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Direct structural insights on the fundamental mechanisms of
permeation, selectivity, and gating remain unavailable for the
Na* and Ca?t channel families. Here, we report the spectroscopic
structural characterization of the isolated Voltage-Sensor Domain
(VSD) of the prokaryotic Na* channel NaChBac in a lipid bilayer.
Site-directed spin-labeling and EPR spectroscopy were carried
out for 118 mutants covering all of the VSD. EPR environmental
data were used to unambiguously assign the secondary structure
elements, define membrane insertion limits, and evaluate the ac-
tivated conformation of the isolated-VSD in the membrane using
restrain-driven molecular dynamics simulations. The overall three-
dimensional fold of the NaChBac-VSD closely mirrors those seen in
KvAP, Kv1.2, Kv1.2-2.1 chimera, and MlotiK1. However, in compar-
ison to the membrane-embedded KvAP-VSD, the structural
dynamics of the NaChBac-VSD reveals a much tighter helix packing,
with subtle differences in the local environment of the gating
charges and their interaction with the rest of the protein. Using cell
complementation assays we show that the NaChBac-VSD can
provide a conduit to the transport of ions in the resting or “down”
conformation, a feature consistent with our EPR water accessibility
measurements in the activated or “up” conformation. These results
suggest that the overall architecture of VSD's is remarkably
conserved among K™ and Na* channels and that pathways for
gating-pore currents may be intrinsic to most voltage-sensors. Cell
complementation assays also provide information about the
putative location of the gating charges in the “down/resting” state
and hence a glimpse of the extent of conformational changes during
activation.

complementation assays | EPR spectroscopy | gating charges |
electrical excitability

Voltage-gated Na* channels (Na,) orchestrate the rapid move-
ment of Nat across the membrane that govern the rising
phase of action potential in nerve and muscle cells. Eukaryotic
Nays are composed of a single polypeptidic chain forming four
homologous domains, each composed of six transmembrane
(TM) helices. NaChBac, a prokaryotic voltage-gated Na, from
Bacillus halodurans (1) is the simplest member of this family, con-
sisting of four identical 6TM-subunits resembling the individual
domains of the eukaryotic Na, and Ca, channels. Although both
activation and inactivation gating kinetics in NaChBac are signif-
icantly slower than in eukaryotic Na,, its steep voltage-dependent
activation and Na* selective permeation properties firmly place
this channel within the Na, family (1-3). The functional behavior
of voltage-gated channels in general relies on the energetic
coupling between the voltage-sensor domain (VSD), formed
by the TM segments S1-S4, and the pore domain (PD), formed
by the segments S5-S6. However there is ample evidence that
supports the structural independence of the two domains. The
VSD from Shaker channel when transferred to nonvoltage sensi-
tive potassium channel confers voltage-dependent gating (4, 5).
Mackinnon and colleagues showed that the isolated-VSD of
KVAP could be stably expressed in detergent (6). Our own work
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confirmed that this domain can not only remain monomeric in a
membrane environment (7), but that its three-dimensional archi-
tecture was almost completely unaltered when compared to that
in the full-length channel (8). More recently, the discovery of vol-
tage-sensor phosphatases (Ci-VSP) (9) and voltage-gated proton
channels (Hv) (10, 11) has revealed that VSDs are not exclusive
to ion channels with canonical PDs. In fact, they can be coupled
to control enzymatic activity, as in Ci-VSP, or even serve as scaf-
fold for ion permeation as found in Hv channels (12). In addition,
features such as hysteresis of voltage-dependence, a property
widely studied in many voltage-gated channels such as the Na,
(13), K, (14), and HCN channels (15, 16) are now known to
be intrinsically associated to the VSD (17, 18). These results sug-
gest that the isolated-VSD is a meaningful functional modular
unit that can serve as a basic model system for structural and
dynamical studies aimed at discovering the general principles
of voltage sensing.

Here, we have determined the three-dimensional architecture
of the isolated-VSD of NaChBac in a near-native environment
using site-directed spin-labeling and EPR spectroscopy. This in-
formation was used to evaluate atomic models of NaChBac-VSD
through restrained molecular dynamics (MD) simulations incor-
porating solvent accessibility values as experimental restraints
(19). This model is compared with the crystal structures of the
VSD of KvAP and Kv1.2-2.1 chimera (6, 20) and demonstrates
that the general structural principles and basic functional proper-
ties of VSD domains are conserved across K™ and Na* channels.

Results and Discussion

The purified NaChBac isolated-VSD (Fig. S14) in decylmalto-
side (DM) runs as a monodisperse monomer in gel filtration
chromatography, with an elution volume of 14.2 mL and an ab-
solute molecular mass of ~22 + 4 kDa, as determined from light
scattering/refractive index analysis (Fig. S1B). The mutant T110C
in the S3-S4 linker was chosen to assay the aggregation of the
sensor on the membranes by FRET using fluorescein-maleimide
and tetramethylrhodamine-maleimide as transfer pair (7, 8, 21).
We found that the isolated-sensor remains monodisperse in all of
the tested reconstituted membrane systems (Fig. S1C).

Probing the Three-Dimensional Architecture of NaChBac-VSD by EPR
Spectroscopy. To evaluate the molecular architecture of the
VSD in a membrane environment, 118 cysteine mutants covering
most of the isolated-VSD (16-137) were purified, spin-labeled,
and reconstituted in 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
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choline (POPC): 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
(1'-rac-glycerol) (POPG) mixture (3:1, mol:mol). All measure-
ments were made in the absence of membrane potential, so
presumably the vast majority of the spin-labeled sensors populate
the “up-state” or activated conformation (7, 8). Our analyses
were centered on two types of dynamic EPR structural informa-
tion (22-27): First, estimations of the spin-probe motional free-
dom from the inverse of the central line width of the first
derivative absorption spectra (AH; ). Second, spin-probe solvent
accessibility evaluated by collisional relaxation methods. Here,
nonpolar molecular oxygen (ITO,) serves as a contrast agent to
evaluate membrane exposure while polar Ni(II) ethylenediamine-
diacetic acid (IINiEdda) reports the extent of aqueous exposure.

Analysis of the complete spectral dataset for the isolated-VSD
is shown in Fig. 14. Probe mobility (AH,", black) and O, acces-
sibility (T1O,, red) show clear periodic behavior in each of the TM
segments, compatible with an a-helical structure (data amplitude
changes every third or fourth residue). Further, the I10, values in
each of the TM segments are seen to peak towards the middle of
the helix (indicated by the bent arrows), consistent with high O,
levels in the center of the bilayer. The location of the putative
loop regions are clearly marked by large excursion in both
AH;'! and IINiEdda which also allows for an unambiguous assign-
ment of the boundaries for the TM segments. Together these data
clearly reflect a transmembrane orientation of the isolated-VSD.
A closer inspection at the periodic variation of the EPR data
shows that while S1 and S2 are nearly continuous, a break in
the T10, pattern is apparent in S3 and S4 (marked by arrows)
which might be reflective of a bending or kinking of the a-helix.
A break in S4 periodicity was also observed in lanthanide reso-
nance energy transfer (LRET) measurements of NaChBac full-
length channel (28). It is interesting to note that most positions
corresponding to conserved residues within the VSD families
show low I10, (green asterisks in Fig. 14) and hence predicted
to point into the core of the helical bundle. The relative orienta-
tions of the helices with respect to each other and the membrane

lipids can be predicted based on the direction of the calculated
110, moment (black arrow), as shown on a helical wheel repre-
sentation (Fig. 1B).

The Conformation of the S4 Segment. The IINiEdda values of the
S3-S4 loop point to the start of the S4 helix at residue 110, one
helical turn above the first arginine R113 (R1). Examination of
I1O, reveals that the S4 segment is not a simple a-helix; residues
110-119 show low values every third-forth positions while for re-
sidues 120-128 it is every third position (Fig. 24). The derived
power spectra of the N-terminal half of S4 shows a distinct peak
centered at 99.8° reflecting its a-helical nature while the C-term-
inal end reveals a peak at 118.1° which is characteristic of a 3y,
helix. The 3,, periodicity of the S4 helix terminates below Pro128
and suggests that this residue forms the start of the S4-S5 linker.
The occurrence of a 3, helical hydrogen-bonding pattern in S4
was observed in MlotiK channels and in the K1.2-2.1 chimera
(20, 29), but not in the KvAP sensor crystal structure (6) or in
the EPR accessibility parameters of the KvAP sensor in the mem-
brane (7, 8). One structural advantage of a 3, helical conforma-
tion for S4 is that the series of charged arginines (1 every 3
residues) can be made to point toward a water-filled crevice at
the center of the VSD core, which is more favorable energetically
(20). An a-helix-to-3;, transition might allow S4 to stretch and
spring back, changing the position of the gating charges within
the electric field, as previously suggested (20).

Although the topology of the VSDs in KVAP and the Kv1.2-2.1
chimera are essentially superimposable (20), the S4 arginines
show significant differences in their immediate environments.
In the KvAP structure R1 and R2 are positioned on the mem-
brane-exposed face of S4; R3 is exposed to a mixed mem-
brane-water environment; while R4, R5, and K6 clearly point
into the VSD (6). Our EPR data of KvAP was consistent with
this orientation, as R1 and R2 show clear O, exposure, which
gradually decreases as we move from R3 towards K6 (7, 8). In
Kv1.2, R1-R4 are positioned in similar environments as those
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Fig. 1. EPR based structural analysis of the isolated-VSD. (A) Mobility AHg" (black), O, accessibility 770, (red) and NiEdda accessibility TINiEdda (blue). The gray
regions represent the putative TM segments from the hydropathy plot. Green asterisks denote highly conserved residues with VSDs. Bent arrows point to the
increase in 710, towards the center of the bilayer in S1 and S2 and straight arrows indicate a break in helix periodicity in S3 and S4. (B) Helical wheel re-
presentation of 170, superimposed in a polar coordinate representation. The relative orientation of the helices can be predicated based on the direction
of the resultant vector, which points towards the lipid facing phase of the helix. The shaded area within the dashed lines highlights the degree of eccentricity
for the complete set of accessibility data relative to the maximal accessibility vector.
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Fig. 2. Environment of the S4 segment (A) Profile of changes in the 1710,
parameters reflects a break in periodicity. Fourier transform power spectra
of 110, shows that the peak angular frequency occurs at ~99.8° for the
upper-half of $4 corresponding to an a-helix, while it is at ~118.1° for the
lower-half suggesting a 344 helical structure. (B) An overlap of representative
X-band CW-EPR spectra of spin-labeled mutants at corresponding arginines
in 54 for the VSD from NaChBac (red) and KvAP (black). Blue line shows the
location of immobile component of the spectra (Left). Position of arginine
side-chains as seen in the crystal structure of the isolated-VSD of KvAP
(center). An overlap of EPR spectra of the corresponding positions based
on the alignment of NaChBac and KvAP VSDs (Right). The shaded boxes high-
light positions that show maximal change in line shape.

seen in KvAP (30). In the Kv1.2-2.1 chimera, however, RO is ex-
posed to the membrane interface, R1 faces a mixed environment
while R2-R6 point towards S1 and S2 helices (20). Fig. 2B shows a
comparison of the spectral line-shapes for NaChBac-VSD
spin-labeled at the equivalent gating charges with those in the
isolated-KvAP-VSD. Both the spectra at R1, as well as the acces-
sibility to O, are essentially identical, suggesting that the Arg at
this position is likely to be at the membrane interface and able to
interact favorably with the phosphate head groups of the lipids
(20, 31, 32). However, Positions R2 and R3 show a much higher
degree of immobilization in NaChBac-VSD, suggesting that they
point into the VSD core as seen in the Kv1.2-2.1 chimera rather
than in KvAP. At R4 the spin-probe is more mobile in NaChBac-
VSD than in KvAP which, together with the observed IINiEdda
in residues immediately below, might suggests that R4 could be
positioned near the interface connecting the inner and outer
cavities in the up-state. In general, interfacial arginines show low-
er apparent I[INiEdda (7, 8). The differences in the environment
of Arg side-chains in KvAP and NaChBac could occur as a con-
sequence of the position of arginines on the S4 helix as reflected
by the sequence alignment (Fig. S14). An overlap based on this
alignment (Fig. 2B, right) shows a better match of the spectral line

Chakrapani et al.

shapes, although in comparison NaChBac spectra is more immo-
bile at R2 and R3.

Key arginines in the S4 segment are known to be stabilized by a
network of salt-bridge interactions with acidic residues in S1, S2,
and S3 transmembrane segments (33-36). These interactions
presumably stabilize S4 arginines in the low dielectric environ-
ment on the membrane. As seen with the R2-R3 positions, the
spin-label at these positions (D60, E70, and D93) in NaChBac
reports a more restricted dynamics in comparison to KvAP
(Fig. S24 and B).

Water-Filled Crevices and Pathway for Gating-Pore Currents. Cysteine
reactivity measurements first suggested the presence of water ves-
tibules within VSDs (37-45). X-ray structures (6, 20, 30) show
that bending of S3 away from the VSD core creates deep crevices
at the center of the S1-S4 helical bundle that can be penetrated
by water. [INiEdda of spin probes at positions lining these crev-
ices confirms the presence of aqueous pathway within the VSD
on the membrane (7, 8). Penetration of water molecules from
either side of the VSD has been observed in MD simulations
(32, 43-45). The VSD aqueous pathway/cavity has been impli-
cated in playing a critical role in reducing the effective thickness
of the bilayer around the S4 charges and thereby facilitating the
focusing of membrane electric field. This feature obliterates the
requirement of large S4 movement during activation (46-48).
In NaChBac-VSD, IINiEdda in S3 reveals that there are only
14 residues that show little or no water exposure (Fig. 34 and B).
In this case, the hydrophobic region of the membrane approaches
an apparent “thickness” of <20 A in the vicinity of the S3 seg-
ment. The aqueous accessibility of crevices measured by the col-
lisional quenching of NiEdda, is usually an underestimation of
the actual penetration depth (7, 8). A decrease in I10, in the
C-terminal half of S3 (Fig. 1) along with the high motional free-
dom of residues above Gly 100 suggest that water penetration is
favored by the bending introduced by the glycine residue. This
position is analogous to Pro99 in KvAP (6) and Pro265 in the
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Fig. 3. Aqueous crevices within the VSD. (A) TINiEdda values for the residues
comprising the S3-S4 segment in the isolated-VSD. (B) IINiEdda values
mapped on the S3 segment of the NaChBac-VSD model to show the depth
of water accessible areas (blue arrows) within the transmembrane region of
the protein. The dotted line denotes the putative limits of the membrane.
(C) LB2003 complementation assay. Mutant strain LB2003 transformed with
Gly mutants at R1 (green triangles), R2 (blue inverted triangles), and R3
(cyan diamonds), the negative control is closed wt-KcsA (black squares)
and the positive control is the C-terminal truncated KcsA (A120) (red circles).
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Kv1.2-2.1 chimera (20). It is interesting to note that this position
is occupied by proline or glycine, in voltage-gated ion channel
families (49-54) and serine or threonine in the Hv channel
(10, 11) and VSP families (9). All of these residues have been
suggested to destabilize a-helix. Therefore formation of crevices
by the bending of S3 appears to be a common property of VSDs.

Another structural difference among VSDs is centered on the
helix kink at the S3 segment. In KvAP, the S3 segment is seen to
be partially unwound below the Pro99 (6), reflected as a loss of
periodicity in this region in the EPR measurements of the full-
length channel and the isolated-VSD of KvAP (7, 8). In the
Kv1.2 structure, S3 appears as a single helix with a bending at
the Pro265, although the resolution is limited. A similar bending
at Pro265 is also seen in the Kv1.2-2.1 chimera (20). In NaChBac-
VSD, the S3a region is strongly a-helical and shows significantly
less exposure to water than that seen in KvAP, suggesting that the
tilting of the S3b and hence the depth of the cleft may not be as
well defined as in KvAP.

The presence of an aqueous channel in the VSD interior re-
presents a potential pathway for the passage of protons and other
cations across the membrane. Such gating-pore mediated ion per-
meation has been shown to occur in the up-state of the sensor
through mutations at R3 and R4 (46, 55, 56) and in the down-
state by mutating R1 and R2 (57, 58). We evaluated the presence
of such a pathway in the NaChBac-VSD in its down-state by
carrying out in vivo complementation experiments using the
Escherichia coli mutant LB2003 (59). This mutant lacks all K*
uptake systems (kupl, AkdpABCS, AtrkA) and requires high ex-
tracellular K* concentrations to grow. We used C-terminal trun-
cated KcsA (A120), which has a faulty lower gate and allows finite
K* permeation, as our positive control (60). LB2003 cells were
able to grow in low K* medium when expressing NaChBac-VSD
mutants with Gly at R1 and R2, with mutation R2G most effec-
tive in cell growth complementation, suggesting that R2 (and to
some extent R1) line the pathway connecting the internal and
external vestibule in the down-state (Fig. 3C). Glycine substitu-
tion at R3, on the other hand, was unable to complement the K*
deficiency and was indistinguishable from our negative control
(closed wt-KcsA). Finding from these results are twofold: First,
the isolated-VSD can by itself support gating-pore currents; Sec-
ond, the side-chains of R1 and R2 act as a barrier between the
internal and external vestibule in the core of the down-state of the
VSD. This later interpretation is further supported by the obser-
vation that in the Na, channels, mutations of the R1 and R2 in the
S4 segment of domain II cause gating-pore current in the down
state (57).

Refining a Structural Model for the NaChBac-VSD. The present set of
structural data has been used as constrains for the refinement of a
three-dimensional atomic model of the membrane-embedded
NaChBac-VSD in its activated state. In this recently developed
Pseudoatom-Driven Solvent Accessibility Refinement method
(PaDSAR) the solvent accessibility restraints from EPR measure-
ments were incorporated into the MD simulations (S Text) (19).
The refined mobility and accessibility data satisfies the mobility
and accessibility measurements (Fig. 4). This three-dimensional
atomic model has remarkable similarities with the known Kv
channel sensors in terms of the overall fold and conserved inter-
actions (6, 20, 30). However in comparison to the isolated-VSD of
KvAP, the packing of TM helices in this model appears to be
much tighter with differences in the S4 topology and the location
of gating charges.

We then probed the stability of this atomic model using
all-atom MD simulation in an explicit hydrated membrane envir-
onment. The average rmsd of the VSD backbone relative to the
initial model is 3.5 A for the VSD (Fig. S34). During 10 ns
simulations the overall packing of the helices remained intact,
an observation that we have taken as indicative of the structural
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Fig. 4. A model of the activated state of the NaCh-VSD obtained from EPR-
based refinement. Mobility parameter (AHZ'), O, accessibility parameter
(I10;) and NiEdda accessibility parameters (IINiEdda ) are mapped on to a
surface representation of the model.

stability of our model. The structure was essentially unaltered
during 10 ns of free dynamics with no restraints (either EPR
or secondary structural restraints). Water molecules were seen
to spontaneously diffuse from both the extracellular and intracel-
lular end of the VSD and were occluded around residues R3/R4
and D60 forming an hour-glass shaped water profile such that
these residues lie at the interface connecting the two cavities
(Fig. 54 and B). The extent of water penetration during MD si-
mulations suggests that the crevices determined by EPR are an
underestimation of the actual depths seen on the membrane. This
is not unexpected, given the volume of the aqueous contrast agent
NiEdda. Water penetration has also been seen in MD simulations
of the VSD of KvAP and Kv1.2 (43, 44). At the end of the 10 ns
trajectory all the S4 arginines were well solvated by water mole-
cules, with R1 and R2 found to interact with the lipid head-group
and water molecules (Fig. S3C). This lipid-S4 interaction was first
proposed due to the apparent requirement of phosphate head-
group of the membrane lipids for proper voltage-dependent
activation (31). Other MD simulations have also shown specific
interactions between the arginine side-chains and the lipid phos-
phate groups in Kv1.2 channels (32). Further, our MD simula-
tions showed that R3 formed stable salt-bridges interactions
with D60 at S2 (Fig. 5C, Fig. S3B), Similar interaction has been
proposed in Shaker based on second-site charge-reversal muta-
tions (36). This interaction is also in agreement with recent stu-
dies in NaChBac in which Cys at D60 and R3 form spontaneous
cross-linking upon activation (61).

Fundamental to elucidating the mechanism of voltage-depen-
dent activation is the understanding of the extent of gating-charge
movement with the membrane field. Gating currents measure-
ments in NaChBac suggests a displacement of ~4 elementary
charges per subunit across the membrane field during activation,
roughly similar to that measured for Shaker and Kv2.1. This
would mean that all four arginines in S4 contribute to gating
by moving from an interior to an exterior position in relation
to the transmembrane voltage field. Indeed, our results from
extensive EPR analysis and MD simulations of the “up/activated”
state, together with cell complementation assays of the “down/
resting” state of the VSD, provide clues to the extent of move-
ment of S4 during voltage activation in NaChBac. In the “up/
activated” state, our model is consistent with a conformation
of the VSD where R1-R4 face the external cleft accessible from
the outside, with R3 and R4 positioned in the narrowest region
connecting the inward and outward-facing vestibules, while in the
“down/resting” state, S4 rearranges so that R1 and R2 are able to

Chakrapani et al.
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magnification of the graphs has been applied for the three residues. (D) The putative “up” and “down” states of the NaChBac-VSD

bridge these two water-filled crevasses. Therefore, the most par-
simonious model of activation in NaChBac would involve the
movement of R4 to roughly the position occupied by R1 in
the down/resting state (Fig. 5D). This finding is consistent with
gating models presented for NaChBac gating (62) and for
Kv1.2 (63). It is becoming increasingly evident that most VSDs
sense voltage based on a common structural blueprint (6, 20,
29) and that any structural differences lie predominantly in the
detailed arrangement and interaction of individual gating charges
as well as in the overall dynamics that set the energetic require-
ments for the movement of the S3-S4 segments relative to the
rest of the VSD. These subtle variations are likely to underlie
the known heterogeneity in voltage-sensing among the large
family of voltage-dependent cationic channels.

Materials and Methods

Protein Expression, Purification, and Spin-Labeling. The NaChBac isolated-VSD
was expressed in E.Coli SG-13 cells. The protein was purified from isolated
membranes in decylmaltoside, labeled with methanethiosulfonate spin-
probe, and reconstituted in POPC:POPG lipid mixture (8).

EPR Spectroscopy and Analysis. We obtained X-band continuous wave (CW)
EPR spectra from spin-labeled and reconstituted channels as described (23,
64, 65), using a Bruker EMX spectrometer equipped with a loop-gap resona-
tor under the following conditions: 2 mW incident power, 100 kHz modula-

. Ren D, et al. (2001) A prokaryotic voltage-gated sodium channel. Science 294(5550):
2372-2375.

. Kuzmenkin A, Bezanilla F, Correa AM (2004) Gating of the bacterial sodium channel,
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tion frequency, and 1 G modulation amplitude. To estimate the periodic
behavior of a given residue-specific enviromental parameter, a discrete Four-
ier transform power spectrum, P(o), of the amino acid segment is calculated
as a function of the angle between two adjacent side-chains () (66, 67).

LB2003 Complementation Assay. LB2003 cells (59) carrying KcsA and NaChBac
Gly mutants were grown at 37 °C overnight in 5 mL LB medium with 1% glu-
cose, and 200 pg mL~" ampicillin. The cells were sedimented at 2300 x g for
5 min. The pellet was resuspended in 5 mL of minimal media (with 10 mM K*)
and sedimented again. After three cycles of washing the ODgyq of each sam-
ple was adjusted to 0.075 with the above media. The cells were induced with
1 mM IPTG and the growth monitored at 37 °C.

Model Building and Refinement. Structure refinement was performed using
the previously developed method, pseudoatom-driven solvent accessibility
refinement (PaDSAR) incorporated in the CHARMM program version
c32a2. This model was subsequently inserted into a preequilibrated POPC
lipid bilayer. The MD simulations were carried out using CHARMM c32a2 with
the all-atoms PARAM27 force fields for protein, lipid, water, and ion (68).
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