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The pore-forming subunits of canonical voltage-gated sodium and calcium
channels are encoded by four repeated domains of six-transmembrane (6TM)
segments. We expressed and characterized a bacterial ion channel (NaChBac)
from Bacillus halodurans that is encoded by one 6TM segment. The sequence,
especially in the pore region, is similar to that of voltage-gated calcium chan-
nels. The expressed channel was activated by voltage and was blocked by
calcium channel blockers. However, the channel was selective for sodium. The
identification of NaChBac as a functionally expressed bacterial voltage-sensi-
tive ion-selective channel provides insight into both voltage-dependent acti-
vation and divalent cation selectivity.

Voltage-gated potassium (Kv), sodium (Nav),
and calcium (Cav) channels underpin special-
ized higher order cell functions such as excit-
ability, contraction, secretion, and synaptic
transmission (1). Hundreds of Kv, Nav, and Cav

channel proteins provide the tremendous func-
tional diversity required for the complex behav-
iors of eukaryotic vertebrate and invertebrate
cell types (2, 3). Ion channels are also wide-
spread in prokaryotes, but their gating and func-
tion are poorly understood because few have
been functionally expressed in a system in
which their properties can be studied.

The primary structural characteristic of
ion-selective channels is a pore region sur-
rounded by two-transmembrane (2TM) seg-
ments. The first high-resolution images of a
bacterial 2TM tetrameric channel revealed
the structural basis of K1 ion selectivity
encoded by the signature Gly-Tyr-Gly or
Gly-Phe-Gly amino acid sequence in the
pore region (4 ). In the primary structure of
voltage-sensitive ion channels, an addition-
al four transmembrane segments precede
the pore-containing domain. The pore-
forming subunits (a1) of Nav and Cav are
composed of four similar repeats of 6TM
domains (3, 5). It is thought that gene
duplication of the 6TM Kv or TRP channels
might have provided the precise structural
requirements for highly selective Na1 and
Ca21 channels. In particular, selectivity for
Ca21 requires coordination of the Ca21

ions by four negatively charged glutamic or
aspartic acid residues lining the pore. Mem-
bers of the TRP class of ion channels are
presumably tetramers of single 6TM sub-

units, but only a subset of these channels
are moderately Ca21-selective (6 ). Here we
report that a bacterial channel with strong
similarity to the pore domains of Cav (7 ) is
a voltage-dependent Na1-selective chan-

nel. The properties of this presumably tet-
rameric channel closely mimic those of
Nav.

We previously isolated a mammalian pu-
tative voltage-gated cation channel, CatSper
(8). CatSper is unique in that its amino acid
sequence, especially in the putative pore re-
gion, is similar to that of Cav, even though
CatSper is a 6TM protein. CatSper is required
for cyclic nucleotide-mediated Ca21 signal-
ing in sperm and is essential for male fertility.
Expression of CatSper in heterologous sys-
tems did not yield a detectable current. In a
search for CatSper homologs for functional
analysis, we discovered a putative gene as-
sembled by shotgun sequencing of B. halo-
durans [(9), GenBank accession number
BAB05220].

Isolation and sequencing of the gene
encoding NaChBac (10) revealed an open
reading frame (ORF) of 274 amino acids
with a predicted molecular size of 31 kD
and a calculated isoelectric point of 9.35
(Fig. 1A). NaChBac expressed in bacteria
migrated during SDS–polyacrylamide gel
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Fig. 1. Primary structure of NaChBac. (A) De-
duced amino acid sequence. The putative six
transmembrane domains (S1 to S6) and the pore
region are indicated. The positively charged res-
idues in the S4 region are in bold. (B) IPTG
(isopropyl-b-D-thiogalactopyranoside)–induc-
ible His-tagged NaChBac protein expressed in
bacteria and detected by Western blot with
antibody to His. (C) Hydropathy plot of NaCh-
Bac predicts six transmembrane domains (1 to 6)
and a pore region (P). (D) Alignment of the putative pore region of NaChBac with that of CatSper
and the four domains (I, II, III, and IV ) from representative voltage-gated Ca21 and Na1 channels.
GenBank accession numbers for sequences used in the alignment are AF407332 (CatSper), X15539
(Cav1.2), M94172 (Cav2.2), 054898 (Cav3.1), X03638 (Nav1.1), and X92184 (Nav1.8). Single-letter
abbreviations for amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly;
H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and
Y, Tyr.
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electrophoresis with an apparent molecular
mass of ;34 kD (Fig. 1B). Hydrophobicity
analysis was consistent with a primary
structure containing 6TM domains (Fig.
1C). NaChBac contains an S4 segment

characteristic of voltage-gated ion chan-
nels, with positively charged amino acids
(Lys or Arg) interspersed every third resi-
due (Fig. 1A). A BLAST search against the
database revealed that the functional pro-

teins with the closest similarity to NaCh-
Bac are Cav channels (7 ). In contrast to Cav

channels that have four negatively charged
amino acids in the pore, Nav channels have
glutamate or aspartate residues in domains

Fig. 2. Activation and inactivation of NaChBac expressed in CHO-K1 cells.
Voltage-clamp protocols are shown at the top, with representative traces
below. (A) INaChBac (middle panel) and averaged peak current-voltage (I-V )
relation (lower panel). Currents were normalized to cell capacitance (9.0 6 0.3
pF; n 5 18). (B) Middle panel: INaChBac activation and steady-state inactivation
currents. Lower panel: normalized activation curve (n 5 21, 6SEM) and

steady-state inactivation curve (n 5 19, 6SEM). (C) Recovery from inactivation. The time interval between the test pulse (–10 mV, 2000 ms) and the
inactivation pulse (210 mV, 1000 ms) was varied from 250 ms to 16 s. The ratios between currents elicited by the two pulses were used to construct
the recovery curve (n 5 20, 6SEM). The half-time for recovery was 660 ms. (D) INaChBac single channels and ensemble average.

Fig. 3. Ion selectivity of INaChBac. (A) Impermeability of INaChBac to Cl– as
shown by cation substitution with NMDG. (B) Low permeability of INaChBac
to Ca21. Peak current in isotonic [Ca21]o was 87 pA (7.6 6 0.9 pA/pF, n 5
8) compared to 1430 pA (135.9 6 11 pA/pF, n 5 8) in 140 mM [Na1]o/1
mM [Ca21]o. (C) INaChBac conductances at various values of [Na1]o. Current
traces in (A) to (C) were elicited by a test pulse to 210 mV; holding potential
VH 5 2100 mV. (D) Mean current density plotted as a function of

test potential in the presence of 20, 50, and 140 mM [Na1]o (n 5 8, 6SEM).
(E) Tail currents recorded at various test potentials after depolarizing to 0
mV. INaChBac tail current amplitudes plotted as a function of test potential
were used to determine reversal potentials (inset). [Ca21]o ' 10 mM;
capacitance 5 9.1, 8.6, and 9.7 pF for (A), (C), and (E), respectively. (F) Erev
as a function of [Na1]o. The Erev/[Na1]o relation was best fit by a line with
slope of 57.8 mV/decade (error bars are smaller than symbols).
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I and II but lysine and alanine in domains
III and IV (Fig. 1C). Replacing the lysine
and alanine in domains III and IV of Nav

with glutamic acid conferred Ca21 channel
properties on the Nav channel (11). A func-
tional Cav or Nav composed of only six
transmembrane domains has never been ef-
fected, despite several attempts to artificial-
ly divide the large four-repeat a1 subunits
into single repeats (12, 13).

We examined whether NaChBac could
yield a functional channel current in a heter-
ologous expression system. We transfected
NaChBac into CHO-K1 (Chinese hamster
ovary) or COS-7 (green monkey kidney) cell
lines and recorded whole-cell current 24 to 48
hours after transfection (14). NaChBac-trans-
fected cells displayed large (;1000 to
.10,000 pA) voltage-activated inward cur-
rents (Fig. 2A). This large current is unlike

the small (50 pA), fast-inactivating, tetrodo-
toxin (TTX)-sensitive current (15) present in
up to 20% of native CHO cells. Similar cur-
rents were not recorded in nontransfected or
mock-transfected CHO-K1 or COS-7 cells.
NaChBac-mediated current (INaChBac) re-
versed at 170 mV, close to the Nernst po-
tential of Na1 (ENa 5 172 mV). The activa-
tion of INaChBac (tact 5 12.9 6 0.4 ms at –10
mV, n 5 32) was slow relative to currents
conducted by Nav channels (tact , 2 ms).
Inactivation was also slow (tinact 5 166 6 13
ms at –10 mV, n 5 32) relative to the typi-
cally fast-inactivating Nav current [tinact ,
10 ms (1)].

We evaluated voltage-dependent activa-
tion by measuring the deactivation tail cur-
rent (Fig. 2B). A Boltzmann fit of the aver-
aged activation curve yielded a midpoint
voltage Vh of –24 mV. Steady-state inactiva-

tion of the channel was determined by se-
quential depolarization to test voltages fol-
lowed by clamp to the peak of activation at
–10 mV. Steady-state inactivation was a
steep function of voltage, with 50% inactiva-
tion at –40 mV (Fig. 2B). The channel re-
covered slowly from inactivation (Fig. 2C),
with 50% recovery by 660 ms and 90% re-
covery by 5.5 s (–100 mV).

The single-channel properties of NaCh-
Bac were studied in the inside-out patch
configuration (16 ). The unitary single-
channel conductance was best fit with a
slope of 12 6 1 pS (n 5 7 cells). Consistent
with the whole-cell current, single channels
were activated by depolarization, and both
open and closed times varied as a function
of voltage (17 ). An ensemble average of
single-channel currents from five cells re-
sembled whole-cell INaChBac, with tact 5
10 6 3.5 ms and tinact 5 203 6 43 ms (Fig.
2D).

Cation replacement with N-methyl-D-glu-
tamine (NMDG) resulted in the complete
removal of voltage-dependent inward cur-
rent (Fig. 3A), which suggested that NaCh-
Bac was impermeant to anions (18).
INaChBac was weakly permeant to Ca21; no
significant difference in current was ob-
served by sequential perfusion with bath
solution containing 1 and 10 mM extracel-
lular calcium ([Ca21]o) (Fig. 3B). In iso-
tonic [Ca21]o (cations replaced with 105
mM Ca21), the inward current was ,6% of
that in normal [Na1]o (140 mM extracellu-
lar Na1) (7.6 6 0.9 pA/pF at –10 mV, n 5
8; Fig. 3B). In contrast, INaChBac amplitude
correlated well with [Na1]o (Fig. 3, C and
D). To estimate the reversal potential (Erev)
of INaChBac, we measured deactivation tail
currents (Fig. 3E). Measured reversal po-
tentials plotted as a function of [Na1]o had
a slope of 57.8 mV per decade, close to the
slope predicted for a Na1-selective pore
(58 mV per decade). To estimate the rela-
tive ion selectivity of the channel, we mea-
sured changes in reversal potential while
changing ionic composition. The calculated
relative selectivity (6SEM) of NaChBac,
as judged by measured Erev, was PNa/PCa 5
72 6 10 (n 5 12); PNa/PCs 5 383 6 56
(n 5 8); PNa/PK 5 171 6 16 (n 5 8).
INaChBac selectivity for Na1 is at least as
high as that of traditional Nav channels (1,
19).

The pharmacological sensitivity of INaChBac

to Nav and Cav blockers most closely re-
sembled that of L-type Cav channels. Cd21

(100 mM; Fig. 4A), Co21 (1 mM), and
La31 (1 mM) all reduced the channel cur-
rent to various degrees (Fig. 4F). INaChBac

was most sensitive to two dihydropyri-
dines, nifedipine and nimodipine (Fig. 4, C,
D, and G), with half inhibitory concentra-
tions (IC50s) of 2.2 mM and 1 mM, respec-

Fig. 4. Sensitivity of INaChBac to Cav and Nav channel blockers. (A) Representative traces before
(control) and after the addition of 100 mM Cd21. (B) INaChBac dose-response curves to Cd21 and
Ni21. (C) INaChBac was reversibly blocked by nifedipine. (D) INaChBac sensitivity to the dihydropyr-
idine class (nifedipine and nimodipine) of L-type Cav channel blockers and insensitivity to the
T-type Cav channel blocker mibefradil. (E) Insensitivity of INaChBac to TTX. (F) Summary of INaChBac
inhibition by various Cav-blocking agents. (G) Summary of concentration of agent needed to block
INaChBac by 50% (IC50) as measured from dose-response curves.
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tively (Fig. 4G). The dose-response curves
for dihydropyridines are comparable to
those for mammalian Cavs (20). INaChBac

was relatively insensitive to the T-type Cav

channel antagonists mibefradil (IC50 5 22
mM) and Ni21 (IC50 5 720 mM) (Fig. 4, B,
D, and G). The Cav N-type blocker v-cono-
toxin GVIA and the Cav P/Q blocker
v-agatoxin IVA were ineffective even at
concentrations (3 mM and 500 nM, respec-
tively) well above those used to block their
respective targets (Fig. 4F). The channel
was completely insensitive to the Na1

channel blocker TTX (up to 30 mM; Fig. 4,
E and F). The sensitivity of INaChBac to
dihydropyridines is not obvious from a se-
quence comparison to the known sites for
Cav dihydropyridine sensitivity (21–23).
Not surprisingly, the residues involved in
Nav TTX binding (24 –27 ) do not match
identically to residues in NaChBac.

NaChBac encodes a 6TM domain, dihy-
dropyridine-sensitive, TTX-insensitive Na1-
selective current. INaChBac differs from tradi-
tional 24TM Nav eukaryotic channels in its
slower (roughly one-tenth the speed of Nav)
activation, inactivation, and recovery from
inactivation. The slow inactivation kinetics
are similar to those of mammalian persistent
sodium current INaP (28). A noninactivating,
TTX-insensitive voltage-gated Na1 channel
current has been recorded from mammalian
dorsal root ganglion neurons, but its sensitiv-
ity to dihydropyridines is not known (29).
NaChBac-related mammalian homologs may
account for some persistent Na1 currents.

We can make several conclusions from
the ability of NaChBac to form functional
voltage-gated Na1 selective channels. First,
Na1 selectivity does not require the four-
domain repeat structure present in Nav chan-
nels. Proper orientation of the selectivity fil-
ter can presumably be made in homotetram-
ers of NaChBac. Second, the presence of
glutamic and aspartic residues in the pore
does not ensure Ca21 selectivity. Third, as is
apparent from the defined Cav and Nav sites
for dihydropyridine and TTX block, pharma-
cologic sensitivity need not be correlated
with channel selectivity.

NaChBac should facilitate studies of the
activation and inactivation gates of the sodi-
um channel. Recently, Hilber et al. (30)
showed that when the domain IV 1529 ala-
nine residue of rat skeletal muscle Nav was
substituted by aspartic acid, inactivation was
drastically slowed and recovery time con-
stants were slowed to the 100-s range, imply-
ing that the selectivity filter is involved in
channel gating. Interestingly, the correspond-
ing residue in the slowly inactivating NaCh-
Bac is a glutamic acid.

Hypothetically, Cav channels may require
a flexible tertiary structure around the gluta-
mate and aspartate residues in the pore to

enable the channel filter to bind one Ca21 ion
with high affinity or two with lower affinity
(31). This Ca21 binding flexibility may be
provided by the similar but nonidentical ami-
no acids surrounding the glutamate and as-
partate residues in the four repeats in the
pore-forming a1 subunit (32). Because all
four repeats are presumably identical in a
NaChBac tetramer, this flexibility is lost.
Heterotetramers of NaChBac homologs
might recreate this flexible environment to
allow formation of Ca21-selective channels,
considerably increasing the diversity of this
channel class. The simple NaChBac channel
thus emphasizes the evolutionary utility of
the 6TM building block.

We have not tested the biological role of
NaChBac in the extremophile B. halodurans.
This bacterium lives in extremely high salt
(up to 1 M), highly alkaline (up to pH 11)
conditions, and thus Na1 influx through the
open channel should be large. Na1 drives the
flagellar motor used by alkaphilic Bacillus
(33–36), and NaChBac is a good candidate
for control of flagellar activity. Regardless of
its prokaryotic function, NaChBac’s signal
importance will be in providing the protein
needed for structural studies of the Na1 se-
lectivity filter and voltage sensor.
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