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be caused by these mutations and might contribute to their dominant
inheritance.
The voltage sensors of ion channels transduce changes in membrane
potential into a conformational change that opens the pore. Gating
charges in their S4 transmembrane segments move across the membrane under the influence of the electric field12,13. In one mechanistic
model, the S4 segments are thought to move outwards through the
voltage sensor module by means of a specialized gating pore formed
by the segments S1 to S3 (refs 6, 13–18), as presented in detail in a recent
high-resolution structural model of the gating process19. Consistent with
this mechanism is our observation that mutations of the arginine gating
charges to smaller, uncharged residues generates gating pore currents
resulting from movement of protons and cations through the modified
gating pore20–22. Mutations of outer gating charges cause gating pore
current in the resting state21,22, whereas mutations of more inward gating
charges cause gating pore current in the activated state22. Because gating
pore current is unique to voltage sensors and is a gain-of-function effect,
we tested the HypoPP mutant NaV1.4/R666G for gating pore current.
Wild-type Nav1.4 and R666G channels were transiently expressed
in Xenopus oocytes together with the Na1 channel b1 subunit, and
their electrophysiological properties were examined with the cut-open
oocyte voltage-clamp technique23 (Fig. 1). Na1 currents recorded
during depolarizing voltage-clamp steps were generally similar in kinetics and voltage dependence for the wild-type and R666G channels
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Ion channelopathies are inherited diseases in which alterations in
control of ion conductance through the central pore of ion channels impair cell function, leading to periodic paralysis, cardiac
arrhythmia, renal failure, epilepsy, migraine and ataxia1. Here
we show that, in contrast with this well-established paradigm,
three mutations in gating-charge-carrying arginine residues in
an S4 segment that cause hypokalaemic periodic paralysis2 induce
a hyperpolarization-activated cationic leak through the voltage
sensor of the skeletal muscle NaV1.4 channel. This ‘gating pore
current’ is active at the resting membrane potential and closed
by depolarizations that activate the voltage sensor. It has similar
permeability to Na1, K1 and Cs1, but the organic monovalent
cations tetraethylammonium and N-methyl-D-glucamine are much
less permeant. The inorganic divalent cations Ba21, Ca21 and Zn21
are not detectably permeant and block the gating pore at millimolar
concentrations. Our results reveal gating pore current in naturally
occurring disease mutations of an ion channel and show a clear
correlation between mutations that cause gating pore current and
hypokalaemic periodic paralysis. This gain-of-function gating pore
current would contribute in an important way to the dominantly
inherited membrane depolarization, action potential failure, flaccid paralysis and cytopathology that are characteristic of hypokalaemic periodic paralysis. A survey of other ion channelopathies
reveals numerous examples of mutations that would be expected to
cause gating pore current, raising the possibility of a broader
impact of gating pore current in ion channelopathies.
Skeletal muscle Na1 channels generate action potentials in response to nerve stimulation and thereby initiate muscle contraction.
They are complexes of pore-forming a and auxiliary b1 subunits3–6.
The periodic paralyses are dominantly inherited syndromes that cause
episodic failure of skeletal muscle contraction2. Hyperkalaemic periodic paralysis and paramyotonia congenita are caused by mutations
in the a subunit of skeletal muscle NaV1.4 channels that are widely
spread throughout the protein and usually cause a gain of function by
impairing fast and/or slow inactivation7. Increased Na1 channel activity leads to depolarization, hyperexcitability, and either repetitive
firing or depolarization block. In contrast, hypokalaemic periodic
paralysis (HypoPP) is caused by mutations in both the a subunit of
the skeletal muscle NaV1.4 channel and the homologous a1 subunit
of the skeletal muscle CaV1.1 channel, which initiates excitation–
contraction coupling7. The mutations in both of these large channel
proteins target only the outermost two gating-charge-carrying arginine residues in their S4 voltage sensors in domains II and/or IV. The
convergence of these mutations on the outermost two gating charges
of voltage sensors in two different proteins strongly implicates altered
voltage sensor function in this disease. Studies of these mutant Na1
channels expressed in heterologous cells revealed enhanced fast and/
or slow inactivation as the primary common effect8–11, but it is uncertain how this inhibitory effect causes the dominant inheritance of
this disease or its apparent requirement for mutation of gating
charges. We therefore explored the hypothesis that unrecognized
gain-of-function changes that are unique to the voltage sensor might
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Figure 1 | Central pore Na1 currents for wild-type Nav1.4 and HypoPP
mutant R666G channels. a, Representative Na1 currents through the central
pore of wild type Nav1.4 (left) and R666G (right) channels. b, Current–voltage
relationships. Mean normalized peak Na1 current is plotted against test
potential for Nav1.4 channels (circles) and R666G (triangles). Voltages for
half-maximal activation (Va) were calculated from conductance-voltage
relationships (Supplementary Methods): wild-type Nav1.4, Va 5 228 6 1 mV,
n 5 6; R666G, Va 5 215 6 3 mV, n 5 8. c, Voltage dependence of inactivation.
The graph shows mean normalized peak Na1 current during test pulses after
100-ms prepulses to the indicated membrane potentials. Half-inactivation
values (Vh) were: wild-type Nav1.4 (circles), Vh 5 249 6 1 mV, n 5 6; R666G
(triangles), Vh 5 255 6 1 mV, n 5 8 (P , 0.05). Error bars denote s.e.m.
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(Fig. 1a). However, as reported previously11, there was a trend towards
faster inactivation for R666G (Fig. 1a), current–voltage relationships
revealed a positive shift in the voltage dependence of activation
(Fig. 1b), and the voltage dependence of fast inactivation was shifted
to more negative membrane potentials by 6 mV (Fig. 1c).
To detect gating pore currents, we blocked the central pore with 1 mM
tetrodotoxin (TTX) and measured leak currents with the normal leaksubtraction protocol turned off. Ionic currents in response to 500-ms
voltage steps from a holding potential of 2100 mV to test potentials
from 2140 mV to 150 mV were substantially larger for R666G than for
the wild-type channel (Fig. 2a, b). For the wild type, these leak currents
were linear (Fig. 2c). In contrast, for R666G a nonlinear component of
leak current was observed in the range 250 mV to 2140 mV (Fig. 2d).
Plotting the mean nonlinear component of ionic current for R666G
and the wild type against voltage reveals a highly significant nonlinear
inward current in the mutant and none in the wild type (Fig. 2e), similar
to gating pore currents (Igp) observed previously for mutations of the
outermost gating charges of the NaV1.2 channel IIS4 voltage sensor22.
The gating pore currents conducted by R666G were much smaller
than the central pore Na1 current. Overexpression of NaV1.4 channels to allow accurate recording of gating pore current usually results
in central pore currents that are too large for accurate voltage clamp
control in the absence of TTX. However, in favourable cases, we were
able to accurately record both gating pore current and central pore
current in the same oocyte. A typical example (Fig. 2f) shows that
8 mA of central pore current at 210 mV corresponds to about 80 nA
of Igp at 2140 mV. As a more physiological comparison, the central
pore current at the peak of the action potential (4 mA at 130 mV) is
80-fold greater than the gating pore current at the resting membrane
potential (50 nA at 290 mV; Fig. 2f). Although the gating pore current is only about 1.25% of the central pore current, it would be open
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constantly at the resting membrane potential, whereas the central
pore would open for only 1–2 ms during action potentials.
We determined the ion selectivity of the R666G gating pore current
for monovalent cations by substituting selected cations for Na1 in the
extracellular solution and measuring the nonlinear component of leak
current in the presence of 1 mM TTX to block the central pore (Fig. 3).
Surprisingly, even the large organic cation N-methyl-D-glucamine
(NMDG1) was detectably permeable through this gating pore, as
revealed by the nonlinear current increasing towards more negative
membrane potentials (Fig. 3a, open squares). For a quantitative comparison of permeability for different monovalent cations, Igp was first
measured with 120 mM NMDG1 as the only permeant extracellular
monovalent cation. Subsequently, an equal concentration of Na1, K1,
Cs1, Li1 or tetraethylammonium (TEA1) was added to the recording
chamber, and gating pore currents were measured again (Fig. 3a–c). The
rank order for the ion selectivity of the gating pore was Cs1 < K1 .
Na1 < Li1 ? TEA1 < NMDG1, after correction for the reduced driving force for K1 resulting from its high internal concentration (Fig. 3c).
The R666G gating pore discriminates approximately twofold between
Na1 and K1 (Fig. 3c), but at the resting membrane potential of a skeletal
muscle cell, near the equilibrium potential for K1 conductance, essentially all gating pore current would be inward movement of Na1.
Divalent cations block the gating pore (Fig. 3d). Ba21 (6 mM)
decreased Igp conducted by Na1 by 55 6 9% at 2140 mV, which is
consistent with a Kd of 4.9 mM, whereas Zn21 (6 mM) completely
inhibited gating pore current, indicating a much higher affinity. Complete block by Zn21 strengthens the identification of Igp as a distinct
hyperpolarization-activated component of leak current caused by the
R666G mutation. Increasing Ca21 concentration from 1.8 mM to
5.9 mM caused a small but significant (27 6 7%) decrease in Igp, indicating that Ca21 is a weak blocker of Igp (Fig. 3d). Halving the extracellular concentration of Ca21 had no effect on Igp, indicating that
Ca21 is not measurably permeant (Fig. 3d). These results suggest that
Ca21 leakage through the R666G gating pore is unlikely to contribute
to the physiological effects of this mutation.
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Figure 2 | Gating pore Na1 currents for HypoPP mutant R666G channels.
a, b, Representative gating pore Na1 currents in oocytes expressing Nav1.4
(a) and R666G (b) channels in response to voltage steps ranging from
2140 mV to 150 mV without leak subtraction after the blocking of the central
pore with 1 mM TTX. c, d, Relationship of leak current to voltage for Nav1.4
(c) or R666G (d) channels. e, Mean nonlinear component of ionic current for
R666G (triangles, n 5 37) and wild-type (circles, n 5 10; error bars smaller
than symbols) channels. f, Comparison of central pore (circles, right axis) and
gating pore (triangles, left axis) Na1 currents in a representative oocyte before
and after the addition of 1 mM TTX. Error bars denote s.e.m.
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Figure 3 | Ion selectivity of R666G gating pore currents. a, b, Gating pore
currents in representative oocytes were first measured in 120 mM NMDG1
(open squares) and after the addition of Na1 (triangles), Li1 (diamonds), or
Cs1 (circles, a) or K1 (inverted triangles, b) to the external solution to give a
final concentration of 48 mM. Currents are normalized relative to the NMDG1
current at 2140 mV in a given oocyte. c, Cation selectivity of the gating pore in
R666G relative to NMDG1. Data are corrected for ion concentration; those for
K1 (white bar) are corrected for the reduced driving force due to elevated
cytosolic K1 concentration. d, Effects of divalent cations on Igp. Igp was
recorded with 120 mM Na1 and 1.8 mM Ca21 in the external solution (squares,
n 5 9) and after the addition of 4.8 mM Ca21 (diamonds, n 5 5), 6 mM Ba21
(upright triangles, n 5 5) or 6 mM Zn21 (circles, n 5 4), or diluting the Ca21
concentration to 0.9 mM (inverted triangles, n 5 4). Error bars denote s.e.m.
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A total of four mutations at only two positions in NaV1.4 channels
have been shown to cause HypoPP with complete penetrance:
R663H, R666G, R666H and R666S (refs 9, 10, 24). To determine
whether gating pore current is a general feature of HypoPP mutations, we tested NaV1.4 channels with the HypoPP mutations R666H
and R663H. Both of these mutations conducted a substantial hyperpolarization-activated gating pore current, similar to R666G (Fig. 4).
The presence of gating pore current for all three of the HypoPP
mutants studied here, including mutations at both relevant positions
in the amino acid sequence of NaV1.4 channels, provides strong
evidence for an essential role of gating pore current in HypoPP.
Our results show that removal of the positively charged side chain of
a gating-charge-carrying arginine residue by the R663H, R666G and
R666H mutations creates a gating pore that is measurably permeant to
large cations such as NMDG1 and substantially more permeant to the
physiological cations Na1 and K1. The ion conductance of these gating pores is activated at negative membrane potentials, at which the S4
voltage sensor would be in its most inward position. The effect of these
three naturally occurring mutations in NaV1.4 channels therefore
resembles those of previous site-directed mutations of the outermost
gating charge in NaV1.2 and Shaker K1 channels21,22. Depolarization is
likely to move these outermost gating charges towards the extracellular
surface of the membrane, out of the narrow point in the gating pore, as
a consequence of the conformational change that initiates the activation of these channels19. The mutant gating pore would therefore act as
a hyperpolarization-activated cation leak in HypoPP skeletal muscle
cells. This cation leak would substantially increase resting membrane
conductance and Na1 influx into HypoPP skeletal muscle fibres.
These gain-of-function effects would contribute substantially to the
dominant inheritance, depolarization, reduced rate of rise and amplitude of the action potential, cytopathology and episodic paralysis correlated with decreased serum K1 that are the hallmarks of HypoPP9.
Moreover, a scan of known mutations in other ion channelopathies
reveals numerous examples that would be predicted to cause gating
pore current (Supplementary Table 1), indicating that gating pore
current might contribute significantly to many ion channelopathies.
The effects of gating pore current on the pathophysiology of HypoPP

and its potential role in other ion channelopathies are considered in
more detail in the Supplementary Material.
METHODS
Site-directed mutants in NaV1.4 channels were constructed by polymerase-chainreaction mutagenesis of a subclone encoding the IIS4 segment and surrounding
region of the channel and insertion of the mutant segment into the full-length
complementary DNA encoding NaV1.4 as described in Supplementary Methods.
RNA encoding wild-type or mutant NaV1.4 plus wild-type b1 subunits was transcribed in vitro and expressed in Xenopus oocytes as described in Supplementary
Methods. The NaV1.4 channels expressed were analysed with the cut-open oocyte
voltage clamp as described23 (see Supplementary Methods). Gating pore currents
were measured in the presence of 1 mM TTX to block the central pore current.
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Figure 4 | Gating pore Na1 current in R663H and R666H HypoPP mutants.
a, b, Representative gating pore Na1 currents in oocytes expressing R663H
(a) and R666H (b) channels. c, d, Averaged gating pore currents after linear
leak subtraction for R663H (c; circles, n 5 8) and R666H (d; triangles,
n 5 8). Results for wild-type Nav1.4 (c, d; squares, n 5 10) are reproduced
from Fig. 2e. Error bars denote s.e.m.
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