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Summary
BSC1, which was originally identified by its sequence
similarity to voltage-gated Naⴙ channels, encodes a
functional voltage-gated cation channel whose properties differ significantly from Naⴙ channels. BSC1 has
slower kinetics of activation and inactivation than Naⴙ
channels, it is more selective for Ba2ⴙ than for Naⴙ, it
is blocked by Cd2ⴙ, and Naⴙ currents through BSC1
are blocked by low concentrations of Ca2ⴙ. All of these
properties are more similar to voltage-gated Ca2ⴙ
channels than to voltage-gated Naⴙ channels. The selectivity for Ba2ⴙ is partially due to the presence of a
glutamate in the pore-forming region of domain III,
since replacing that residue with lysine (normally present in voltage-gated Naⴙ channels) makes the channel
more selective for Naⴙ. BSC1 appears to be the prototype of a novel family of invertebrate voltage-dependent cation channels with a close structural and evolutionary relationship to voltage-gated Naⴙ and Ca2ⴙ
channels.
Introduction
Voltage-gated Na⫹ channels are responsible for the rising phase of the action potential in the membranes of
neurons and most electrically excitable cells (Catterall,
2000). They are members of a superfamily that also includes voltage-gated K⫹ channels, voltage-gated Ca2⫹
channels, and cyclic nucleotide-gated channels (Hille,
2001; Jan and Jan, 1992). The Na⫹ and Ca2⫹ channels
contain four homologous domains, whereas the K⫹ and
cyclic nucleotide-gated channels consist of tetramers
of single-domain subunits. It is generally believed that
Na⫹ and Ca2⫹ channels evolved from the single-domain
K⫹ channels (Hille, 1987, 1988). The proposed scenario
is that Ca2⫹ channels evolved from the K⫹ channels
during the evolution of the stem eukaryotes (Hille, 1989).
Because no K⫹ channels with multiple homologous domains have been observed, it is assumed that the selectivity change from K⫹ to Ca2⫹ occurred before the gene
duplication event (Anderson and Greenberg, 2001). Na⫹
channels then evolved from an ancestral channel resembling the T type (Cav3 family) Ca2⫹ channels (Spafford
et al., 1999). Consistent with this hypothesis, the four
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domains of the Na⫹ channel are more similar to the four
domains of the Ca2⫹ channels than to each other (Hille,
1989; Strong et al., 1993). This hypothesis predicts the
existence of an ancestral four-domain channel with
properties intermediate between Ca2⫹ and Na⫹ channels. A descendant of such a channel might be one
of the four-domain proteins that are homologous to
Na⫹ and Ca2⫹ channels but have not been functionally
expressed.
More than 50 genes encoding Na⫹ channels have
been cloned from animals, including at least 18 from
invertebrate species, most of which have not been functionally expressed (Goldin, 2002). The invertebrate Na⫹
channel genes include two Na⫹ channel-like genes from
insects, DSC1 and para. DSC1 was originally isolated
from a Drosophila genomic DNA library using an eel Na⫹
channel cDNA probe (Salkoff et al., 1987), and para was
identified using temperature-sensitive paralysis phenotypes displayed by mutant alleles in Drosophila (Loughney et al., 1989). Orthologous genes (BSC1 and paraCSMA)
from German cockroach (Blattella germanica) have
since been identified (Dong, 1997; Liu et al., 2001). The
deduced amino acid sequences and the overall domain
organization of these genes are very similar to those of
known voltage-gated Na⫹ channels. However, only para
(from Drosophila, cockroach, and house fly) has been
functionally expressed and shown to encode a voltagegated Na⫹ channel (Feng et al., 1995; Smith et al., 1997;
Tan et al., 2002a, 2002b; Warmke et al., 1997). One
possible explanation for the lack of DSC1 or BSC1
function is that these proteins require unique auxiliary
subunits for efficient expression, as is the case for Drosophila para (Feng et al., 1995; Warmke et al., 1997).
However, an alternative explanation is that DSC1 and
BSC1 encode channels with different functional properties compared to Na⫹ channels so that the recording
conditions that were utilized were not appropriate for
these channels.
In this study, we successfully expressed BSC1 channels in Xenopus oocytes and demonstrated that BSC1
encodes a voltage-gated Ca2⫹-selective channel that
is intermediate between voltage-gated Na⫹ and Ca2⫹
channels. These data suggest that BSC1 is the prototype of a novel family of invertebrate voltage-dependent
cation channels with a close structural and evolutionary
relationship to voltage-gated Na⫹ and Ca2⫹ channels.
Results
BSC1 Currents in Xenopus Oocytes
The deduced amino acid similarity of BSC1 with known
voltage-gated Na⫹ channel proteins was 30%–35%
overall and 45%–50% in the four homologous domains
(Liu et al., 2001). Therefore, we initially hypothesized
that the BSC1 gene encodes a Na⫹ channel. However,
we did not detect any Na⫹ current in Xenopus oocytes
expressing BSC1 during 10 ms depolarizations to test
potentials between ⫺50 and 100 mV from a holding
potential of ⫺100 mV in ND96 using a two-electrode
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Figure 1. Characterization of the BSC1 Channel in Xenopus Oocytes
(A) Injection of 10 ng BSC1 RNA resulted in a significant outward current in oocytes 4 days after injection (black). The protocol consisted of
a 2 s depolarization from ⫺100 to ⫺10 mV followed by repolarization to ⫺100 mV (inset). The external solution consisted of ND96. Replacing
the external solution with ND96 plus 0.5 mM niflumic acid, a Cl⫺ channel blocker, eliminated most of the outward current (red). The outward
current was not present in oocytes injected with 1 mM Tris (green).
(B) No current was observed in oocytes injected with 1 mM Tris. The protocol consisted of 40 ms depolarizations from ⫺100 mV to potentials
ranging from ⫺50 to 140 mV in 10 mV increments followed by repolarization to ⫺100 mV (inset). Every other current trace from ⫺50 to 70 mV
is shown. The external solution consisted of 50 mM Ba(OH)2, 55 mM TEAOH, and 5 mM HEPES.
(C) Current in an oocyte injected with 5 ng BSC1 RNA using the same protocol and recording conditions as in (B).
(D) The currents from (C) are shown on an expanded current scale.
(E) The tail currents from (C) are shown on an expanded time scale.
(F) The voltage dependence of activation was determined by measuring the tail currents in experiments similar to the ones shown in (C) and
(E), followed by normalization to the maximum tail current. The normalized values were plotted against the voltage of depolarization, and the
data were fit with a two-state Boltzmann equation as described in Experimental Procedures. The external solution consisted of either 50 mM
Ba(OH)2, 55 mM TEAOH, and 5 mM HEPES (green circles) or 50 mM NaOH, 45 mM TEAOH, 10 mM HEPES, and 10 mM HEDTA (blue squares).
The parameters of the fits are an apparent gating charge of 1.1 ⫾ 0.2 and a half-maximal activation voltage of 50 ⫾ 8 mV in 50 mM Ba2⫹ and
an apparent gating charge of 1.3 ⫾ 0.3 and a half-maximal activation voltage of 3 ⫾ 7 mV in 50 mM Na⫹.

voltage clamp. Similar recording conditions routinely
elicit robust Na⫹ currents in oocytes expressing cockroach ParaCSMA (Tan et al., 2002b). When the duration of
the depolarization pulses was increased to 2 s, however,
a slow outward current was observed (Figure 1A, black).
No significant outward current was observed in Trisinjected oocytes (Figure 1A, green). The slow outward
current was greatly reduced by including 0.5 mM
niflumic acid in the recording solution (Figure 1A, red).
Since niflumic acid is a Cl⫺ channel blocker, these results suggest that the outward current represents a
Ca2⫹-activated Cl⫺ current. Consistent with this interpretation, the slow outward current was not observed in
oocytes injected with 45 nl of 50 mM BAPTA (1,2-bis[2aminophenoxy]-ethane-N, N, N⬘, N⬘-tetraacetic acid), a
Ca2⫹ chelator (data not shown). Based on these results,
we speculated that the BSC1 channel was permeable

to Ca2⫹ and that Ca2⫹ influx through the BSC1 channels
activated endogenous Ca2⫹-activated Cl⫺ channels,
which are known to be present in Xenopus oocytes
(Kuruma and Hartzell, 2002).
Since BSC1 appeared to function as a voltage-gated
cation channel, we recorded currents through BSC1
channels using conditions appropriate for voltage-gated
Ca2⫹ channels. The external solution contained 50 mM
Ba2⫹ as a charge carrier instead of Ca2⫹ to prevent the
activation of endogenous Ca2⫹-activated Cl⫺ channels,
and Cl⫺ was not included in the recording solution. In
addition, 55 mM tetraethylammonium (TEA⫹) was included in the recording solution to inhibit endogenous
voltage-gated K⫹ channels. With capacity and resistance compensation and P/4 subtraction, the capacity
transient was compensated within 0.1 ms of the voltage
command change so that we could accurately measure
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peak currents. We first examined the voltage dependence of channel activation by depolarizing the membrane from a holding potential of ⫺100 mV to a range
of potentials between ⫺50 mV and 140 mV for 40 ms,
followed by repolarization to ⫺100 mV. As shown in
Figure 1B, Tris-injected oocytes demonstrated no significant current under these conditions. In contrast, oocytes injected with BSC1 RNA showed slowly activating,
voltage-dependent currents during the depolarization
(Figures 1C and 1D). The 40 ms depolarization was long
enough to fully activate the channels, since the current
reached a maximum amplitude and stabilized within this
time period. There was no apparent inactivation within
40 ms. Upon repolarization, large inward tail currents
that were most likely carried by Ba2⫹ were observed
(Figures 1C and 1E).
The peak tail current after each depolarization was
normalized to the maximum tail current after 140 mV
and plotted against voltage (Figure 1F, green circles).
The current does not appear to have reached a maximum by 140 mV, but we were unable to use higher
depolarization voltages, because the tail currents were
contaminated with outward Cl⫺ currents resulting from
activation of endogenous Cl⫺ channels at voltages more
positive than 140 mV. The contaminating Cl⫺ currents
could be distinguished from the Ba2⫹ currents flowing
through the BSC1 channels because of their slower kinetics, but they could not be eliminated or subtracted.
The voltage dependence of BSC1 channel activation
was fit to a two-state Boltzmann function as described
in Experimental Procedures, resulting in an apparent
gating charge of 1.1 ⫾ 0.2 and a half-maximal activation
voltage of 50 ⫾ 8 mV.
Kinetics of Channel Activation and Inactivation
The kinetics of activation and inactivation appeared to
be much slower for the BSC1 channels compared to
typical voltage-gated Na⫹ channels, with no significant
inactivation during a 40 ms depolarization. To more accurately examine the kinetics of activation and inactivation, we used a series of depolarizations from ⫺100 mV
to 80 mV followed by a return to ⫺100 mV, with increasing depolarization times (Figure 2A). The amplitudes of
the tail currents increased until about 30 ms, indicating
increasing channel activation, after which the amplitudes slowly decreased due to inactivation of the
channels.
The kinetics of activation were measured during depolarizations to 80 mV ranging from 1 ms to 30 ms. The
tail current after each depolarization was normalized to
the maximum tail current after a 30 ms depolarization
and plotted against the time of depolarization (Figure
2B). The data were fit with a single exponential equation,
resulting in a time constant for channel activation at 80
mV of 5.9 ⫾ 0.8 ms. To measure inactivation, tail currents
were measured after depolarizations to 80 mV for longer
periods of time extending to 500 ms (Figure 2C). Inactivation was not complete during this time period, with
approximately 40% of the current remaining at the end
of a 500 ms depolarization. We were unable to record
tail currents for depolarizations longer than 500 ms because of the endogenous Cl⫺ currents, which also resulted in the large standard deviations at the later time
points. The inactivation process was fit with a single

Figure 2. Kinetics of BSC1 Channel Gating
(A) The kinetics of BSC1 activation and inactivation were measured
by a series of depolarizations from ⫺100 to 80 mV for 5–150 ms in
5 ms increments, followed by repolarization to ⫺100 mV. The protocol is shown in the inset. The oocytes were injected with 5 or 10 ng
BSC1 RNA, and the external solution contained 50 mM Ba(OH)2, 55 mM
TEAOH, and 5 mM HEPES. Traces are shown from 5 to 25 ms in
5 ms increments and from 35 to 145 ms in 10 ms increments.
(B) The kinetics of activation were determined by depolarizations
from 1 to 30 ms in 1 ms increments. The peak tail current following
each depolarization was normalized to the maximal peak tail current
and plotted against the time of depolarization. The smooth curve
represents the best fit to a single exponential equation. The channels
were fully activated after a 30 ms depolarization ( ⫽ 5.9 ⫾ 0.8 ms).
(C) The kinetics of inactivation were determined by longer depolarizations, up to 500 ms in 5 or 50 ms increments. The peak tail current
following each depolarization was normalized to the maximal peak
tail current and plotted against the time of depolarization. The
smooth curve represents the best fit to a single exponential equation
( ⫽ 235 ⫾ 21 ms, steady-state asymptote ⫽ 40% ⫾ 30%).

exponential equation, resulting in an inactivation time
constant of 235 ⫾ 21 ms with a steady-state asymptote
of 40% ⫾ 30%.
Selectivity of the BSC1 Channel
The kinetics of activation indicated that more than 90%
of the current through BSC1 channels was activated
after 20 ms at 80 mV (Figure 2). Given these results, it
seemed surprising that we did not observe any current
in ND96 after 20 ms at 50 mV. One explanation for the
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Figure 3. Ion Selectivity of the BSC1 Channel
(A) Currents were recorded from an oocyte injected with 5 ng BSC1 RNA using different external solutions as follows: 100 mM TEAOH ⫹ 10 mM
HEPES (black), 50 mM KOH ⫹ 45 mM TEAOH ⫹ 10 mM HEPES ⫹ 10 mM HEDTA (red), 50 mM NaOH ⫹ 45 mM TEAOH ⫹ 10 mM HEPES ⫹
10 mM HEDTA (blue), or 50 mM Ba(OH)2 ⫹ 55 mM TEAOH ⫹ 5 mM HEPES (green). The protocol consisted of a depolarization from ⫺100 mV
to 80 mV for 15 ms followed by repolarization to ⫺100 mV (inset).
(B) Currents were recorded from an oocyte injected with 5 ng BSC1 RNA using different external solutions as follows: 50 mM Ba(OH)2 ⫹ 55 mM
TEAOH ⫹ 5 mM HEPES (green), 50 mM Ca(OH)2 ⫹ 55 mM TEAOH ⫹ 10 mM HEPES (red), or 50 mM Mg(OH)2 ⫹ 55 mM TEAOH ⫹ 10 mM
HEPES (blue).
(C) Currents were recorded from an oocyte injected with 5 ng BSC1 RNA using different external solutions as follows: 50 mM Ba(OH)2 ⫹ 55 mM
TEAOH ⫹ 5 mM HEPES (green), 50 mM Co(OH)2 ⫹ 55 mM TEAOH ⫹ 10 mM HEPES (red), or 50 mM Cd(OH)2 ⫹ 55 mM TEAOH ⫹ 10 mM
HEPES (blue).
(D) Tail currents were measured by depolarization to 80 mV followed by repolarization to different potentials in each external solution, after
which the tail currents were normalized to the peak tail current and plotted against the repolarization voltage. The recording solutions were
as follows: 50 mM Ba2⫹ (green), 50 mM Na⫹ (blue), or 50 mM K⫹ (red).

lack of current is that the composition of the external
ND96 solution may have prevented current flow through
the BSC1 channels. For example, voltage-gated Ca2⫹
channels are highly selective for Ca2⫹ under normal conditions, in which selectivity against monovalent ions is
achieved by binding of Ca2⫹ with micromolar affinity to
the channel pore. Therefore, low concentrations of Ca2⫹
can prevent permeation by monovalent ions even if the
concentration of Ca2⫹ is insufficient to conduct detectable current. ND96 contains a high concentration of Na⫹
(96 mM), which should permeate through the BSC1
channels, but it also contains a significant concentration
of Ca2⫹ (1.8 mM). The 1.8 mM Ca2⫹ in ND96 may have
blocked permeation by monovalent ions so that no Na⫹
currents were observed, but the Ca2⫹ concentration may
not have been high enough to conduct detectable
current.
If this hypothesis is correct, then it should be possible
to observe BSC1 currents carried by monovalent cations
in the absence of external Ca2⫹. Figure 3A shows BSC1
currents recorded with equivalent concentrations of different monovalent cations in the external solutions, as
listed in Table 1, section A. Currents were first recorded
using an external solution containing only 100 mM TEA⫹
as a control, because it was always necessary to include
TEA⫹ to block the endogenous voltage-gated K⫹ chan-

nels. There was a small outward current during the depolarization to 80 mV and a negligible inward tail current
when the oocyte was repolarized to ⫺100 mV (black),
indicating that the channel has very low permeability to
TEA⫹. When the external solution was replaced with
50 mM Ba2⫹ and 55 mM TEA⫹ (green), the outward current was similar in magnitude to the current in TEA⫹,
but there was a large inward tail current, indicating that
the BSC1 channels have a high permeability to divalent
ions. When the external solution was replaced with 50
mM K⫹ plus 45 mM TEA⫹ and 10 mM HEDTA to chelate
any residual Ca2⫹, a large outward current was observed
during the depolarization to 80 mV, and this was followed by a large tail current (red). The outward current
was most likely due to K⫹ ions that are no longer blocked
by the free Ca2⫹ ions, and the inward current most likely
resulted from an influx of K⫹. Finally, when the external
solution was replaced with 50 mM Na⫹ plus 45 mM TEA⫹
and 10 mM HEDTA, both the outward current during the
depolarization and the tail current were larger than with
K⫹ outside (blue). The larger outward current is most
likely due to the increased driving force resulting from
the low external K⫹ compared to the high internal K⫹,
and the inward current is most likely due to the high
external Na⫹.
To examine the relative permeability of different diva-
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Table 1. Composition of External Solutions
A. External Solutions with Different Permeant Cations
Permeant Ion

Na⫹

K⫹

Ba2⫹

Ca2⫹

Mg2⫹

Co2⫹

Cd2⫹

None

Hydroxide (mM)
HEPES (mM)
HEDTA (mM)
TEAOH (mM)

50
10
10
45

50
10
10
45

50
5
0
55

50
10
0
55

50
10
0
55

50
10
0
55

50
10
0
55

0
10
0
100

0.002
10
0
15
55
25
10

0.02
10
0
11
59
25
10

0.2
10
0
10
60
25
10

2
10
8
0
62
25
10

10
10
0
0
70
25
10

B. External Solutions with Different Free Ca2⫹ Concentrations
Free [Ca2⫹] (mM)
Ca(OH)2 (mM)
HEDTA (mM)
HIDA (mM)
TEAOH (mM)
NaOH (mM)
HEPES (mM)

2 ⫻ 10⫺6
10
35
0
35
25
10

2 ⫻ 10⫺5
10
13
0
57
25
10

2 ⫻ 10⫺4
10
10
0
60
25
10

20
20
0
0
60
25
10

All solutions were adjusted to pH 7.0 with methanesulfonic acid.

lent cations, currents were recorded with equivalent
concentrations of different divalent cations in the external solution, as listed in Table 1, section A (Figures 3B
and 3C). When the solution contained 50 mM Ba2⫹, there
was a small outward current and a large inward current
(Figures 3B and 3C, green), comparable to the results
shown in Figure 3A. When Ba2⫹ was replaced with Ca2⫹,
the outward current was similar, but the inward current
was smaller, suggesting that BSC1 channels are less
permeable to Ca2⫹ than to Ba2⫹ (Figure 3B, red). Substitution of Mg2⫹ for Ba2⫹ resulted in a slight outward current and a negligible inward current (Figure 3B, blue),
indicating that BSC1 channels are not significantly permeable to Mg2⫹. Substitution of either Co2⫹ (Figure 3C,
red) or Cd2⫹ (Figure 3C, blue) resulted in essentially no
outward or inward current, suggesting that both Co2⫹
and Cd2⫹ block BSC1 channels, similar to their effects
on voltage-gated Ca2⫹ channels (Hille, 2001).
To determine the relative permeability of the BSC1
channel to different cations, the channels were activated
by 15 ms depolarizations to 80 mV followed by repolarization to voltages ranging from ⫺100 mV to 80 mV in
recording solutions with different ionic compositions.
The tail currents during the repolarizations were normalized to the maximum tail current at ⫺100 mV and plotted
against the repolarization voltage (Figure 3D). The reversal potentials were approximately 50 mV for Ba2⫹
and ⫺10 mV for Na⫹ and K⫹. The relative permeabilities
for Ba2⫹, Na⫹, and K⫹ were then calculated using the
extended constant-field equation as described in Experimental Procedures (Jan and Jan, 1976). The permeability ratios were PBa/PK ⬇ 30 and PBa/PNa ⬇ 22, indicating
that Ba2⫹ is significantly more permeant through BSC1
channels than either Na⫹ or K⫹.
Since BSC1 channels can permeate Na⫹ in the absence of Ca2⫹, we examined the voltage dependence
of channel gating when the external solution contained
50 mM Na⫹ instead of 50 mM Ba2⫹ (Figure 1F). The
voltage dependence of activation was shifted about 47
mV in the negative direction compared to Ba2⫹, with an
apparent gating charge of 1.3 ⫾ 0.3 and a half-maximal
activation voltage of 3 ⫾ 7 mV. This shift is most likely
the result of surface charges that are no longer being
screened by the high concentration of Ba2⫹ ions. There-

fore, BSC1 channels are activated at more physiological
potentials when the external solution does not contain
a high concentration of divalent cations.
BSC1 Channels Demonstrate an Anomalous Mole
Fraction Effect
A characteristic property of voltage-gated Ca2⫹ channels is that they demonstrate permeabilities to different
ions that depend on the concentrations of the ions in the
bathing solution (Hille, 2001). For example, the current
through a voltage-gated Ca2⫹ channel can be quite large
if the solution contains only divalent (Ca2⫹ or Ba2⫹) or
monovalent (Na⫹) ions. However, addition of a low concentration of Ca2⫹ or Ba2⫹ to a high concentration of Na⫹
will decrease the current, because the divalent cations
block the channel. This property results from the fact
that Ca2⫹ channels can contain more than one ion in the
pore, and it is called the anomalous mole fraction effect
(Almers and McCleskey, 1984). Since the BSC1 channel
is more permeable to Ba2⫹ than to Na⫹, it was possible
that this channel might also demonstrate the anomalous
mole fraction effect. To test this hypothesis, currents
were recorded using an external solution containing a
constant concentration of 25 mM Na⫹ and a concentration of free Ca2⫹ that varied from 2 ⫻ 10⫺6 to 20 mM
(Table 1, section B). The free Ca2⫹ concentration was
maintained by the addition of the Ca2⫹ chelators HEDTA
or HIDA, as described by Almers et al. (1984). Ca2⫹ concentrations were used rather than activities following
the procedures of Almers et al. (1984), because conversion to activities has been shown to be of questionable
value in biology (Tsien, 1983). The peak currents were
normalized to the maximal peak current in very low free
Ca2⫹ (2 ⫻ 10⫺6 mM) and plotted against the concentration of free Ca2⫹ (Figure 4, circles). As can be seen, the
current was large when there was very little free Ca2⫹
in the solution. In contrast, approximately 80% of the
current was blocked by 0.2 M free Ca2⫹. When the free
Ca2⫹ concentration was increased up to 20 mM, the
current increased slightly, indicating that Ca2⫹ was permeating through the channel. These results suggest that
low concentrations of Ca2⫹ prevented permeation by
monovalent Na⫹ through the BSC1 channels, whereas
higher concentrations of Ca2⫹ resulted in Ca2⫹ currents.
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Figure 4. BSC1 Channels Demonstrate an Anomalous Mole Fraction Effect
Currents were recorded from oocytes injected with either 5 ng wildtype BSC1 RNA or 20 ng E1497K mutant RNA using an external
solution containing increasing concentrations of free Ca2⫹. The solution contained 25 mM Na⫹, 10 mM HEPES, and 10 mM Ca(OH)2
chelated with different amounts of HEDTA or HIDA to obtain free
Ca2⫹ concentrations as follows: 2 nM, 20 nM, 200 nM, 2 M, 20 M,
200 M, 2 mM, 10 mM, and 20 mM, following the procedures of
Almers et al. (1984). Different amounts of TEAOH were used to adjust
the pH and osmolarity of the solutions and to block the endogenous
potassium channels. The stimulus protocol consisted of a single 15 ms
depolarization from ⫺100 mV to 80 mV followed by a repolarization
to ⫺100 mV. The tail current following each depolarization was
normalized to the maximal tail current in the absence of external free
Ca2⫹ and plotted against the free Ca2⫹ concentration. The results
are shown for wild-type BSC1 (circles) and E1497K (squares). The
symbols represent the means, and the error bars indicate standard
errors of the mean.

Substitution of K for E1497 in the Pore Region
of Domain III Reduced the BSC1 Channel
Selectivity for Ba2ⴙ
Selectivity in voltage-gated Na⫹ and Ca2⫹ channels is
strongly influenced by a ring of amino acids in the pore
regions of the two types of channels (Chiamvimonvat et
al., 1996; Favre et al., 1996). Voltage-gated Na⫹ channels
contain amino acids D, E, K, and A in the pore positions
of domains I, II, III, and IV, respectively, whereas voltagegated Ca2⫹ channels contain acidic residues (E) at the
four positions. We compared the sequence of BSC1
with voltage-gated Na⫹ and Ca2⫹ channels to determine
if differences at these positions could be responsible
for the Ca2⫹ selectivity of BSC1 (Table 2). The names of
the channels that have been shown to function as voltage-gated Na⫹ channels are shown in blue. These include all of the voltage-gated Na⫹ channels from rat
(rNav1.1–rNav1.9) and voltage-gated Na⫹ channels from
three insects, German cockroach Blattella germanica
(BgNav1), Drosophila melanogaster (DmNav1), and
housefly Musca domestica (MdNav1). Five insect voltage-gated Ca2⫹ channels are shown in red. The channels
shown in green, including BSC1, have not previously
been shown to encode functional voltage-gated ion
channels.
All of the functional voltage-gated Na⫹ channels have
the signature sequence DEKA in the four domains,
whereas all of the functional voltage-gated Ca2⫹ channels have the signature sequence EEEE. In contrast,
BSC1 has the sequence DEEA, identical to that of Na⫹
channels except in domain III. Substituting E for K in
the domain III pore position of the rat Nav1.2 Na⫹ channel

results in a channel that is more selective for Ca2⫹ than
for Na⫹ (Heinemann et al., 1992). Conversely, substituting K for E in the comparable position of the L-type
Ca2⫹ channel results in a channel that is selective for
monovalent cations (Yang et al., 1993). These results
suggest that the E residue in domain III might be important for the Ca2⫹ selectivity of the BSC1 channel. To test
this hypothesis, we substituted a K for E1497 in domain
III of BSC1.
Currents through the E1497K mutant channel are
shown in Figure 5A. When the external solution contained 50 mM Ba2⫹, there was an outward current during
the depolarization to 80 mV and a small inward tail current when the oocyte was repolarized to ⫺100 mV
(green). The outward current is most likely carried by
K⫹ ions, and the tail current is carried by Ba2⫹ ions. The
inward Ba2⫹ current is significantly smaller than was
seen for the wild-type BSC1 channel (compare Figure
5A, green, to Figure 3A, green), demonstrating that the
E to K substitution decreased the permeability to Ba2⫹.
When the Ba2⫹ was replaced with 50 mM Ca2⫹, the outward and inward currents were comparable (Figure 5A,
red). When the Ba2⫹ was replaced with 50 mM Na⫹, the
outward current was larger, and the inward current was
much larger (Figure 5A, blue). The larger inward current
carried by Na⫹ demonstrates that the mutant channel
has greater permeability for Na⫹ than for Ba2⫹.
The relative permeabilities of the E1497K mutant
channel to Na⫹ (blue circles) and Ba2⫹ (green squares)
were quantified by plotting the tail currents at different
voltages following a 15 ms depolarization to 80 mV (Figure 5B), as described earlier for the wild-type channel.
The reversal potentials were approximately ⫺10 mV for
Na⫹ and ⫺20 mV for Ba2⫹. Using these values and the
equation described earlier, the E1497K mutant channel
has a selectivity ratio of PBa /PNa ⬇ 0.24. Therefore, replacement of E1497 with a positively charged lysine
made the BSC1 channel more permeable to Na⫹ than
to Ba2⫹.
Since the E1497K mutation decreased the selectivity
of the BSC1 channel for Ba2⫹, it seemed likely that it
would also eliminate the anomalous mole fraction effect.
To test this hypothesis, currents were recorded with an
extracellular solution that contained a constant concentration of 25 mM Na⫹ with an increasing concentration
of free Ca2⫹. The peak currents were normalized to the
maximal peak current in very low free Ca2⫹ (2 ⫻ 10⫺6
mM) and plotted against the concentration of free Ca2⫹
(Figure 4, squares). As for the wild-type BSC1 channel,
the current was maximal in very low Ca2⫹. However, the
current decreased more gradually than was observed
for the wild-type channel, and there was no increase in
current at the highest Ca2⫹ concentrations. The decreasing current indicates that Ca2⫹ still blocks the E1497K
channel and prevents conductance by Na⫹, but the
block requires higher concentrations of free Ca2⫹ than
for the wild-type channel. The lack of current increase
at the highest Ca2⫹ concentrations suggests that Ca2⫹
is less permeant through the E1497K mutant channel
than the wild-type channel.
Phylogenetic Relationship of BSC1
to Voltage-Gated Naⴙ and Ca2ⴙ Channels
A phylogenetic tree was constructed to examine the
relationship between BSC1 and other voltage-gated Na⫹
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Table 2. Sequence Comparison of BSC1 and Voltage-Gated Na⫹ and Ca 2⫹ Channels

and Ca2⫹ channels (Figure 6). The channels that have
been shown to function as voltage-gated Na⫹ channels
are shown in blue, and those that function as voltagegated Ca2⫹ channels are shown in red. All of the mammalian voltage-gated Na⫹ channels are located on a single
branch of the tree. Similarly, all of the voltage-gated
Ca2⫹ channels are located on a single branch of the tree.
BSC1 is located on a unique branch, with its closest
neighbor being DSC1, the Drosophila ortholog of BSC1.
The DSC1 channel has never been functionally expressed. However, it has the same DEEA sequence as
BSC1 (Table 2), and its close relationship suggests that
it may also encode a Ca2⫹-selective channel. Both of
these proteins are as closely related to Ca2⫹ channels
as they are to Na⫹ channels, indicating that they may
be descended from an ancestral channel that is intermediate between the voltage-gated Na⫹ and Ca2⫹
channels.
The proteins that have not been shown to function as
voltage-gated Na⫹ channels are shown in green. All but
two of these (LoNav1 and rNax) are located on unique
branches of the tree. The sequences for those proteins
also contain E in domain III comparable to BSC1, and
therefore, they may also encode channels that are more
selective for Ca2⫹. Of the two exceptions, LoNav1 contains K in domain III and is on a branch with three genes
that have been shown to encode voltage-gated Na⫹
channels (BgNav1, DmNav1, and MdNav1) so that it may
encode a true voltage-gated Na⫹ channel. The other
exception is rNax, which contains N in domain III and is
on the branch with the other mammalian channels. This
protein does not represent a voltage-gated Na⫹ channel
and most likely functions to sense Na⫹ levels (Hiyama
et al., 2002; Watanabe et al., 2003).

Discussion
We have demonstrated that BSC1, a gene originally
identified because of its sequence similarity to voltagegated Na⫹ channels, encodes a functional voltagegated cation channel when expressed in Xenopus
oocytes. However, the properties of the BSC1 channel
differ significantly from voltage-gated Na⫹ channels in
a number of ways. First, the channels are more selective
for Ba2⫹ than for Na⫹. Second, the kinetics of activation
and inactivation are significantly slower than the kinetics
of Na⫹ channel gating. Third, the channel deactivates
very slowly with a substantial tail current. Finally, Na⫹
currents through the channel can be blocked by low
concentrations of Ca2⫹, resulting in an anomalous mole
fraction effect. All of these properties are more similar
to voltage-gated Ca2⫹ channels than to voltage-gated
Na⫹ channels.
Numerous previous attempts to obtain functional expression of several putative Na⫹ channel proteins similar
to BSC1, such as CcNav1 and DSC1, have failed (Nagahora et al., 2000; White et al., 1998). These channels
possess the same DEEA signature in the putative pore
region as BSC1, and they are phylogenetically related
to BSC1 (Table 2 and Figure 6). Our data suggest that
the failures may reflect the fact that BSC1 is a unique
cation channel that is more permeable to Ca2⫹ and Ba2⫹
than to Na⫹ and K⫹. The unique ion selectivity and gating
properties of the BSC1 channel clearly distinguish it
from voltage-gated Na⫹ channels, despite its extensive
homology to known voltage-gated Na⫹ channels.
The BSC1 channel exhibits markedly slower activation
and inactivation compared to that of known Na⫹ channels. The linker sequence connecting domains III and
IV is highly conserved among functional Na⫹ channels
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Figure 5. Substitution of E1497 with K Reduces the Selectivity for
Ca2⫹
(A) Currents were recorded from an oocyte injected with 20 ng
E1497K RNA using an external solution consisting of either 50 mM
NaOH ⫹ 45 mM TEAOH ⫹ 10 mM HEPES ⫹ 10 mM HEDTA (blue),
50 mM Ca(OH)2 ⫹ 55 mM TEAOH ⫹ 5 mM HEPES (red), or 50 mM
Ba(OH)2 ⫹ 55 mM TEAOH ⫹ 5 mM HEPES (green). The protocol
consisted of a depolarization from ⫺100 mV to 80 mV for 15 ms
followed by repolarization to ⫺100 mV.
(B) Tail currents were measured by depolarization to 80 mV followed
by repolarization to different potentials in each external solution,
after which the tail currents were normalized to the maximal tail
current and plotted against the repolarization voltage. The recording
solutions were as follows: 50 mM Ba2⫹ (green squares) or 50 mM
Na⫹ (blue circles).

and is involved in fast inactivation (Patton et al., 1992;
West et al., 1992). This linker region is less conserved
in the BSC1 protein, with the critical IFM motif being
replaced by MFL (Liu et al., 2001). It is possible that this
sequence variation is responsible for the slow inactivation of the BSC1 channel, although the F residue that
is most important for fast inactivation is still present
in BSC1.
The BSC1 channel demonstrates selectivity characteristics that are distinct from both voltage-gated Na⫹
and Ca2⫹ channels. The Ba2⫹ to Na⫹ permeability ratio
(PBa/PNa) for BSC1 is approximately 22. That is much
lower than the permeability ratio for L-type Ca2⫹ channels (PBa /PNa ⬇ 470 and PCa /PNa ⬇ 1170) and much higher
than the ratio for Na⫹ channels (PCa /PNa ⬇ 0.1) (Hille,
2001). These results indicate that the BSC1 channel has
selectivity characteristics that are intermediate between
those of Na⫹ and Ca2⫹ channels. The mutation that replaces the negative charge in the pore region of domain
III with a positive charge (E1497K) increased the selectivity of BSC1 for Na⫹ (PBa/PNa ⫽ 0.24) so that the mutant

Figure 6. Phylogenetic Tree of BSC1 and Voltage-Gated Na⫹ and
Ca2⫹ Channels
A phylogenetic tree showing the relationship between BSC1 and
voltage-gated Na⫹ and Ca2⫹ channel ␣ subunits was generated.
This unrooted tree represents the optimal tree based on parsimony
analysis of nucleotide sequences. To perform the analysis, the
amino acid sequences were aligned using Clustal W (Thompson et
al., 1994). The amino acid sequences in the alignments were then
replaced with the published nucleotide sequences, and the nucleotide sequence alignments were subjected to analysis using the program PAUP* (Swofford, 1998). Divergent portions, including most
of the terminal regions and the cytoplasmic loops between domains
I-II and II-III, were excluded from the PAUP* analysis. The numbers
at the nodes indicate the bootstrap values for 100 replications. When
a number is not indicated, the bootstrap value was less than 50.
Scale bar, 500 substitutions. The Ca2⫹ channel ␣1 subunit sequences are as follows: BgCav1 (Blattella germanica, German cockroach, GenBank accession number D31719), BgCav2 (Blattella germanica, GenBank accession number D31718), CcCav1 (Cyanea
capillata, Scyphozoan jellyfish [Jeziorski et al., 1998]), DmCavA1
(Drosophila melanogaster, [Eberl et al., 1998]), DmCavD1 (Drosophila
melanogaster, [Smith et al., 1996]), LbCav1 (Loligo bleekeri, squid
[Kimura et al., 1997]), MdCav1 (Musca domestica, house fly [Grabner
et al., 1994]). The invertebrate Na⫹ channel and Na⫹ channel-related
sequences are from the following species: ApNav1 (Aiptasia pallida,
sea anemone), BgNav1 (Blattella germanica, paraCSMA), BSC1 (Blattella germanica), CcNav1 (Cyanea capillata, CYNA1), DmNav1 (Drosophila melanogaster, para), DSC1 (Drosophila melanogaster),
LbNav1 (Loligo bleekeri, squid Na channel), LoNav1 (Loligo opalescens, GFLN1), MdNav1 (Musca domestica, Msc Vssc1), and PpNav1
(Polyorchis penicillatus, Hydrozoan jellyfish, PpSCN1). The mammalian Na⫹ channel sequences are all from Rattus norvegicus. References for all of the sodium channel sequences are listed in Goldin (2002).

Ca2⫹-Selective Channel from Na⫹ Channel-like Gene
109

channel is more similar to voltage-gated Na⫹ channels.
The E1497K mutation also decreased the inward rectification that was observed for wild-type BSC1 (compare
Figures 3 and 5), but it did not eliminate block of Na⫹
conductance by low concentrations of Ca2⫹ (Figure 4).
Therefore, the glutamate residue in the pore region of
domain III is important for the selectivity and rectification
properties of BSC1, but block by Ca2⫹ also depends on
other amino acids that differ between BSC1 and voltagegated Na⫹ channels.
The importance of additional residues in selectivity of
Na⫹ and Ca2⫹ channels has also been shown by the
characteristics of a bacterial ion channel, NaChBac. The
NaChBac channel consists of a single six-transmembrane-spanning segment whose sequence is similar to
that of voltage-gated Ca2⫹ channels. This channel has
an E in the pore position (Ren et al., 2001), and because
it consists of a single domain, the functional channel
has the signature sequence EEEE. However, NaChBac
is more selective for Na⫹ than for Ca2⫹ (PCa/PNa ⬇ 0.15),
and substitution of nearby residues converts it into a
channel that is more selective for Ca2⫹. For example,
PCa/PNa ⬇ 73 when LESWAS was replaced with LEDWAD,
where E is the signature residue (Yue et al., 2002).
It has been proposed that voltage-gated Na⫹ and Ca2⫹
channels evolved from K⫹ channels and that Na⫹ channels evolved after the subunit duplications leading to the
Ca2⫹ channels (Hille, 1989; Strong et al., 1993). Strong et
al. (1993) suggested that the original duplication event
resulted in a two-domain channel consisting of domains
I/III and II/IV, each of which then duplicated to result in
the first four-domain Ca2⫹ channel. The primordial Na⫹
channel then evolved from the Ca2⫹ channels and subsequently evolved independently in vertebrates and invertebrates (Strong et al., 1993). In this context, NaChBac
may represent a descendant of the single-domain Ca2⫹selective channel that evolved from the K⫹ channels,
since it has characteristics intermediate between those
of voltage-gated Na⫹ and Ca2⫹ channels (Ren et al.,
2001). NaChBac is more closely related in sequence to
BSC1 and DSC1 than to voltage-gated Na⫹ channels
(data not shown), suggesting that BSC1 and related
channels might represent the descendants of the primordial four-domain channels.
The two Na⫹ channel genes identified in Drosophila,
DSC1 and para (DmNav1), are orthologs of BSC1 and
paraCSMA (BgNav1) from Blattella germanica. The para
gene was identified based on temperature-sensitive
paralysis phenotypes displayed by mutant alleles
(Loughney et al., 1989). Consistent with these phenotypic effects, heterologous expression studies have
demonstrated that para is a true voltage-gated Na⫹
channel with biophysical and pharmacological properties similar to mammalian voltage-gated Na⫹ channels
(Warmke et al., 1997). In contrast, DSC1 was identified
based on sequence homology to an eel voltage-gated
Na⫹ channel (Salkoff et al., 1987), but it has never been
functionally expressed in any heterologous systems. A
mutation in the DSC1 gene has been constructed using
a P element insertion, and the mutant flies demonstrated
impaired olfactory behavior, indicating that the DSC1
channel is involved in the processing of olfactory information (Kulkarni et al., 2002).
Our results show that BSC1 is a cation channel that
might pass either Na⫹ or Ca2⫹, depending on the Ca2⫹

concentration, suggesting that BSC1 and para may play
complementary roles in vivo. No native currents identical
to those we recorded from BSC1 channels have been
reported. It is possible that the functional characteristics
of BSC1 are altered by association with accessory subunits, although no such subunits have yet been identified. Ca2⫹-dependent plateau action potentials have
been recorded in dorsal paired median neurons from
the terminal abdominal ganglion of the cockroach Periplaneta americana (Amat et al., 1998). This slow depolarization was suggested to reflect a high-voltage activated
Ca2⫹ current initiated by fast Na⫹-dependent spikes
(Amat et al., 1998). An intriguing possibility is that BgNav1
and BSC1 may be the two channels behind the fast
initial depolarization and the plateau, respectively.
DSC1 and para demonstrate different patterns of expression in Drosophila. Based on in situ hybridization
studies, para is the predominant Na⫹ channel in Drosophila, being expressed ubiquitously throughout the
CNS and PNS at all developmental stages (Hong and
Ganetzky, 1994). In contrast, there are very few cells in
either the CNS or PNS expressing DSC1 during embryonic and larval stages (Hong and Ganetzky, 1994). In
pupal and adult stages, DSC1 and para have overlapping expression patterns in the CNS but distinct expression patterns in the PNS (Hong and Ganetzky, 1994).
Based on immunolocalization studies of protein, DSC1
was observed only in neurons, with the highest density
in synaptic regions and in axonal processes, but not in
the cortical cell bodies in which para is highly expressed
(Castella et al., 2001). These results further suggest that
DSC1 and para serve different functions in the nervous system.
Tissue distribution of the BSC1 transcript also differs
from that of paraCSMA (BgNav1). The paraCSMA transcript
is most abundantly expressed in nerve, although it can
also be detected in muscle (Liu et al., 2001). In contrast,
the BSC1 transcript is most abundantly expressed in
muscle, but it is also broadly distributed in nerve cord,
gut, and ovary (Liu et al., 2001). Furthermore, different
tissues express different alternatively spliced variants
of BSC1, including truncated variants containing only
the first two of the four domains, which have been detected only in muscle (Liu et al., 2001). The broad tissue
distribution of BSC1 and tissue-specific expression of
alternatively spliced variants suggest that BSC1 channels may carry out distinct functions in different tissues
(Liu et al., 2001).
In conclusion, our data demonstrate that BSC1 is a
voltage-gated cation channel that is related to voltagegated Na⫹ channels but has many of the properties
of voltage-gated Ca2⫹ channels. Channels that may be
comparable are present in other invertebrate species,
although none have yet been identified in vertebrates.
Therefore, BSC1 appears to be the first functionally
identified member of a novel family of voltage-gated
cation channels with a close structural and evolutionary
relationship to voltage-gated Na⫹ and Ca2⫹ channels.
Experimental Procedures
Cloning Full-Length BSC1 cDNA
To isolate the full-length BSC1 cDNA, the entire coding region was
amplified using two primers based on the 5⬘ and 3⬘ end sequences
(Liu et al., 2001). A Kozak consensus sequence (GCCACCATGG)
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was added around the ATG codon to increase the efficiency of
translation. The BamH1 restriction recognition sequence was added
to both primers to facilitate subsequent cloning. The entire coding
region (6.9 kb) was amplified by polymerase chain reaction (PCR)
using the Elongase Enzyme Mix (GIBCO/BRL, Rockville, MD). The
amplified cDNA was then cloned into the pGH19 expression vector
(kindly provided by Dr. B. Ganetzky, University of Wisconsin, Madison). A BSC1 clone named ZL1 was sequenced to confirm that there
were no mutations. This sequence represents a naturally occurring
neuronal splice variant (Liu et al., 2001).
Site-Directed Mutagenesis
To replace E1497 with K in the pore-forming region of domain III, a
2.3 kb NsiI fragment encoding IIIS5 to the C terminus was subcloned
from ZL1 into the pAlter-Ex1 vector (Promega Corp., Madison, WI).
Site-directed mutagenesis was performed using the Altered Sites II
in vitro Mutagenesis System (Promega Corp., Madison, WI) following
the manufacturer’s instructions. After the E1497K mutation was confirmed by DNA sequencing, the mutated NsiI fragment was excised
from pAlter-Ex1 and cloned back into the ZL1 to produce the mutant
BSC1 clone.
Expression of the BSC1 Channel in Xenopus Oocytes
Stage V oocytes were removed from adult female Xenopus laevis
frogs and prepared as previously described (Goldin, 1991). Oocytes
were incubated in ND-96 media, which consists of 96 mM NaCl,
2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES (pH 7.5),
supplemented with 0.1 mg/ml gentamicin, 0.55 mg/ml pyruvate, and
0.5 mM theophylline. The ZL1 plasmid containing the BSC1 cDNA
was linearized with NotI, and capped, full-length transcripts were
synthesized in vitro using T7 polymerase (mMESSAGE mMACHINE
kit, Ambion, Austin, TX). RNA was dissolved in 1 mM Tris-HCl (pH
7.5), and 5–20 ng BSC1 RNA was injected into each oocyte. Oocytes
were incubated in ND96 at 20⬚C for 3–5 days before recording.
Electrophysiological Analysis
Voltage clamping of Xenopus oocytes was performed using the
DAGAN CA-1 high performance cut-open oocyte clamp (DAGAN
Corp., Minneapolis, MN), Axon DigiData 1321A Interface, and
pClamp 8.1 (Axon Instruments, Inc., Burlingame, CA). Oocytes were
perforated in the center of the vegetal pole and mounted on the
voltage clamp stage fitted with a perfusion cannula connected to a
syringe pump filled with internal solution. Agarose bridges coupling
the headstage to the bath were filled with 0.5% low melting point
agarose in 1 M NaCl (pH 7.5) and were fitted with 100 m platinum
wires to improve frequency response. The headstage manifold wells
were filled with 1 M NaCl. Temperature in these experiments was
maintained at 20⬚C by a Peltier device coupled to a feedback controller (HCC-100A, DAGAN Corp., Minneapolis, MN). Voltage was
monitored through a 0.2–0.5 M⍀ microelectrode filled with 3 M KCl,
which was inserted through the animal pole of the oocyte. All recordings were obtained after stable baseline and ionic current levels
were achieved. Series resistance compensation and P/4 subtraction
were used in all recordings. Filter bandwidth was adjusted to approximately one-fourth the sampling rate. The internal solution consisted of 44 mM K2SO4, 5 mM Na2SO4, 10 mM EGTA-CsOH, and
10 mM HEPES-CsOH (pH 7.5). The compositions of the external
solutions are shown in Table 1, section A.
The voltage dependence of activation was analyzed using a step
protocol in which oocytes were depolarized from a holding potential
of ⫺100 mV to a range of potentials from ⫺50 mV to 140 mV in 10
mV increments, followed by a return to ⫺100 mV. The peak tail
currents during the repolarizations were normalized to the maximum
peak tail current and plotted against voltage. Conductance was
calculated by individually fitting each curve with a two-state Boltzmann equation, G ⫽ 1/(1 ⫹ exp[⫺0.03937 ⫻ z ⫻ (V ⫺ V1/2)]), in which
G is the conductance, z is the apparent gating charge, V is the
potential of the given pulse, and V1/2 is the potential for half-maximal activation.
The kinetics of BSC1 activation were determined using a step
protocol in which oocytes were depolarized from ⫺100 mV to 80
mV for 1–150 ms, with 1 ms increments up to 30 ms and 5 ms
increments thereafter, followed by repolarization to ⫺100 mV. The

peak tail current during the repolarization was then plotted versus
the time of depolarization. The kinetics of BSC1 inactivation were
determined using a step protocol in which oocytes were depolarized
from ⫺100 mV to 80 mV for 5–150 ms with 5 ms increments, and
from 50 to 500 ms with 50 ms increments, followed by repolarization
to ⫺100 mV.
Relative permeability of the BSC1 channel to different cations
was determined by recording currents using external solutions that
contained only a single permeant ion at a concentration of 50 mM
and then determining the reversal potential for each set of recording
conditions. The compositions of the different solutions are shown
in Table 1, section A. Because Na⫹ and Ba2⫹ have different valences,
the Goldman-Hodgkin-Katz equation could not be used to calculate
the permeability of the channel. Therefore, the relative permeability
of the BSC1 channel to Na⫹, K⫹, and Ba2⫹ was calculated using a
simplified version of the extended constant-field equation as described by Jan and Jan (1976):
Erev ⫽

RT ⫺b ⫹ ( b2 ⫺ 4ac)1⁄ 2
ln
, in which
F
2a

a ⫽ [K⫹]i ⫹

PNa
P
[Na⫹]i ⫹ 4 Ba [Ba2⫹]i
PK
PK

b ⫽ ([K⫹]i ⫺ [K⫹]o) ⫹
c ⫽ ⫺[K⫹]o ⫹

PNa
[Na⫹]i ⫺ [Na⫹]o
PK

PNa
P
[Na⫹]o ⫺ 4 Ba [Ba2⫹]o
PK
PK

In this equation, Erev is the reversal potential of the cell, PX is the
permeability to cation X, [X]o is the concentration of X in the outside
solution, [X]i is the concentration of X in the inside solution, R is the
gas constant, T is absolute temperature, and F is Faraday’s constant. This equation has been simplified by the fact that other permeant ions are not present on either the outside or inside of the cell.
The concentrations of the permeant ions were determined by the
experimental conditions, with [K⫹]i ⫽ 88 mM, [Na⫹]i ⫽ 10 mM,
[Ba2⫹]i ⫽ 0, and only one permeant ion at a concentration of 50 mM
on the outside of the cell during each experiment. Simultaneous
equations were numerically solved to calculate the permeability
ratios using the program Mathematica, Version 4.2 (Wolfram Research, Champaign, IL).
Phylogenetic Analysis
The amino acid sequences for all of the channels listed in the legend
to Figure 6 were aligned using Clustal W (Thompson et al., 1994),
after which the amino acid sequences in the alignments were replaced with the published nucleotide sequences. The nucleotide
sequence alignments were then subjected to analysis using the
program PAUP* (Swofford, 1998). Divergent portions, including most
of the terminal regions and the cytoplasmic loops between domains
I-II and II-III, were excluded from the PAUP* analysis.
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