2mg proteins were obtained. The thermal stability of the purified 

protein was evaluated using the tryptophan fluorescence-detection size-exclusion 

chromatography-based thermostability assay method [23]. The Tm value (temperature at which 

half of the protein was aggregated) was 54.6°C (Fig. 1b), which seemed adequate for 

crystallization, but the DDM-purified protein was not crystallized on sitting-drop vapor diffusion 

with or without the bicelle mixture. To retain the purified protein in more intact condition, DDM 

was exchanged with a lipid-like detergent LMNG (Fig. S1b) after solubilization. After binding to 

the metal-chelate affinity resin, the protein was eluted and further purified by gel filtration 

chromatography under LMNG conditions. The amount of purified protein per liter of the culture 

medium was decreased to less than 1 mg, but Tm value was improved to 64.0°C (Fig. 1b). 

 Protein purified with LMNG was used for crystallization with the bicelle method. Using a 

similar ratio of protein per bicelle as in previous reports [12, 30], small crystals were obtained 

under PEG400 conditions after 2 months incubation (Fig. 2a). Without bicelle, thin platelet 

crystals appeared under the same condition (Fig. 2b). On the other hand, under conditions in 

which the bicelle content was decreased to one-twentieth that of the protein (w/w), pyramidal 

crystals were obtained under PEG monomethyl ether 2000 and pH 8.4 conditions after 

incubation for several days (Fig. 2c). In the condition containing less of the bicelle mixture, the 

two alkyl chains of LMNG may behave like a lipid to stabilize the channel structure on behalf of 



 
 

DMPC (Fig. S1c).The pH value and ionic concentration of the crystallization condition were 

different from those reported previously (pH 4.75 and approximately 2M ammonium sulphate) 

[12, 30], and similar to those of sea water [31]. The crystals of our purified protein tended to be 

smaller and more rectangle in lower-pH condition. The low limit of crystallization pH was 6.0 of 

cacodylate-NaOH buffer (Fig. 2d), but whose crystals provided poor diffraction spots.  

 

Crystal structure of the NavAb WT in the high-pH condition. 

 The resolution of the diffraction data obtained from a single crystal growing in pH 8.4 condition 

reached 2.8 Å. The cell parameters (a=126.5 Å, b=126.5 Å, c=201.7 Å) were similar to those in a 

previous report [12, 30]. The crystal structure of NavAb WT in our high-pH condition, called 

high-pH NavAb WT, was determined by molecular replacement using NavAb I217C monomer 

(pdb code: 3RVY) as the initial model and finally improved to a 2.8Å-resolution structure with 

some detergents and lipids (Fig. 2e-g). The space group of crystal was I422 and the asymmetric 

unit in the crystal lattice contained one monomer. The tetrameric channel was formed by four-

fold symmetry of the c-axis. The root mean square deviation (RMSD) between monomers of 

high-pH NavAb WT to each A and B chain of NavAb I217C was 0.57Å and 0.56Å, respectively. 

The crystallographic interaction of high-pH NavAb WT was similar at a glance, but substantially 

different from that of NavAb I217C (Fig. S2a-d). One channel of the high-pH NavAb WT was 

rotated approximately 17° clockwise on the c-axis from the extracellular side view, and the 

adjacent channel interacting with the VSD was also rotated in the counter clockwise direction 

(Fig. S2e).  

 In the lateral fenestration, which is located between the transmembrane parts of the two pore 

subunits, a long and thin electron density was observed and connected to the large density in the 

hydrophilic inner vestibule. This electron density corresponded to the alkyl chain and the maltoside 

of DDM in the lateral fenestration and inner vestibule, respectively (Fig. 2f). The similar density 

was observed in NavAb I217C structure [12]. Strong electron density, which was well fitted to the 

hydrophobic part of CHAPSO (Fig. S2d), was observed between the cytoplasmic end of the pore-

domain S5 helix and the adjacent-subunit voltage sensor domain (VSD) (Fig. 2g). Four VSDs are 

individually located around the channel pore and connected to the pore domain by a S4-S5 linker 

helix. Therefore, it is thought that CHAPSO observed between the pore domain and the S4-S5 

linker acts as a critical wedge to closely tether the VSDs to the tetrameric channel pore in 

solubilized condition. CHAPSO was also observed in the closed structure of NavAb mutant (pdb 

code: 5VB2) [17], but the positions of CHAPSO in each structure were different (Fig. S3). In the 

closed structure of NavAb mutant, two molecules of CHAPSO bound the C-terminus of S6 helix 

of pore domain, which plays the activation gate in the channel opening. The conformation of the 

mutant was stabilized to the closed conformation by mutations. The differences of the CHAPSO 



 
 

position would come from the differences of the conformations and the crystallization conditions 

of each structure.  

 Previously, the NavAb WT structure was determined in low-pH and high-ionic conditions (pdb 

code: 4EKW) [30] and represented the dimer-of-dimer rectangle channel (Fig. 3a), with a 

asymmetric selectivity filter (Fig. 3b), which differed from that of high-pH NavAb WT. The full-

length structure of other BacNavs homologues also showed the square shape channel structure [14, 

18]. The crystallization condition of high-pH NavAb WT is similar to the living condition of the 

host bacterium of NavAb. Therefore, it is plausible that the structure of high-pH NavAb WT could 

represent one of the native conformations. On the other hand, it is difficult to determine why the 

low-pH NavAb WT structure was asymmetric. Considering the shapes of crystal tend to reflect the 

protein symmetry in the crystal, the small rectangle crystals obtained in low-pH condition (Fig. 

2d) suggested the possibility that the low pH is the main factor of the distorted channel structure, 

although it could not completely exclude the other factor. 

 

Electrophysiological studies of NavAb with the insect cell transient expression system.  

NavAb WT originally exhibited irreversible inactivation in a use-dependent manner [12]. 

Therefore, the structure of the low-pH NavAb WT was assigned as the inactivated conformation 

called the “late-slow inactivation” form [30]. By transient expression in insect cells, NavAb WT 

showed run-down currents at a holding potential of -180mV (Fig. 4a, c), but it is possible that 

NavAb requires a much more negative holding potential to recover from the inactivation. 

Maintaining the membrane potential at a more negative voltage than -180 mV for a long time, 

however, was very difficult. Alternatively, a short pulse (100 ms) of -240 mV was given to the 

cell membrane before the depolarization stimulus. In this protocol, run-down of the current of 

NavAb WT was not observed (Fig. 4b, c). These results indicated that measurement of NavAb 

WT at a -240-mV holding potential could show stable currents. The membrane potentials of 

some bacteria are very negative [32]. The resting membrane potential of the host bacterium of 

NavAb (Arcobacter butzleri) might be more negative than -180mV. Therefore, it is suggested 

that NavAb is tuned to work at a more negative membrane resting potential, and that the “late 

slow inactivation” is due to the accumulation of voltage-dependent inactivation under an 

insufficient holding potential. 

The use-dependent inactivation of NavAb WT was closely related to the voltage dependence of 

the steady-state inactivation. E43K and D60K of NaChBac, a BacNav homologue of Bacillus 

halodurans, are well known mutations that positively shift the voltage dependence of the 

activation [33]. Glu43 and Asp60 of NaChBac correspond to Glu32 and Asn49 of NavAb. E32Q 

and E32K mutations were introduced to NavAb. NavAb E32K did not show any measurable 

current. On the other hand, NavAb E32Q displayed an inward current that was decreased by 



 
 

repetitive depolarization pulses at a holding potential of -140mV (Fig. 4d, f). This characteristic 

was similar to the use-dependent inactivation of NavAb WT at the -180 mV holding potential. 

The current of NavAb E32Q was not reduced at a -140mV holding potential with a short interval 

pulse of -180 mV (Fig. 4e, f). These results suggested that the E32Q mutation positively shifted 

the voltage dependence of the steady-state inactivation. The N49K mutation of NavAb also does 

not exhibit use-dependent inactivation, and positively shifts the voltage dependence [34]. In the 

transient expression system, the NavAb N49K currents were also stably measured and did not 

display use-dependent inactivation even at a holding potential of -140 mV (Fig. 4g, h). These 

results suggested that NavAb E32Q is an intermediate between the WT and N49K mutant.  

 

Crystal structure of the NavAb mutants. 

To reveal how the single mutations, E32Q and N49K, changed the voltage dependence, the 

structures of the E32Q and N49K mutants were solved by the same method as the high-pH 

NavAb WT. The structures of E32Q and N49K were determined at a resolution of 3.4 Å. Their 

overall structures were similar to that of the WT. The RMSDs of each E32Q or N49K mutant to 

the WT were 0.45 or 0.55 Å, respectively. The pore domain of each mutant was almost the same 

as that of the WT (RMSDs were below 0.32 Å). Superimposing each mutant to WT NavAb on 

the pore domain to clarify differences in the VSDs revealed slight deviations in the S3-S4 loop of 

the E32Q mutant and in the S2-S3 helices of the N49K mutant compared with the WT structure 

(Fig. 5a and b). The location of the S2 and S3 helices of the N49K mutant was approximately 1 

Å farther from the pore domain than those of the WT (Fig. 5b). Mutated residues, Glu32 and 

Asn49, were located in the S1 and S2 helices, respectively. These residues play an important role 

by interacting with arginine residues of the S4 helix (Arg99, Arg102 and Arg105; Fig. 5c). At the 

depolarization, these arginine residues move toward the extracellular side. It is thought that 

Glu32 and Asn49 sequentially interact with the arginine residues to lift up the S4 helix, which 

leads to channel activation [33]. In NavAb WT, Asn49 forms a hydrogen bond with Arg105 

(3.2Å), and Glu32 is close enough to form a weak salt bridge to Arg99 (4.2Å) (Fig. 5c: left). In 

NavAb E32Q, an Asn49-Arg105 interaction was observed, but Gln32, which was farther from 

Arg99 than in the WT, exhibited no interactions with any other arginine residues (Fig. 5c: 

middle). In the N49K mutant, Lys49 formed a tight salt bridge with Glu32, in which no arginine 

residues interacted with Glu32 and Lys49 (Fig. 5c: right). This newly formed interaction seems 

to render the S1 and S2 helices distant from the S4 helix. Due to the loss of these interactions, 

each mutant is thought to require a larger depolarization for activation. 

 

Vertical orientation of the VSD. 

To evaluate the relationship between the voltage dependence and the VSD structure, we 



 
 

compared the high-pH NavAb structure to that of NavMs as a functional BacNav homologue 

whose structure was also solved with the VSD [14]. NavMs showed stable currents at a holding 

potential of -180mV. Considering that recovery of NavAb is postulated to occur at -240 mV, the 

voltage dependence of NavMs should be more positive than that of NavAb. Each pore domain 

(S5-S6 helices) and VSD (S1-S4 helices) of NavMs was well superimposed on that of NavAb 

(RMSD =0.62Å and 1.33Å, respectively) (Fig. 6a and b). When superimposed with the pore 

domain, however, the S4-S5 linker helix of NavMs was located more on the cytosolic side than 

that of NavAb (Fig. 6c). The VSD of both NavAb and NavMs was thought to be the activated 

conformation, because there was no electrical potential between the cytosolic and extracellular 

sides of these structures in the crystal packing. The vertical position of the S4-S5 linker helix in 

the activated state might affect the voltage dependence. 

 

Our dual expression system allowed us to elucidate the molecular mechanisms of voltage 

dependence by comparing the structure and function of WT and two mutant voltage-gated 

sodium channels. The molecular mechanism of the ion selectivity of sodium channel is also 

important to be revealed. Analysis of the ion selectivity requires both fine electrophysiological 

evaluation of the reversal potential in various ionic conditions and a high-resolution protein 

structure. This dual expression system allows for facile and rapid evaluation and comparison of 

the function and structure of prokaryotic cation channels, and will therefore facilitate elucidation 

of the detailed mechanisms of sodium ion selectivity.  
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Table 1 Data collection and refinement statistics 

 NavAb WT E32Q N49K 

PDB entry 5YUA 5YUB 5YUC 

Wavelength 1.00 

Resolution range 31.46 - 2.8 

 (2.90 - 2.8) 

41.06 - 3.4 

 (3.52 - 3.4) 

41.17 - 3.4 

(3.52 - 3.4) 

Space group I 4 2 2 

Unit cell 126.5 126.5 201.7 

90 90 90 

127.0 127.0 202.6 

 90 90 90 

127.4 127.4 202.8 

90 90 90 

Total reflections 184311 (18603) 163165 (15541) 160929 (15367) 

Unique reflections 20186 (505) 11773 (259) 11809 (306) 

Multiplicity 9.1 (9.3) 13.9 (13.3) 13.6 (13.4) 

Completeness (%) 87.68 (25.29) 86.42 (22.21) 87.26 (26.56) 

Mean I/sigma(I) 14.02 (1.05) 14.86 (1.80) 13.60 (1.65) 

Rmerge 0.248 (3.136) 0.243(1.924) 0.250 (2.307) 

Rpim 0.087 (1.074) 0.0689 (0.543) 0.0708 (0.650) 

CC1/2 0.995 (0.431) 0.998 (0.845) 0.997 (0.61) 

Rwork 0.230 (0.383) 0.240 (0.243) 0.230 (0.247) 

Rfree 0.262 (0.340) 0.273 (0.313) 0.278 (0.378) 

Non-hydrogen atoms No. 2248 1931 1932 

  macromolecules 1860 1865 1866 

  ligands 379 66 66 

  solvent 9   

Protein residues 228 229 229 

RMS(bonds) 0.010 0.011 0.011 

RMS(angles) 1.13 1.16 1.15 

Ramachandran favoured (%) 95.58 95.59 91.63 

Ramachandran allowed (%) 4.42 4.41 8.37 

Ramachandran outliers (%) 0.00 0.00 0.00 

Average B-factor 88.74 61.17 51.83 

  macromolecules 82.38 60.05 49.68 

  ligands 120.70 92.73 112.56 

 



 
 

Figure legends 

 

Fig. 1   

Purified proteins of NavAb WT and thermal stability under DDM or LMNG conditions.  

a: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of purified NavAb WT protein. 

Left lane: protein eluted from Cobalt Affinity Gel column. Right lane: purified protein after size-

exclusion chromatography. 

b: Thermostability of NavAb WT in the DDM condition (closed circle) and the LMNG condition 

(open circle). 

 

Fig. 2  

Crystals and structure of NavAb WT in a high-pH condition 

a: First crystal obtained from the initial screening in the PEG400 condition. b: Crystal growing 

without bicelle mixture. c: Optimized crystal. d: Crystal growing in lower pH condition 

(cacodylate-NaOH buffer, pH 6.0) than that of Optimized crystal. Scale bar indicates 100μm (a-

d). e: Electron density map of the NavAb tetramer viewed from the cytosolic side. The carbon 

atoms of each subunit are colored each different color (green, cyan, magenta and gray). The 

carbon atoms of CHAPSO, DDM and neighboring lipid are colored yellow, orange, and pink, 

respectively. f: Binding site of CHAPSO. g: Electron density of DDM in the inner vestibule and 

viewed from the middle of lipid bilayer to the cytosolic side. The S5 and S6 helices of the 

channel tetramer were colored same in e. 

 

Fig. 3 

Structural comparison of NavAb WT in high- and low-pH conditions. 

a: Structure of whole channels of NavAb WT in a low-pH condition (pdb code: 4EKW) 

superimposed on that in a high-pH condition (white). Chain A and B of low-pH NavAb WT are 

colored orange and blue, respectively. b: Structure of the selectivity filter of the low-pH NavAb 

WT superimposed on that of the high-pH NavAb. For clarity, the selectivity filters coming from 

two face-to-face subunits are depicted in each channel. 

 

Fig. 4 

Use-dependent inactivation of NavAb WT and mutants. 

a,d and g: Representative traces of NavAb WT(a), and E32Q(d) and N49K(g) mutants without a 

short pre-pulse, respectively. b and e: Representative traces of NavAb WT(b) and E32Q(e) 

mutant with a short pre-pulse, respectively. c, f and h: Normalised current of NavAb WT(c), and 

E32Q(f) and N49K(h) mutants without (closed circle) or with (open circle) a short pre-pulse, 



 
 

respectively. 

 

Fig. 5 

Structural comparison of NavAb and the E32Q and N49K mutants 

a: Distance from the main-chain Cα carbon of NavAb WT to that of NavAb E32Q (black line) 

and NavAb N49K (red line) mutant in the corresponding residues. b : Structure of the pore 

domain of NavAb E32Q (green) or N49K (cyan) mutant superimposed on that of NavAb WT 

(white), respectively. c: Interaction between charged residues of the S3 helix to the arginine 

repeat of the S4 helix in the VSD. The observed interactions are indicated as dashed red line in c. 

 

Fig. 6 

Structural comparison of NavAb with NavMs 

a and b: Structure of the pore domain and the VSD of NavMs (magenta) superimposed on that of 

NavAb WT (white), respectively. c: Shift to the cytosolic side of NavMs VSD and the S4-S5 

linker helix in horizontal viewing of a. “Ext.” and “Cyto.” indicate extracellular and cytoplasmic 

side, respectively. For clarity, the S1-S3 helices of NavAb and NavMs are omitted in c. The 

segments coming from adjacent subunit are indicated with prime symbol. 
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Figure.5 

 

  



 
 

 

Figure.6 

 



 
 

 

 

Supplementary Information 

 

 
Fig. S1 

Molecular formulae of detergents and lipid used in the purification and crystallization. 

a, DDM (n-Dodecyl-β-D-maltoside)  

b, LMNG (Lauryl maltose neopentyl glycol)  

c, DMPC (1,2-Dimyristoyl-sn-glycero-3-phosphorylcholine) 

d, CHAPSO (3-[(3-Cholamidopropyl)dimethylammonio]-2-hydroxypropanesulfonate ) 
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Fig. S2 

 Comparison of crystallographic packing of NavAb crystals in high-pH and low-pH conditions. 

a and b: Crystallographic packing of NavAb crystals in high-pH (a) and low-pH (b) conditions 

from the horizontal view, respectively. In the high-pH condition, the center molecule is colored 

green and cyan, and other molecules are colored pale green and pale cyan. In the low-pH 

condition, the center molecule is colored red and yellow, and other molecules are colored pink 

and pale yellow. c and d: Crystallographic packing of NavAb crystals in high-pH (c) and low-pH 

(d) conditions from the vertical view, respectively. e: Imposed structure of NavAb channel in the 

high-pH condition (pale green) on that in the low-pH condition (pink). Adjacent channel and 

crystal lattice are depicted as pale blue and green, and pale yellow and red in the high-pH and 

low-pH condition, respectively. To clarify the crystallographic packing, the VSD and S4-S5 

linker concerned with adjacent channel packing are colored green and blue, and red and orange 

in high-pH and low-pH conditions, respectively. 



 
 

 

 

Fig. S3 

Comparison of the postion of CHAPSO between the high-pH NavAb WT structure and the 

closed structure of NavAb mutant. 

a: Structure of whole channels of closed NavAb mutant (pdb code: 5VB2) superimposed on that 

in a high-pH condition (white). Closed NavAb mutant is colored purple. CHAPSO observed in 

the high-pH NavAb WT structure and the structure of closed NavAb mutant are colored yellow 

and cyan, respectively. b: Focused viewing on CHAPSO position. The viewing is similar to Fig. 

2f. 


