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Abstract

The lipid bilayer is important for maintaining the integrity of cellular compartments and plays a vital role in providing the
hydrophobic and charged interactions necessary for membrane protein structure, conformational flexibility and function. To
directly assess the lipid dependence of activity for voltage-gated sodium channels, we compared the activity of three
bacterial sodium channel homologues (NaChBac, NavMs, and NavSp) by cumulative 22Na+ uptake into proteoliposomes
containing a 3:1 ratio of 1-palmitoyl 2-oleoyl phosphatidylethanolamine and different ‘‘guest’’ glycerophospholipids. We
observed a unique lipid profile for each channel tested. NavMs and NavSp showed strong preference for different
negatively-charged lipids (phosphatidylinositol and phosphatidylglycerol, respectively), whilst NaChBac exhibited a more
modest variation with lipid type. To investigate the molecular bases of these differences we used synchrotron radiation
circular dichroism spectroscopy to compare structures in liposomes of different composition, and molecular modeling and
electrostatics calculations to rationalize the functional differences seen. We then examined pore-only constructs (with
voltage sensor subdomains removed) and found that in these channels the lipid specificity was drastically reduced,
suggesting that the specific lipid influences on voltage-gated sodium channels arise primarily from their abilities to interact
with the voltage-sensing subdomains.
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Introduction

Voltage-gated sodium channels (VGSC) are membrane proteins

found in a wide range of human tissues, including muscle and

central and peripheral nerves. Cells in these tissues exhibit

considerable variation in the lipid contents of their plasma

membranes. VGSCs are responsible for the rapid electrical

signaling important for the initiation of the action potential in

excitable cells and for maintaining homeostasis in a variety of

eukaryotic organisms [1,2]; they are pharmaceutical targets for the

treatment of a wide variety of diseases. VGSCs have also been

identified in a number of prokaryotic organisms where they may

have roles in motility and chemotaxis functions [3,4].

All VGSCs exhibit a common pore-forming architecture

composed of two spatially-separated but structurally linked two

transmembrane helix pore domains and four transmembrane helix

voltage-sensor domains (VSDs). Eukaryotic VGSCs are single

polypeptide proteins with molecular weights of .200 kDa, each

comprised of four pseudo-repeats of the VSD-pore motifs [5]. In

contrast, bacterial VGSCs are comprised of single VSD-pore

subunits, four of which associate to form a tetramer of

approximately the same size as the eukaryotic VGSC [6].

Recombinant expression of a number of bacterial VGSC

homologues in mammalian cells shows that, like eukaryotic

sodium channels, they are highly selective for Na+, bind

channel-blocking drugs and exhibit voltage-dependent activation,

inactivation and recovery [7–9]. More than 30 prokaryotic sodium

channel homologues have thus far been identified from bacteria

that occupy a wide range of ecological niches. The channels

exhibit high levels (16–65%) of sequence identity, but have

important differences that may contribute to different functional

characteristics and lipid sensitivities.

Lipid bilayers are important for maintaining the integrity of

cellular compartments but also play vital roles in stabilizing

membrane proteins at specific cellular locations. Lipids can

influence membrane protein function either directly by specifically

associating with the protein or indirectly by altering the fluidity or

electrochemical environment of the protein. Their hydrophobic

fatty acid chains and charged head groups provide interactions

that can be important for channel structure, flexibility and

function. Accordingly, it is well established that many membrane

proteins require specific lipids to function [10–16] and that

charged phospholipids are essential for properly functioning of ion

channels [13,17,18]. Electrophysiological studies have shown that
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eukaryotic sodium channel functions vary with membrane lipid

composition: Hypercholesterolemia results in decreased current

density and increased inactivation of cardiac VGSCs [19]. Nav1.4

channels appear to be regulated by cholesterol through changes in

the elastic properties of the bilayer [20], while b-adrenergic

stimulation of Nav1.5 requires partitioning into cholesterol-rich

lipid rafts [21,22].

Biochemical and structural data indicate that voltage-sensing of

voltage-gated cation channels depends on spatially-separate VSDs,

joined only to the pore domains by single polypeptide linkers, and

that they are highly exposed to the lipid bilayer. Indeed, lipids

have even been observed between adjacent VSDs and between the

pore and VSD in the crystal structures of the Kv1.2/2.1 potassium

channel [23] and the NavAb [24,25] and NavRh sodium channels

[26]. Despite the intimate relationship that exists between VGSCs

and the membranes in which they are embedded, little informa-

tion currently exists regarding the specificity and molecular

interactions that affect their structure and function.

In this study, we examined several bacterial VSGC homologues

from different species reconstituted into model liposomes of

defined compositions in order to gain insight into how membrane

lipids may contribute to the function and structure of these

channels.

Results and Discussion

Purification and Isolation of Tetrameric NaChBac, NavMs
and NavSp

Full-length sodium channels from B. haldurans (NaChBac) and S.

pomeroyi (NavSp) and a partially C-terminal truncated channel

from M. spirillium (NavMs) (Figure 1) were purified in Cymal-5 and

the pore-only constructs of NavMs and NavSp were purified in

decyl maltoside (DM). The full-length NaChBac and NavSp

channels migrated in SDS denaturing gels at positions corre-

sponding to slightly smaller than their predicted monomeric

molecular masses (NaChBac ,31 kDa, NavSp ,29 kDa)

(Figure 2A), as is commonly observed for the prokaryotic VGSCs

[27,28]. Similarly, NavMs and NavSp pores migrated primarily at

their predicted monomeric molecular mass (pre-histidine tag

cleavage NavSp pore ,16.9 kDa and NavMs pore ,14.3 kDa)

(Figure 2B). The NavMs channel migrated predominantly at its

predicted dimeric molecular mass (Figure 2A) but also produced

bands which Western Blot analyses (data not shown) indicated

were monomers (,26.5 kDa), trimers and tetramers. Size

exclusion chromatography was used to identify the native

oligomeric species present in solution. All channel constructs

eluted in (native) gel filtration chromatography predominantly at

the predicted tetrameric molecular mass plus the approximate

mass of the micelle (Cymal-5 ,23 kDa or DM ,30 kDa):

[NaChBac ,126 kDa, NavSp ,116 kDa, NavMs ,106 kDa

(Figure 2C)], as did the NavSp pore [,59 kDa and NavMs pore

,50 kDa (Figure 2D)].

Lipid Dependence of Sodium Flux in Bacterial Sodium
Channels

The same three bacterial sodium channels (NavSp, NavMs,

NaChBac) were reconstituted into liposomes containing a 3:1 ratio

of the zwitterionic lipid 1-palmitoyl 2-oleoyl phosphatidylethanol-

amine (POPE), and a ‘‘guest’’ glycerophospholipid with head

groups that were either charged [phosphatidic acid (PA),

phosphatidyl glycerol (PG), phosphatidyl serine (PS), cardiolipin

(CL) and phosphatidylinositol (PI)] or zwitterionic [phosphatidyl

choline (PC)]. Channel function was assessed by measuring

cumulative 22Na+ into the proteoliposomes (Figures 3, 4, 5). A

unique lipid dependence profile was obtained for each homologue.

Common to all three channels was low specific activity (above

background uptake into protein-free liposomes) in liposomes

composed only of zwitterionic lipids such as PE and PC

(Figures 3, 4, 5). NavSp exhibited the greatest activity when

negatively-charged PI lipid was included (Figure 3). NavMs and

NaChBac also showed maximal activity with a negatively-charged

lipid, but in this case, PG (a lipid with a smaller head group) was

preferred (Figures 4 & 5). Notably, no activity above background

was observed for NavMs or NavSp channels in liposomes

containing PA only, while some activity was still observed for

NaChBac under these conditions. Conversely, in liposomes

containing PS, activity was observed for NavMs channels but

there was no activity above background for NavSp and NaChBac

channels.

Lipid-activation of channels could arise from a favorable shift in

the equilibrium between the closed or inactivated states and the

open state, which could be initiated by interactions with either the

pore domain or the VSD. In both sodium and potassium channels

the VSD and pore domain are loosely associated, tethered only by

a short polypeptide; however, that linkage is crucial to the

activation process [23–26,29]. Bacterial sodium channels (in

particular NavMs and NavSp) have been shown to be functional,

even in the absence of their VSDs, with pore-only constructs

showing activity when reconstituted into liposomes or bilayers

[27,30,31]. To assess whether the phospholipid dependence of

bacterial sodium channels depends on lipid interactions with the

pore or the VSD, 22Na+ uptake experiments using pore-only

constructs of NavSp and NavMs, the two homologues which had

demonstrated the highest sensitivities to the presence of negatively

charged lipids, were performed. The pore-only NavMs construct

was insensitive to lipid composition, with the exception of a small

but significant increase in activity when CL was present in the

liposomes (Figure 4). The pore-only NavSp construct did have

some lipid dependence, with greatest activity in the presence of

PG, PS and PI, but this effect was drastically lower than that

observed for full-length NavSp protein (Figure 3). These data

suggest that the lipid dependences of sodium channels may arise

primarily from their abilities to effect changes in the VSDs, which

are then transmitted to modify the open/closed/inactivated

equilibria of the pore domains, and seem to arise from specific

lipid head group interactions that are uniquely favorable to the

different channel homologues.

PI(4,5)P2 and Bacterial Voltage-Gated Sodium Channels
Arguably the best characterized lipid modulator of ion channel

activity, is phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) [32].

To determine if PI(4,5)P2 acts as a modulator of bacterial VGSCs,

channel proteins were reconstituted into liposomes containing 3:1

PE/PG (for NaChBac and NavMs) or PE/PI (for NavSp) with or

without 1% PI(4,5)P2 and 22Na+ uptake was assessed (Figure 6A–

C). While NaChBac was insensitive to PI(4,5)P2 (Figure 6D),

NavSp channels showed a marked inhibition in the presence of

1% PI(4,5)P2 (Figure 6 D). PI(4,5)P2 inhibition has not been

reported for eukaryotic Na channels, and it is intriguing that while

eukaryotic Kir channels are actually activated by PI(4,5)P2,

bacterial Kir channels also show a unique inhibition by PI(4,5)P2

[14,33,34] which may reflect the lack of PI(4,5)P2 in bacterial

membranes and ubiquitous presence in eukaryotic membranes

[12,14]. On the other hand, the time-course of NavMs protein in

the presence of PI(4,5)P2 shows a peak followed by a decline

(Figure 6C), and may suggest activation by this lipid. A complex

phenomenon has also been observed for 86Rb+ uptake through K+

channels when channel activity is exceedingly high [35].

Sodium Channel Lipid Dependence
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Synchrotron Radiation Circular Dichroism (SRCD)
Spectroscopy of Channels in Liposomes

To investigate whether differences in channel function in

different lipids were reflected in overall changes in the structure of

the protein, SRCD spectroscopy was used to examine full-length

NavSp, the protein that was most sensitive to lipid effects. The

spectral properties of NavSp were examined in liposomes

composed of PE and the three guest lipids (PC, PG, and PI) that

produced the largest differences in flux behavior. SRCD was used

instead of conventional CD spectroscopy for several reasons [36]:

1) the high flux of the synchrotron light source results in signal-to-

noise ratios that are much greater than in a lab based instrument,

meaning that more subtle differences can be detected; 2) the lower

wavelengths measureable (in this case down to 180 nm) permit

investigation of more spectral transitions and thus the data have a

higher information content that would enable detection of more

features that might change; and 3) the sample geometry of an

SRCD beamline enables examination of scattering samples such as

liposomes without spectral distortion.

There are no obvious differences between the NavSp spectra in

the three types of liposomes relative to the variations between

repeat measurements for the NavSp homologue in the three types

of samples (Figure 7). The error bars range from ,1% of the signal

at 190 nm to 2% of the signal at 220 nm, suggesting that any

differences in net structure must be minimal. Indeed, the data can

then be used to calculate the net secondary structure of each

sample (Table 1); in the three samples, the secondary structures

(eg. helix content) differ by #2%, well within the standard

deviations of the calculated values (1–3%). For a protein

comprised of 258 amino acids, even assuming a 2% difference

was real, this would correspond to a net difference in structure for

5 amino acids at most and since the differences are within the

significance levels of the measurements, there is high confidence

that the observed variations in functional properties are not

reflected in local refolding of the channel secondary structure.

Significant changes could occur in its tertiary structure, as was seen

for the open and closed conformations of the voltage-gated sodium

channel [30], with no changes in secondary structure content, but

the low wavelength SRCD data which are sensitive to such

changes, do not suggest any such refolding of the structure.

These SRCD studies effectively eliminate the possibility of

significant refolding of the polypeptide chains in different lipids as

being the source of the different sensitivities and limit the

magnitude and types of structural changes, if any, that occur,

suggesting that the more likely sources of the differences are

specific interactions between the lipid molecules resulting from

their steric or electrostatic properties. Indeed, examination of the

electrostatic surfaces of the different homologues (Figure 8) as well

as of the pore-only constructs (Figure 9), suggest these may be an

important determinant in the lipid interactions.

Modelling and Electrostatic Calculations on Channel and
Pore Homologues

The aligned sequences (Figure 1) of the different homologues

provide no obvious structural basis for differential lipid sensitiv-

ities, such as specific individual charges in particular locations of

the extramembranous regions of the protein. We therefore

generated three-dimensional models of each homologue and their

Figure 1. Sequence alignment of bacterial voltage-gated sodium channels. The black arrows indicate the region visible in the NavAb crystal
structure (PDBID 3RVY) which was used to create homology models of each channel. Positively charged residues are shown in blue, negatively
charged residues in red. The pink upward arrows indicate residues within 5 Å of the phosphocholine headgroups observed in the NavAb crystal
structures (PDBID 4EKW or 3RVY). The green downward arrow indicates the start of the pore-only constructs and the orange downward arrow
indicates the site of the C-terminal truncation of the NavMs constructs.
doi:10.1371/journal.pone.0061216.g001

Sodium Channel Lipid Dependence
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electrostatic surfaces were compared (Figure 8). In each channel,

the peripheries of the extracellular surfaces were mostly un-

charged, but the peripheries of the intracellular surfaces exhibit

strongly positive electrostatic potentials, with the charge distribu-

tions of NavSp and NavMs differing somewhat from that of

NaChBac in the regions of the VSDs. These electrostatic

differences might account for the lipid sensitivities. It is interesting

that some of the residues within 5 Å of the lipid choline

headgroups observed in the NavAb crystal structure [25] are not

highly conserved in the sequences of NaChBac, NavSp and

NavMs channels (Figure 1), although there is no obvious pattern of

changes to charged residues at these sites. It is tempting to

speculate that such differences in sequence at these regions (and

elsewhere) in the channel may contribute to different sensitivities

to membrane lipids among various VGSCs homologues. Most

interestingly, the electrostatic surfaces on the peripheries of the

pore-only constructs are nearly all neutral (Figure 9), consistent

with removal of the charged regions of the VSD eliminating the

sites for specific charged lipid interactions, and hence suggesting

an activation mechanism that includes lipid-VSD interactions that

are transmitted to the pore domains in a way that modulates their

activation mechanism.

Relation to Physiological Regulation by Membrane Lipids
In this study we have examined the lipid dependence of the

bacterial VGSC homologues NavSp, NavMs, and NaChBac,

using purified proteins reconstituted into liposomes of defined

composition. For each channel, we observed low levels of activity

Figure 2. Purification of NaChBac, NavSp and NavMs channels. (A) SDS-PAGE of purified proteins in Cymal-5. The positions of the predicted
monomeric (M), dimeric (D), trimeric (Tri) and tetrameric (Tet) forms are indicated. (B) SDS-PAGE of purified pore-only proteins in DM. The position of
the predicted monomeric (M), dimeric (D), trimeric (Tri) and tetrameric (Tet) forms are indicated. (C) Gel filtration chromatography profiles for
NaChBac (black solid), NavSp (grey dashed) and NavMs (grey solid). The predominant peak corresponds to the molecular mass of tetrameric voltage-
gated sodium channel plus Cymal-5 micelle. (D) Gel filtration chromatography profiles for NavSp pore (grey dashed) and NavMs pore (grey solid). The
predominant peak corresponds to the molecular mass of tetrameric voltage-gated sodium channel plus DM micelle.
doi:10.1371/journal.pone.0061216.g002

Sodium Channel Lipid Dependence
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Figure 3. Lipid dependence of purified NavSp channels. 22Na+ uptake counts of full-length (A) or pore-only (B) constructs of NavSp channels
in liposomes composed of POPE and the indicated lipid. (C) Relative 22Na+ uptake of NavSp at 120 mins normalized to the uptake into liposomes that
do not contain NavSp protein (ie. ‘‘Blank’’) (n = 3 and 6, respectively, +/2 s.e.m.).
doi:10.1371/journal.pone.0061216.g003

Figure 4. Lipid dependence of purified NavMs channels. 22Na+ uptake counts of full-length (A) or pore-only (B) constructs of NavMs channels
in liposomes composed of POPE and the indicated lipid. (C) Relative 22Na+ uptake of NavMs at 60 mins normalized to uptake into liposomes that do
not contain NavMs protein (n = 4 and 9, respectively, +/2 s.e.m.).
doi:10.1371/journal.pone.0061216.g004

Sodium Channel Lipid Dependence
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Figure 5. Lipid dependence of purified NaChBac channels. (A) 22Na+ uptake counts of NaChBac channels in liposomes composed of POPE and
the indicated lipid. (B) Relative 22Na+ uptake of NaChBac at 120 mins normalized to uptake into liposomes that do not contain NaChBac protein
(n = 6, +/2 s.e.m.).
doi:10.1371/journal.pone.0061216.g005

Figure 6. Effect of PI(4,5)P2 on bacterial voltage-gated sodium channels. (A–C) Time-dependent uptake of 22Na+ into proteoliposomes
containing 3:1 POPE:POPG (or PI in the case of NavSp) plus 1% PI(4,5)P2 and full-length NaChBac, NavMs, or NavSp proteins, respectively. (D) Relative
22Na+ uptake at 10 mins and 60 mins from the time course measurements in parts A–C indicate that NaChBac channels are unaffected by the
presence of 1% PI(4,5)P2, NavSp channels are approximately 50% inhibited by 1% PI(4,5)P2 and NavMs channels have complex regulation by PI(4,5)P2

(* P,0.05).
doi:10.1371/journal.pone.0061216.g006

Sodium Channel Lipid Dependence
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above background in the zwitterionic lipids PE and PC, but

differing sensitivities to negatively-charged lipids. Both gram-

positive and gram-negative bacterial membranes have been shown

to primarily contain PE, PG, and CL lipids in both leaflets -

although asymmetrically - with PS, PA and PC lipids found to also

occur in some bacteria [37–41]. PI lipids are essential to

eukaryotic cells, but rarely found in prokaryotes, generally

confined to actinomycetes, myxobacteria, and a select few other

bacteria [39]. Hence, although we cannot directly correlate the

observed sensitivities with specific lipid contents of the host

bacteria, it is likely that the mixture of lipids present in each host

can contribute to the functional properties of the particular

homologue present.

NaChBac channels appeared insensitive to PI(4,5)P2 while

NavSp channels are approximately 50% inhibited in the presence

of 1% PI(4,5)P2 (Figure 6). PI(4,5)P2 has also not been identified in

bacterial membranes. Thus, other than the sensitivities to PI and

PI(4,5)P2, the lipid dependence we observe may be critical for the

physiological function of these channels in their host bacterial

strain. On the other hand, inward rectifier K+ channels KirBac1.1

from Burkholderia pseudomallei and KirBac3.1 from Magnetospirillum

magnetotacticum are also sensitive to lipids not found in bacterial

membranes (notably cholesterol, PI(4,5)P2 and other phosphoino-

sitides), but provide mechanistic insights to the sensitivities of these

lipids in their eukaryotic counterparts [14,33,34,47–49]. Thus,

despite not being directly physiologically relevant, the observed

regulation of bacterial VGSCs by PI and PI(4,5)P2 may enable

important biophysical insights to be derived in the future.

Eukaryotic VGSCs are critical for the function of a wide range

of human tissues, including muscle and central and peripheral

nerves, with some isoforms specifically expressed in particular

tissue types. A brief examination of the lipid composition of several

of these tissues makes it quite reasonable to speculate that lipid

regulation of eukaryotic VGSCs may also play a critical role in

channel function, with varying specificities to lipids for each

isoform. For example, while central neurons (gray and white

matter, and spinal cord) in which Nav1.2 is expressed contain

approximate 25% PC, 35–40% PE, 14–23% PS, 2% PI and only

trace amounts of CL [42,43], the sarcolemma of a cardiomyocyte

where Nav1.5 is the primary sodium channel contains 35–52%

PC, 25–36% PE, 3–5% PS, 6% PI and 1–13% CL [44–46].

Furthermore, these lipid profiles can change with the development

of disease. Thus, as we observed for prokaryotic VGSCs, it is likely

that membrane lipids also play a critical role in regulating the

function of eukaryotic VGSCs.

Materials and Methods

Materials
The VGSC genes isolated from Bacillus halodurans, Silicibacter

pomeroyi and Magnetococcus spirillium (strain MC-1) were supplied by

Prof. David E. Clapham (Howard Hughes Medical Institute,

Children’s Hospital, Harvard Medical School, Boston, MA) [7,8].

Quick ligase, restriction enzymes and DH5a chemically compe-

tent cells were purchased from New England Biolabs. Syntheses of

PCR primers and all DNA sequencing were performed by

Eurofins MWG Operon. Ni-NTA and all DNA purification

supplies were purchased from Qiagen, Ltd (UK). Thrombin and

the pET15b vector were purchased from Novagen, Inc (EMD

Chemicals, Darmstadt, Germany). Dodecyl maltoside (DDM),

cymal-5 and decyl maltoside (DM) were obtained from Anatrace,

Inc (OH, USA). Synthetic lipids POPE (1-palmitoyl 2-oleoyl

phosphatidyl ethanolamine), POPG (1-palmitoyl 2-oleoyl phospa-

tidyl glycerol), POPS (1-palmitoyl 2-oleoyl phosphatidyl serine),

POPA (1-palmitoyl 2-oleoyl phosphatidic acid), POPC (1-palmi-

toyl 2-oleoyl phosphatidyl choline), EPC (1-palmitoyl 2-oleoyl-

ethyl phosphatidyl choline), CL (18:1 cardiolipin), natural PI

(phosphatidyl inositol from bovine liver), PI(4)P (phosphatidylino-

sitol 4-phosphate from porcine brain), and PI(4,5)P2 (phosphati-

dylinositol 4,5-bisphosphate from porcine brain) were purchased

from Avanti Polar Lipids (AL,USA). Mibefradil was obtained from

Sigma-Aldrich.

Expression and Purification
The full-length voltage-gated sodium channels from B. halodur-

ans (NaChBac), S. pomeroyi (NavSp), and Magnetococcus spirillium

(strain MC-1) (NavMs) (the latter had a partially truncated C-

terminus, the site of which is indicated by red arrow in Figure 1)

were expressed in E. coli and purified as previously described

[27,50]. Briefly, membranes were solubilized in 1% DDM and Ni-

Figure 7. SRCD spectra of NavSp in liposomes of different lipid
compositions. The ‘‘guest’’ lipids were PG (black), PC (red), and PI
(blue). The error bars represent one standard deviation in the replicate
measurements of spectra.
doi:10.1371/journal.pone.0061216.g007

Table 1. Calculated secondary structure of the NavSp
channel in liposomes of different compositions based on
SRCD measurements.

‘‘Guest ‘‘ Lipids

PC PG PI

Helix 6862 6661 6763

Sheet 461 762 662

Unordered 1764 1763 1763

The percentage values listed are the average secondary structures calculated
from several methods of analyses applied to the same data sets (the +/2 values
indicate the variations between algorithms). All liposomes include PE; the
‘‘guest’’ lipid is the second lipid present in the liposome sample.
doi:10.1371/journal.pone.0061216.t001

Sodium Channel Lipid Dependence
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NTA purified in 0.25% Cymal-5. Thrombin was used to cleave

the hexa-histidine tag at room temperature overnight at 5 units/

mg protein. The cleaved his-tag and remaining his-tagged protein

were incubated with Ni-NTA and the flow-through was collected.

The Ni-NTA flow-through was filtered (0.22 mm filter) and

concentrated before loading onto a gel filtration column (Superdex

200 10/300 GL, GE Healthcare). Protein was eluted with 10 mM

Tris-HCl, pH 7.5, 100 mM NaCl, 0.02% NaN3 and 0.25%

Cymal-5. The molecular biology, expression and purification of

the pore-only constructs from S. pomeroyi and Magnetococcus spirillium

Figure 8. Model structures of the three homologues. Comparison of the electrostatic potentials at +/25 KT/e plotted on the solvent-accessible
surfaces of (A) NavSp, (B) NavMs and (C) NaChBac, based on homology models constructed from NavAb in the activated closed state (PDBID:3RVY),
viewed along the extracellular surface (left panel), the membrane normal (middle panel) and from the cytoplasmic surface (right panel). The black
spheres indicate the positions of ordered lipids in the original NavAb (PDBID: 3RVY) crystal structure used to produce the models.
doi:10.1371/journal.pone.0061216.g008

Figure 9. Model structures of the pore-only constructs of NavSp and NavMs. Comparison of the electrostatic surface potentials (as in
Figure 6) of the pore-only constructs of NavMs and NavSp. The NavMs is the crystal structure of the NavMs pore (PDBID: 4F4L) and the NavSp is a
homology model based on that crystal structure.
doi:10.1371/journal.pone.0061216.g009

Sodium Channel Lipid Dependence

PLOS ONE | www.plosone.org 8 April 2013 | Volume 8 | Issue 4 | e61216



(strain MC-1) were described previously [27,30] (the green arrow in

Figure 1 indicates the beginning of the constructs). The pore-only

constructs were purified in 0.2% DM.

22Na+ Uptake Assay
Experiments were performed as previously described [27,30].

20–30 mg of each full-length or pore-only channel protein were

added to 1 mg of phospholipid solubilized in buffer A (450 mM

NaCl, 10 mM HEPES, 4 mM N-methyl-d-glucamine (NMG),

1 mM EDTA pH 7.5) and incubated for 30 min. Liposomes were

formed by adding the protein/lipid sample to partially-dehydrated

Sephadex G-50 columns presoaked in buffer A through polysty-

rene columns (Pierce Chemical Co.) and spinning to 2,500 rpm.

The extraliposomal solution was exchanged by spinning the

sample at 2,500 rpm through a second set of partially-dehydrated

columns, now containing beads soaked in buffer B (400 mM

sorbitol, 10 mM HEPES, 4 mM NMG, 1 mM EDTA pH 7.5).
22Na+ uptake was initiated by adding 400 mL of buffer B

containing 22Na+ and when necessary, the indicated concentration

of the channel blocker mibefradil. At various time points, 60 mL

aliquots of the liposome uptake reaction were flowed through

0.5 ml Dowex cation exchange columns charged with NMGH+ to

remove extraliposomal 22Na+. These aliquots were then mixed

with scintillation fluid and counted in a liquid scintillation counter.

Fractional flux at 60 minutes in the presence of mibefradil was

determined following data subtraction of uptake counts measured

at each time point in protein-free liposomes.

Synchrotron Radiation Circular Dichroism Spectroscopy
Lipid mixtures (2.5 mg) containing 3:1 POPE: ‘‘guest’’ lipid

were dried down from chloroform solution onto the walls of a thin

glass vial (where the guest lipid was either POPC, POPG or Liver

PI). 1 ml of buffer (10 mM Tris-HCL, pH 7.8, 50 mM NaCl,

0.02% NaN3, 0.3% Cymal-5) was added. The sample was

sonicated to optical clarity in a bath sonicator. NavSp protein

(1 mg) was then added to each of the sonicated suspensions to give

a 400:1 molar ratio of lipid:channel tetramer. Detergent was

removed by the addition of 120 ml of Calbiosorb adsorbent beads

(Calbiochem). The reconstituted vesicles were removed from the

adsorbent beads and rapidly diluted into buffer (70 ml; 10 mM

Tris-HCL, pH 7.8, 50 mM NaCl, 0.02% NaN3) to ensure

complete removal of the detergent. Proteoliposomes were pelleted

by centrifugation at 100,0006 g at 18uC for 30 min and

resuspended in 250 ml of the same buffer via gentle aspiration.

The proteoliposomes were briefly sonicated in a bath sonicator

and spun at 3,0006 g for 1 min. A lipid blank was also prepared

for each sample, following the same method without the addition

of protein. For each sample, the concentration was determined

from the A280 measured in triplicate on a Nanodrop 1000 UV

spectrophotometer immediately before the SRCD spectrum was

acquired.

SRCD data were collected on beamline CD1 at the ISA

synchrotron located at the University of Aarhus, Denmark. Similar

measurements were also undertaken at the CD12 beamline at the

ANKA synchrotron in Karlsruhe, Germany and at the DISCO

beamline at the Soleil Synchrotron in France. Protein samples at

concentrations between 2 and 5 mg/ml were loaded into a

0.0015 cm pathlength quartz Suprasil cell (Hellma UK) and

spectra measured at 25uC using a step size of 1 nm, and an

averaging time of 2 s. Three replicate scans collected in the

wavelength range from 280 nm to180 nm were averaged and the

average of three replicate scans of the cognate baseline subtracted.

Spectra were then calibrated to a spectrum of camphorsulfonic

acid measured immediately after each beam fill, and scaled to

units of delta epsilon using a mean residue weight of 114.4 All

processing was carried out using CDTool software [51]. Second-

ary structure analyses were carried out using the DichroWeb

analysis server [52]. Values from the algorithms CONTINLL

[53], SELCON3 [54] and CDDSTR [54] (using reference dataset

SMP180 (which includes membrane proteins [55]) were averaged.

Circular dichroism spectral and meta-data have been deposited

in the Protein Circular Dichroism Data Bank under accession

codes CD0004040000, CD0004041000, and CD0004042000, and

will be released upon publication.

Modelling of Homologue Structures
The transmembrane regions and adjoining loops of full length

NaChBac, NavSp and NavMs were modelled using the crystal

structure of voltage-gated sodium channel from Arcobacter butzleri,

NavAb (PDBID 3RVY) captured in a hybrid activated-VSD/

closed-pore conformation. Amino acid sequences corresponding to

NaChBac (Uniprot ID Q9KCR8), NavSp (Uniprot ID F7IVA8)

and NavMs (Uniprot ID AOL5S6) were aligned to NavAb

(Uniprot ID A8EVM5) using ClustalW [56] and displayed using

Jalview software [57]. SwissModeller was used to create homology

models based on the alignment from the N-terminal region

through the base of the S6-helix.The pore-only construct of NavSp

was modeled using the crystal structure of the voltage-gated

sodium channel pore from Magnetococus spirillum, NavMs (PDBID

4F4L) [27]. Electrostatic surfaces were calculated using APBS

software [58] and displayed using Pymol [59].

Author Contributions

Conceived and designed the experiments: BW CN. Performed the

experiments: ND EM AP AM. Analyzed the data: ND EM AM BW.

Contributed reagents/materials/analysis tools: ND EM AP AM. Wrote the

paper: BW ND EM.

References

1. Yu FH, Catterall WA (2003) Overview of the voltage-gated sodium channel

family. Genome Biol 4: 207.

2. Hille B (2001) Ion Channels of Excitable Membranes. Sunderland, MA: Sinauer

Associates, Inc.

3. Fujinami S, Terahara N, Krulwich TA, Ito M (2009) Motility and chemotaxis in

alkaliphilic Bacillus species. Future Microbiol 4: 1137–1149.

4. Ito M, Xu H, Guffanti AA, Wei Y, Zvi L, et al. (2004) The voltage-gated Na+
channel NaVBP has a role in motility, chemotaxis, and pH homeostasis of an

alkaliphilic Bacillus. Proc Natl Acad Sci U S A 101: 10566–10571.

5. Noda M, Shimizu S, Tanabe T, Takai T, Kayano T, et al. (1984) Primary

structure of Electrophorus electricus sodium channel deduced from cDNA

sequence. Nature 312: 121–127.

6. Nurani G, Radford M, Charalambous K, O’Reilly AO, Cronin NB, et al. (2008)

Tetrameric bacterial sodium channels: characterization of structure, stability,

and drug binding. Biochemistry 47: 8114–8121

7. Ren D, Navarro B, Xu H, Yue L, Shi Q, et al. (2001) A prokaryotic voltage-

gated sodium channel. Science 294: 2372–2375.

8. Koishi R, Xu H, Ren D, Navarro B, Spiller BW, et al. (2004) A superfamily of

voltage-gated sodium channels in bacteria. J Biol Chem 279: 9532–9538.

9. Irie K, Kitagawa K, Nagura H, Imai T, Shimomura T, et al. (2009)

Comparative study of the gating motif and C-type inactivation in prokaryotic

voltage-gated sodium channels. J Biol Chem 285: 3685–3694

10. Robinson NC (1993) Functional binding of cardiolipin to cytochrome c oxidase.

J Bioenerg Biomembr 25: 153–163.

11. O’Malley MA, Helgeson ME, Wagner NJ, Robinson AS (2011) The

morphology and composition of cholesterol-rich micellar nanostructures

determine transmembrane protein (GPCR) activity. Biophys J 100: 111–113.

12. Cheng WW, D’Avanzo N, Doyle DA, Nichols CG (2011) Dual-mode

phospholipid regulation of human inward rectifying potassium channels.

Biophys J 100: 620–628.

Sodium Channel Lipid Dependence

PLOS ONE | www.plosone.org 9 April 2013 | Volume 8 | Issue 4 | e61216



13. Schmidt D, Jiang QX, MacKinnon R (2006) Phospholipids and the origin of

cationic gating charges in voltage sensors. Nature 444: 775–779.

14. D’Avanzo N, Cheng WW, Doyle DA, Nichols CG (2010) Direct modulation of
human inward rectifier K+ channels by membrane phosphatidylinositol 4,5-

bisphosphate. J Biol Chem 285: 37129–37132.

15. Powl AM, East JM, Lee AG (2008) Importance of direct interactions with lipids

for the function of the mechanosensitive channel MscL. Biochemistry 47:
12175–12184.

16. Powl AM, East JM, Lee AG (2008) Anionic phospholipids affect the rate and

extent of flux through the mechanosensitive channel of large conductance MscL.
Biochemistry 47: 4317–4328.

17. Schmidt D, Cross SR, MacKinnon R (2009) A gating model for the archeal

voltage-dependent K(+) channel KvAP in DPhPC and POPE:POPG decane
lipid bilayers. J Mol Biol 390: 902–912.

18. Xu Y, Ramu Y, Lu Z (2008) Removal of phospho-head groups of membrane

lipids immobilizes voltage sensors of K+ channels. Nature 451: 826–829.

19. Wu CC, Su MJ, Chi JF, Chen WJ, Hsu HC, et al. (1995) The effect of

hypercholesterolemia on the sodium inward currents in cardiac myocyte. J Mol
Cell Cardiol 27: 1263–1269.

20. Lundbaek JA, Birn P, Hansen AJ, Sogaard R, Nielsen C, et al. (2004) Regulation

of sodium channel function by bilayer elasticity: the importance of hydrophobic
coupling. Effects of micelle-forming amphiphiles and cholesterol. J Gen Physiol

123: 599–621.

21. Palygin OA, Pettus JM, Shibata EF (2008) Regulation of caveolar cardiac
sodium current by a single Gsa histidine residue. Am J Physiol Heart Circ

Physiol 294: H1693–1699.

22. Yarbrough TL, Lu T, Lee HC, Shibata EF (2002) Localization of cardiac

sodium channels in caveolin-rich membrane domains: regulation of sodium
current amplitude. Circ Res 90: 443–449.

23. Long SB, Tao X, Campbell EB, MacKinnon R (2007) Atomic structure of a

voltage-dependent K+ channel in a lipid membrane-like environment. Nature
450: 376–382.

24. Payandeh J, Scheuer T, Zheng N, Catterall WA (2011) The crystal structure of a

voltage-gated sodium channel. Nature 475: 353–358.

25. Payandeh J, Gamal El-Din TM, Scheuer T, Zheng N, Catterall WA (2012)
Crystal structure of a voltage-gated sodium channel in two potentially

inactivated states. Nature 486: 135–139.

26. Zhang X, Ren W, DeCaen P, Yan C, Tao X, et al. (2012) Crystal structure of an

orthologue of the NaChBac voltage-gated sodium channel. Nature 486: 130–
134.

27. McCusker EC, D’Avanzo N, Nichols CG, Wallace BA (2011) Simplified

bacterial ‘‘pore’’ channel provides insight into the assembly, stability, and
structure of sodium channels. J Biol Chem 286: 16386–16391.

28. O’Reilly AO, Charalambous K, Nurani G, Powl AM, Wallace BA (2008) G219S

mutagenesis as a means of stabilizing conformational flexibility in the bacterial
sodium channel NaChBac. Mol Membr Biol 25: 670–676.

29. Long SB, Campbell EB, Mackinnon R (2005) Crystal structure of a mammalian

voltage-dependent Shaker family K+ channel. Science 309: 897–903.

30. McCusker EC, Bagneris C, Naylor CE, Cole AR, D’Avanzo N, et al. (2012)

Structure of a bacterial voltage-gated sodium channel pore reveals mechanisms
of opening and closing. Nat Commun 3: 1102.

31. Shaya D, Kreir M, Robbins RA, Wong S, Hammon J, et al. (2011) Voltage-

gated sodium channel (NaV) protein dissection creates a set of functional pore-
only proteins. Proc Natl Acad Sci U S A 108: 12313–12318.

32. Suh BC, Hille B (2008) PIP2 is a necessary cofactor for ion channel function:

how and why? Annu Rev Biophys 37: 175–195.

33. Cheng WW, Enkvetchakul D, Nichols CG (2009) KirBac1.1: it’s an inward
rectifying potassium channel. J Gen Physiol 133: 295–305.

34. Enkvetchakul D, Jeliazkova I, Nichols CG (2005) Direct modulation of Kir

channel gating by membrane phosphatidylinositol 4,5-bisphosphate. J Biol

Chem 280: 35785–35788.

35. Paynter JJ, Andres-Enguix I, Fowler PW, Tottey S, Cheng W, et al. (2010)
Functional complementation and genetic deletion studies of KirBac channels:

activatory mutations highlight gating-sensitive domains. J Biol Chem 285:
40754–40761.

36. Wallace BA (2009) Protein characterisation by synchrotron radiation circular

dichroism spectroscopy. Q Rev Biophys 42: 317–370.
37. Goldfine H (1984) Bacterial membranes and lipid packing theory. J Lipid Res

25: 1501–1507.

38. Jurado AS, Pinheiro TJ, Madeira VM (1991) Physical studies on membrane
lipids of Bacillus stearothermophilus temperature and calcium effects. Arch

Biochem Biophys 289: 167–179.
39. Sohlenkamp C, Lopez-Lara IM, Geiger O (2003) Biosynthesis of phosphatidyl-

choline in bacteria. Prog Lipid Res 42: 115–162.

40. van Meer G, de Kroon AI (2011) Lipid map of the mammalian cell. J Cell Sci
124: 5–8.

41. van Meer G, Voelker DR, Feigenson GW (2008) Membrane lipids: where they
are and how they behave. Nat Rev Mol Cell Biol 9: 112–124.

42. Singh EJ, Swartwout JR (1972) The phospholipid composition of human
placenta, endometrium and amniotic fluid: a comparative study. Lipids 7: 26–

29.

43. Svennerholm L, Bostrom K, Fredman P, Jungbjer B, Mansson JE, et al. (1992)
Membrane lipids of human peripheral nerve and spinal cord. Biochim Biophys

Acta 1128: 1–7.
44. Galloway JH, Cartwright IJ, Bennett MJ (1987) Abnormal myocardial lipid

composition in an infant with type II glutaric aciduria. J Lipid Res 28: 279–284.

45. Hamplova B, Pelouch V, Novakova O, Skovranek J, Hucin B, et al. (2004)
Phospholipid composition of myocardium in children with normoxemic and

hypoxemic congenital heart diseases. Physiol Res 53: 557–560.
46. Post JA, Verkleij AJ, Langer GA (1995) Organization and function of

sarcolemmal phospholipids in control and ischemic/reperfused cardiomyocytes.
J Mol Cell Cardiol 27: 749–760.

47. D’Avanzo N, Hyrc K, Enkvetchakul D, Covey DF, Nichols CG (2011)

Enantioselective protein-sterol interactions mediate regulation of both prokary-
otic and eukaryotic inward rectifier K+ channels by cholesterol. PLoS One 6:

e19393.
48. Singh DK, Rosenhouse-Dantsker A, Nichols CG, Enkvetchakul D, Levitan I

(2009) Direct regulation of prokaryotic Kir channel by cholesterol. J Biol Chem

284: 30727–30736.
49. Wang S, Lee SJ, Heyman S, Enkvetchakul D, Nichols CG (2012) Structural

rearrangements underlying ligand-gating in Kir channels. Nat Commun 3: 617.
50. Powl AM, O’Reilly AO, Miles AJ, Wallace BA (2010) Synchrotron radiation

circular dichroism spectroscopy-defined structure of the C-terminal domain of
NaChBac and its role in channel assembly. Proc Natl Acad Sci U S A 107:

14064–14069.

51. Lees JG, Smith BR, Wien F, Miles AJ, Wallace BA (2004) CDtool – An integrated
software package for circular dichroism spectroscopic data processing, analysis

and archiving. Anal Biochem 332: 285–289.
52. Whitmore L, Wallace BA (2008) Protein secondary structure analyses from

circular dichroism spectroscopy: methods and reference databases. Biopolymers

89: 392–400.
53. van Stokkum IH, Spoelder HJ, Bloemendal M, van Grondelle R, Groen FC

(1990) Estimation of protein secondary structure and error analysis from circular
dichroism spectra. Anal Biochem 191: 110–118.

54. Sreerama N, Woody RW (2000) Estimation of protein secondary structure from
circular dichroism spectra: comparison of CONTIN, SELCON, and CDSSTR

methods with an expanded reference set. Anal Biochem 287: 252–260.

55. Abdul-Gader A, Miles AJ, Wallace BA (2011) A reference dataset for the
analyses of membrane protein secondary structures and transmembrane residues

using circular dichroism spectroscopy. Bioinformatics 27: 1630–1636.
56. Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving the

sensitivity of progressive multiple sequence alignment through sequence

weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res 22: 4673–4680.

57. Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ (2009) Jalview
Version 2 - a multiple sequence alignment editor and analysis workbench.

Bioinformatics 25: 1189–1191.

58. Baker NA, Sept D, Joseph S, Holst MJ, McCammon JA (2001) Electrostatics of
nanosystems: application to microtubules and the ribosome. Proc Natl Acad

Sci U S A 98: 10037–10041.
59. DeLano WL (2002) PyMOL molecular viewer.

Sodium Channel Lipid Dependence

PLOS ONE | www.plosone.org 10 April 2013 | Volume 8 | Issue 4 | e61216


