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Improving the characterization of calcium channel
gating pore currents with Stac3
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Cayl.1 channels are organized into four homologous domains
(domains I-1V), each composed of a nonpermeable voltage sensor
domain (VSD) and a calcium-permeable pore domain. Mutations
in the VSD may create a leak and render the VSD permeable to
ions. Recording of such a leak current, known as a gating pore
current, was hampered by the low expression of these channels
in a heterologous expression system. In this issue, Wu et al. show
for the first time the biophysical properties of this current using
Stac3 to boost the expression of the Cayl.1 channel in Xenopus
laevis oocytes.

Early studies

The first evidence of a current flowing through a mutated volt-
age sensor domain (VSD) was reported by Starace and Bezanilla
(2004). This was a somewhat fortuitous discovery, as the authors’
studies at the time were focused on the structure and operation
of the VSD and the accessibility of the S4 segment arginine res-
idues during gating. They showed that substitution of the first
positive charge (R1) of the S4 segment of the Drosophila melano-
gaster Shaker VSD to a histidine residue (R1H) led to the appear-
ance of a specific proton (H*) leak. The current that the authors
observed was sensitive to changes in extracellular pH, and they
proposed that H* ions pass through the channel protein using a
pathway distinct from the physiological K* ion permeation path-
way. The H* leak was not sensitive to agitoxin II, a toxin known
to obstruct the pore of the channel. However, the current did pass
through the VSD via a histidine factor, which can bind a proton
from the extracellular medium and then release it into the intra-
cellular medium.

The R1H substitution revealed the presence of a perme-
ation pathway across the VSD of the Shaker K* channel, most
probably involving a proton wire, through which H* ions could
translocate into the cell in a way similar to that proposed for
gramicidin channels (Starace and Bezanilla, 2004). Proton
conduction through gramicidin channels has been described
as occurring via a hop and turn mechanism in which H* ions
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hop between water molecules, accounting for the high H* selec-
tivity observed.

Subsequent studies by Tombola et al. (2007) showed that the
substitution of Shaker R1 with smaller uncharged amino acid res-
idues generated a gating pore current that the authors called the
“omega current.” In this case, the current was selective for cations
rather than H* jons and conducted guanidinium efficiently. To
date, three pathologies have been associated with the creation of a
gating pore: periodic paralysis, peripheral nerve hyperexcitability,
and cardiac arrhythmias associated with dilated cardiomyopathy.

Periodic paralysis
Periodic paralysis manifests in two forms: hypokalemic peri-
odic paralysis (HypoPP) and normokalemic periodic paralysis
(NormoPP). HypoPP is characterized by paralytic attacks that
occur in the context of low serum K* concentrations (<3 meq/
liter). These paralytic episodes are triggered by various factors
including exercise, emotional stress, cold, fever, and high-fat
meals (Cannon, 2006). HypoPP has been associated with muta-
tions in Cayl.1, the skeletal muscle Ca?* channel encoded by the
CACNAIS gene (60% of cases), and Nayl.4, the skeletal muscle Na*
channel encoded by the SCN4A gene (10% of cases). However, ini-
tial studies reported only minor impairments of the biophysical
properties of mutant channels. In addition, divergent biophysical
properties have been reported for some mutations in the SCN4A
gene, which manifest as either increased or reduced inactivation.
Paralytic attacks occur in response to the presence of two
stable resting membrane potentials (VRest) of muscle myocytes.
The value of the first stable VRest is approximately -75 mV, and
the value of the second stable VRest in pathological myocytes
is approximately -60 mV (-85 mV being the normal resting
potential of a myocyte; Struyk and Cannon, 2007; Struyk et al.,
2008; Jurkat-Rott et al., 2009; Cannon, 2010; Wu et al., 2011).
When myocytes adopt the second stable VRest, they become
nonexcitable or paralytic (Jurkat-Rott et al., 2009). However, the
HypoPP biophysical defects initially reported were of different
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Gating charge transfer center

magnitude and thus did not explain the elevation of VRest values
(Cannon, 2010). This led to several studies aimed at identifying
new underlying molecular mechanisms to explain the biophys-
ical properties.

Because the reported HypoPP mutations of Cayl.1 and Nayl.4
channels are located on the S4 of various domains, several stud-
ies focused on identifying a mutation-dependent gating pore.
Gating pore currents are ionic currents that do not flow through
the permeation pore of the channel, but instead flow through the
VSD, which is composed of the S1-S4 segments of the channel
(Fig. 1). The highly charged S4 segments in these complexes are
surrounded by water crevices that extend deep into the mem-
brane from both the extracellular and intracellular surfaces.
Only a narrow proteinaceous region separates the inner cavity
from the outer cavity. Normally, ions do not cross the voltage sen-
sor complex. Rather, charged residues on the S4 segments (Arg
or Lys) are translated from the inner crevice to the outer crevice
during gating. However, several investigators have shown that
mutations of these charged residues can induce gating pores
(Sokolov et al., 2007; Struyk and Cannon, 2007). Gating pore
currents represent ~1% of the permeation pore current in Na*
channels, but can be large in K* channels because of the fourfold
symmetry of the subunits (~6% of the permeation pore current).

NormoPP is a variant of HypoPP that is characterized by epi-
sodes of paralysis at physiological levels of serum K* (Vicartetal.,
2004). The gating pore has been identified as being responsible
for the development of this pathology. Unlike HypoPP, the cre-
ation of an open gating pore at depolarized (and not hyperpolar-
ized) potentials is likely the pathological cause of the paralytic
episodes in NormoPP (Sokolov et al., 2008). The pathological
mechanism involved may be related to the well-known immobi-
lization phenomenon of the S4, which would cause a temporar-
ily permeable gating pore when the potential is hyperpolarized.
This temporary immobilization would lead to the passage of Na*
ions through the gating pore after each action potential, which
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Figure 1. 3-D structure of the voltage-sensing
domain and creation of a gating pore. 3-D structure
of the domain | VSD structure of WT (top) and mutated
(R225W, bottom) Nay1.5 channels in a partially activated
state (B state). The protein segments are shown in orange
and the volume occupied by water in blue. The amino
acids participating in the gating charge transfer center
(GCTC) are shown as blue spheres for positive charges
on the S4 segment, red for negative charges on the S2
and S3 segments, and green for positive charges on the
S4 segment. A conserved aromatic amino acid is shown
on the S2 segment. The left panels show the entire VSD,
the S1segment has been deleted in the middle, and right
panels are shown for the sake of clarity. The middle pan-
els highlight the close interactions between the positive
charges on the S4 segment and the GCTC. These inter-
actions allow the formation of a hydrophobic septum
in the center of the VSD, isolating the water crevices
on both sides of the membrane (right). In the context
of a mutation (here, R225W), the interactions between
S4 and GCTC are broken, causing the junction of the
water crevices, creating a continuous aqueous pathway,
and opening a gating pore (adapted from Moreau and
Chahine, 2015).

could result in an overload of intracellular Na*. The pathological
mechanism would thus be similar to that described for HypoPP;
however, the primary effect of these mutations would still be ion
leakage in the depolarized state (Sokolov et al., 2008; Fan et al.,
2013; Groome et al., 2014). Given the ionic selectivity, K* should
be the most permeating physiological ion when the gating pore
is open. However, the pathological consequences of such an ion
leak have not been clearly elucidated.

Peripheral nerve hyperexcitability

Mutations in the VSD of the Ky7.2 channel (R207Q and R207W)
have been associated with the development of peripheral nerve
hyperexcitability (Dedek et al., 2001; Wuttke et al., 2007). Ky7.2
channels, which are expressed in the brain and spinal cord, oligo-
merize with Ky7.3 channels to generate the M current, which pri-
marily functions to maintain the resting membrane potential. It
is interesting to note that Ky7.2 channel mutations are usually
located in the pore domain and are associated with the develop-
ment of neonatal epilepsies, which suggests a role in maintaining
the resting potential. Because of experimental difficulties with
Ky7.2 channel expression, studies have focused on mutations
in the Ky7.4 channel that are equivalent to R207Q and R207W
(Miceli et al., 2012). Two such mutations result in the creation
of a gating pore that remains open at depolarized potentials. The
appearance of this new conductance would cause a slight depo-
larization of the membrane potential of motor neurons, facilitat-
ing the generation of action potentials and ultimately leading to
cellular hyperexcitability.

Cardiac arrhythmias and dilated cardiomyopathy

Several similar mutations in the S4 segments of the Nayl.5
channel (the cardiac homologue of the Nayl.4 channel) have
been identified. Patients with these mutations have an atypical
clinical phenotype that associates complex cardiac arrhythmias
with dilated cardiomyopathy. Although the clinical phenotypes
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observed in patients with these mutations are similar, the first
biophysical studies of these mutations have described, surpris-
ingly, divergent biophysical alterations. The biophysical char-
acterization of the R219H mutation, identified in a patient with
cardiac arrhythmia and dilated cardiomyopathy, revealed the
existence of a proton-selective gating pore current activated by
hyperpolarization (Gosselin-Badaroudine et al., 2012). This alter-
native permeation pathway was subsequently identified in the
context of two other mutations (R222Q and R225W; Moreau et
al., 2015) that cause the appearance of a selective pore through
which cations permeate after depolarization. The creation of
a gating pore could thus be a new pathological mechanism for
causing cardiac dysfunctions. However, the cascade of events
linking the creation of such a permeation pathway and the clini-
cal phenotype is still a matter of debate.

Gating pore currents in calcium channels

Although gating pore currents have been reported in Na* chan-
nels, the detection of such currents in Ca?* channels has been
hampered by the low expression levels of Ca?* channels in het-
erologous expression systems. Therefore, in the case of HypoPP,
although most mutations affect Ca, channels, the majority of stud-
ies concern Na, mutations. However, recent progress has been
made with recordings from muscle fibers from knockin mutant
mice using the three-microelectrode voltage-clamp approach (Wu
etal., 2011) and, after the overexpression of these channels by in
vivo local electroporation, with currents recorded using the sili-
cone-clamp method. However, even with these approaches, the
presence of other ion channels has made the characterization of
gating pore currents in Ca?* channels very difficult.

In this issue of the Journal of General Physiology, Wu et al.
(2018) took advantage of the fact that Cayl.1 channels are highly
expressed when coexpressed with Stac3. Stac3 is a skeletal mus-
cle-specific protein that localizes to the triad and is a component
of the excitation-contraction coupling machinery. Mutations in
human Stac3 cause myopathy (Horstick et al., 2013). Stac3 coex-
pression has been shown to enhance the levels of Cayl.1at the cell
surface (Horstick et al., 2013; Polster et al., 2015). The authors
coexpressed Stac3 in Xenopus laevis oocytes and found that
the 200-fold increase in Ca%* currents was sufficient to ascer-
tain whether HypoPP mutant Cayl.1 channels are leaky because
of missense mutations of arginine residues in the S4 segments
of the VSD. Using the high-resolution, cut-open oocyte volt-
age-clamp method to record currents, the authors showed that
R528H and R528G (R1H/RIG) in the S4 of domain IT both support
gating pore currents. However, unlike other R/H HypoPP muta-
tions, R528H does not selectively conduct an H* current.

This is an interesting advance in terms of recording gating
pore currents from mutated Ca?* channels. It does, however, raise
several questions that warrant further studies, such as develop-
ing a structural model to investigate why R528H displays mixed
Na* and H* selectivity and why it is impermeable to guanidinium
ions; determining the efficacy of the histidine in that position
as a H* transporter; and determining the position of R528 in the
charge transfer center. Such results would indicate whether the
R528H-dependent gating pore has a size and permeation path-
way different from other R/H mutations. However, it should be
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noted that the authors did not use any offline linear leak subtrac-
tion (Fig. 7in Wu etal., 2018). Such a process is usually used to get
rid of inherent nonspecificleak and would allow an easier way to
assess the gating pore properties.

The majority of Cayl.l mutations identified in HypoPP
patients are located in the S4 segment of the VSD. Recently, a
new mutation (V876E), which is located in the S3 segment of
domain III VSD rather than in the S4 segment, has been identi-
fied in patients with severe HypoPP outcomes (Ke et al., 2009).
Functional studies using electroporated muscle fibers showed
that muscle fibers expressing the V876E mutation exhibit a leak
current at negative voltages, which is increased by external acid-
ification, suggesting that the leak current is carried by H* ions
(Fuster et al., 2017). This constitutes a highly intriguing advance
because all positive S4 charges could still prevent the permeation
of cations. Furthermore, the authors also described a voltage
dependence of the current that remains to be understood. Coex-
pressing the Cayl.1 channel carrying the V876E mutation with
Stac3 could be used to confirm whether such a mutation induces
a gating pore current in a heterologous expression system and
to study its biophysical properties (ion selectivity and voltage
dependence) in greater detail. Most voltage-gated K*, Na*, and
Ca?* channels are built in a similar way; VSDs, comprising four
transmembrane segments, drive the opening of the 4 x 2 trans-
membrane pore domain. Because of previous experimental diffi-
culties, the intimate biophysical properties of Ca, channels were
often extrapolated from the knowledge acquired from the study
of other voltage-gated ion channels. A recent study (Capes et al.,
2012) has reported that gating pores cannot be opened by single
S4 arginine mutations in domain IV of Na, channels. In contrast,
similar mutations do create gating pores in Ca, channels, illus-
trating profound differences between these two channels besides
structural and functional similarities.

The coexpression of Stac3 used by Wu et al. (2018) thus brings
the opportunity to access and study the specific biophysical prop-
erties of Ca, channels.

Acknowledgments

I would like to thank Dr. A. Moreau for his comments.

This work was supported by the Canadian Institutes of Health
Research (grant nos. MOP-111072 and MOP-130373) and by the
Association Francaise contre les Myopathies (AFM-Téléthon;
research grant AFM19962).

The author declares no competing financial interests.

Eduardo Rios served as editor.

References

Cannon, S.C. 2006. Pathomechanisms in channelopathies of skeletal mus-
cle and brain. Annu. Rev. Neurosci. 29:387-415. https://doi.org/10.1146/
annurev.neuro.29.051605.112815

Cannon, S.C. 2010. Voltage-sensor mutations in channelopathies of skeletal
muscle. J. Physiol. 588:1887-1895. https://doi.org/10.1113/jphysiol.2010
186874

Capes, D.L., M.. Arcisio-Miranda, BW. Jarecki, R.J. French, and B. Chanda. 2012.
Gating transitions in the selectivity filter region of a sodium channel

Journal of General Physiology
https://doi.org/10.1085/jgp.201711984

520 Jequeoa( g0 uo 1senb Aq pdv861 12102 dBl/vL526.1/5.€/€/0G L /4pd-8joie/dbl/Bio sseidny/:dny wouy pepeojumoq

377


https://doi.org/10.1146/annurev.neuro.29.051605.112815
https://doi.org/10.1146/annurev.neuro.29.051605.112815
https://doi.org/10.1113/jphysiol.2010.186874
https://doi.org/10.1113/jphysiol.2010.186874

are coupled to the domain IV voltage sensor. Proc. Natl. Acad. Sci. USA.
109:2648-2653. https://doi.org/10.1073/pnas.1115575109

Dedek, K., B. Kunath, C. Kananura, U. Reuner, T.J. Jentsch, and O.K. Stein-
lein. 2001. Myokymia and neonatal epilepsy caused by a mutation in
the voltage sensor of the KCNQ2 K+ channel. Proc. Natl. Acad. Sci. USA.
98:12272-12277. https://doi.org/10.1073/pnas.211431298

Fan, C., F. Lehmann-Horn, M.A. Weber, M. Bednarz, J.R. Groome, M.K. Jons-
son, and K. Jurkat-Rott. 2013. Transient compartment-like syndrome
and normokalaemic periodic paralysis due to a Ca(v)1.l mutation. Brain.
136:3775-3786. https://doi.org/10.1093/brain/awt300

Fuster, C., J. Perrot, C. Berthier, V. Jacquemond, P. Charnet, and B. Allard. 2017.
Na leak with gating pore properties in hypokalemic periodic paralysis
V876E mutant muscle Ca channel. . Gen. Physiol. 149:1139-1148. https://
doi.org/10.1085/jgp.201711834

Gosselin-Badaroudine, P., D.I. Keller, H. Huang, V. Pouliot, A. Chatelier, S. Oss-
wald, M. Brink, and M. Chahine. 2012. A proton leak current through the
cardiac sodium channel is linked to mixed arrhythmia and the dilated
cardiomyopathy phenotype. PLoS One. 7:e38331. https://doi.org/10.1371/
journal.pone.0038331

Groome, J.R., F. Lehmann-Horn, C. Fan, M. Wolf, V. Winston, L. Merlini, and K.
Jurkat-Rott. 2014. NaV1.4 mutations cause hypokalaemic periodic paral-
ysis by disrupting IIIS4 movement during recovery. Brain. 137:998-1008.
https://doi.org/10.1093/brain/awu015

Horstick, E.J., JW. Linsley, ].J. Dowling, M.A. Hauser, K.K. McDonald, A. Ash-
ley-Koch, L. Saint-Amant, A. Satish, WW. Cui, W. Zhou, et al. 2013. Stac3
is a component of the excitation-contraction coupling machinery and
mutated in Native American myopathy. Nat. Commun. 4:1952. https://
doi.org/10.1038/ncomms2952

Jurkat-Rott, K., M.A. Weber, M. Fauler, X.H. Guo, B.D. Holzherr, A. Paczulla,
N. Nordsborg, W. Joechle, and F. Lehmann-Horn. 2009. K+-dependent
paradoxical membrane depolarization and Na+ overload, major and
reversible contributors to weakness by ion channel leaks. Proc. Natl.
Acad. Sci. USA. 106:4036-4041. https://doi.org/10.1073/pnas.0811277106

Ke, T., C.R. Gomez, H.E. Mateus, J.A. Castano, and Q.K. Wang. 2009. Novel
CACNAIS mutation causes autosomal dominant hypokalemic periodic
paralysis in a South American family. J. Hum. Genet. 54:660-664. https://
doi.org/10.1038/jhg.2009.92

Miceli, F., E. Vargas, F. Bezanilla, and M. Taglialatela. 2012. Gating currents
from Kv7 channels carrying neuronal hyperexcitability mutations in
the voltage-sensing domain. Biophys. J. 102:1372-1382. https://doi.org/
10.1016/§.bpj.2012.02.004

Moreau, A., and M. Chahine. 2015. Omega pore, an alternative ion channel
permeation pathway involved in the development of several channelop-
athies. [In French.] Med. Sci. (Paris). 31:735-741. https://doi.org/10.1051/
medsci/20153108011

Chahine

Calcium channel gating pore currents

JGP

Moreau, A., P. Gosselin-Badaroudine, L. Delemotte, M.L. Klein, and M. Cha-
hine. 2015. Gating pore currents are defects in common with two Na,1.5
mutations in patients with mixed arrhythmias and dilated cardiomyop-
athy. J. Gen. Physiol. 145:93-106. https://doi.org/10.1085/jgp.201411304

Polster, A., S. Perni, H. Bichraoui, and K.G. Beam. 2015. Stac adaptor proteins
regulate trafficking and function of muscle and neuronal L-type Ca2+
channels. Proc. Natl. Acad. Sci. USA. 112:602-606. https://doi.org/10
.1073/pnas.1423113112

Sokolov, S., T. Scheuer, and W.A. Catterall. 2007. Gating pore current in an
inherited ion channelopathy. Nature. 446:76-78. https://doi.org/10
.1038/nature05598

Sokolov, S., T. Scheuer, and W.A. Catterall. 2008. Depolarization-activated
gating pore current conducted by mutant sodium channels in potassi-
um-sensitive normokalemic periodic paralysis. Proc. Natl. Acad. Sci. USA.
105:19980-19985. https://doi.org/10.1073/pnas.0810562105

Starace, D.M., and F. Bezanilla. 2004. A proton pore in a potassium channel
voltage sensor reveals a focused electric field. Nature. 427:548-553.
https://doi.org/10.1038/nature02270

Struyk, A.F., and S.C. Cannon. 2007. A Na* channel mutation linked to hypo-
kalemic periodic paralysis exposes a proton-selective gating pore. J. Gen.
Physiol. 130:11-20. https://doi.org/10.1085/jgp.200709755

Struyk, A.F., V.S. Markin, D. Francis, and S.C. Cannon. 2008. Gating pore cur-
rents in DIIS4 mutations of NaV1.4 associated with periodic paralysis:
saturation of ion flux and implications for disease pathogenesis. J. Gen.
Physiol. 132:447-464. https://doi.org/10.1085/jgp.200809967

Tombola, F., M.M. Pathak, P. Gorostiza, and E.Y. Isacoff. 2007. The twisted
ion-permeation pathway of a resting voltage-sensing domain. Nature.
445:546-549. https://doi.org/10.1038/nature05396

Vicart, S., D. Sternberg, E. Fournier, F. Ochsner, P. Laforet, T. Kuntzer, B.
Eymard, B. Hainque, and B. Fontaine. 2004. New mutations of SCN4A
cause a potassium-sensitive normokalemic periodic paralysis. Neurol-
0gy. 63:2120-2127. https://doi.org/10.1212/01.WNL.0000145768.09934
.EC

Wu, F., W. Mi, D.K. Burns, Y. Fu, H.F. Gray, A.F. Struyk, and S.C. Cannon. 2011.
A sodium channel knockin mutant (NaV1.4-R669H) mouse model of
hypokalemic periodic paralysis. J. Clin. Invest. 121:4082-4094. https://
doi.org/10.1172/JCI57398

Wu, F.,, M. Quinonez, M. DiFranco, and S.C. Cannon. 2018. Stac3 enhances
expression of human Cayl.1in Xenopus oocytes and reveals gating pore
currents in HypoPP mutant channels. J. Gen. Physiol. https://doi.org/10
.1085/jgp.201711962

Wuttke, TV., K. Jurkat-Rott, W. Paulus, M. Garncarek, F. Lehmann-Horn,
and H. Lerche. 2007. Peripheral nerve hyperexcitability due to domi-
nant-negative KCNQ2 mutations. Neurology. 69:2045-2053. https://doi
.0rg/10.1212/01.wnl.0000275523.95103.36

Journal of General Physiology
https://doi.org/10.1085/jgp.201711984

520 Jequeoa( g0 uo 1senb Aq pdv861 12102 dBl/vL526.1/5.€/€/0G L /4pd-8joie/dbl/Bio sseidny/:dny wouy pepeojumoq

378


https://doi.org/10.1073/pnas.1115575109
https://doi.org/10.1073/pnas.211431298
https://doi.org/10.1093/brain/awt300
https://doi.org/10.1085/jgp.201711834
https://doi.org/10.1085/jgp.201711834
https://doi.org/10.1371/journal.pone.0038331
https://doi.org/10.1371/journal.pone.0038331
https://doi.org/10.1093/brain/awu015
https://doi.org/10.1038/ncomms2952
https://doi.org/10.1038/ncomms2952
https://doi.org/10.1073/pnas.0811277106
https://doi.org/10.1038/jhg.2009.92
https://doi.org/10.1038/jhg.2009.92
https://doi.org/10.1016/j.bpj.2012.02.004
https://doi.org/10.1016/j.bpj.2012.02.004
https://doi.org/10.1051/medsci/20153108011
https://doi.org/10.1051/medsci/20153108011
https://doi.org/10.1085/jgp.201411304
https://doi.org/10.1073/pnas.1423113112
https://doi.org/10.1073/pnas.1423113112
https://doi.org/10.1038/nature05598
https://doi.org/10.1038/nature05598
https://doi.org/10.1073/pnas.0810562105
https://doi.org/10.1038/nature02270
https://doi.org/10.1085/jgp.200709755
https://doi.org/10.1085/jgp.200809967
https://doi.org/10.1038/nature05396
https://doi.org/10.1212/01.WNL.0000145768.09934.EC
https://doi.org/10.1212/01.WNL.0000145768.09934.EC
https://doi.org/10.1172/JCI57398
https://doi.org/10.1172/JCI57398
https://doi.org/10.1085/jgp.201711962
https://doi.org/10.1085/jgp.201711962
https://doi.org/10.1212/01.wnl.0000275523.95103.36
https://doi.org/10.1212/01.wnl.0000275523.95103.36

