
Vol.:(0123456789)

Journal of Biological Physics (2023) 49:393–413
https://doi.org/10.1007/s10867-023-09645-z

1 3

REVIEW

Ion currents through the voltage sensor domain of distinct 
families of proteins

César Arcos‑Hernández1 · Takuya Nishigaki1

Received: 28 April 2023 / Accepted: 11 September 2023 / Published online: 18 October 2023 
© The Author(s) 2023

Abstract
The membrane potential of a cell (Vm) regulates several physiological processes. The volt-
age sensor domain (VSD) is a region that confers voltage sensitivity to different types of 
transmembrane proteins such as the following: voltage-gated ion channels, the voltage-
sensing phosphatase (Ci-VSP), and the sperm-specific Na+/H+ exchanger (sNHE). VSDs 
contain four transmembrane segments (S1–S4) and several positively charged amino acids 
in S4, which are essential for the voltage sensitivity of the protein. Generally, in response 
to changes of the Vm, the positive residues of S4 displace along the plasma membrane 
without generating ionic currents through this domain. However, some native (e.g., Hv1 
channel) and mutants of VSDs produce ionic currents. These gating pore currents are usu-
ally observed in VSDs that lack one or more of the conserved positively charged amino 
acids in S4. The gating pore currents can also be induced by the isolation of a VSD from 
the rest of the protein domains. In this review, we summarize gating pore currents from all 
families of proteins with VSDs with classification into three cases: (1) pathological, (2) 
physiological, and (3) artificial currents. We reinforce the model in which the position of 
S4 that lacks the positively charged amino acid determines the voltage dependency of the 
gating pore current of all VSDs independent of protein families.

Keywords  Voltage sensing domain · Omega current · Voltage dependent protein · 
Channelopathies · Gating pore current

1  Introduction

1.1 � Proteins with voltage sensor domain

The electric potential inside of a live cell is normally different from that outside the cell. 
The difference of electric potentials across the plasma membrane of the cell is called 
membrane potential (Vm). The Vm can be modified through the translocation of charges 
and the movement of dipoles. The activity of many transmembrane proteins is affected 
by changes in the Vm because they contain charged or polar side chains that are within 
the transmembrane electrical field and can be moved or reoriented as the Vm changes [1]. 
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Among them, there are some groups of proteins that contain at least a voltage-sensing 
domain (VSD), which confers them with high voltage sensitivity. A typical VSD contains 
four transmembrane segments (S1–S4), and the fourth segment (S4) has several positively 
charged amino acids (lysines, arginines, and histidines) separated by two hydrophobic resi-
dues (Fig. 1). Because all 4 transmembrane segments of the VSD are α-helixes [2, 3], the 
positively charged amino acids of S4 align nearly in the same side forming a helical wire. 
The other segments (S1–S3) possess conserved polar and negatively charged residues that 
could establish electrostatic interactions with the positively charged residues of S4 or help 
create water-filled vestibules [4–6]. Currently, it is believed that S4 helically moves within 
the phospholipid bilayer upon Vm changes [1, 7]. Actually, large and rapid movement of S4 
across the membrane can be measured as gating currents of VSDs [8, 9].

There are several types of proteins with a VSD (or VSDs). The best known is the volt-
age-gated ion channel [10]. A voltage-gated K+ channel composed of 6 transmembrane 
segments (S1–S6) represents a general feature of all these channels (Fig. 1): the first 4 seg-
ments (S1–S4) form a VSD, and the last two segments (S5 and S6) with the extracellular 
loop form a pore domain (PD). For a functional K+ channel, PD needs to form a homo (or 
hetero) tetramer (Fig.  1). In contrast, voltage-gated Na+ or Ca2+ channels are composed 
of 24 transmembrane segments, 4 repeats of the 6 transmembrane units, in a single poly-
peptide (Fig. 1). Therefore, they intrinsically form a hetero tetrameric channel pore [11]. 
On the other hand, the sperm-specific Ca2+ channel named CatSper requires four separate 
and distinct polypeptides to form the Ca2+-selective channel pore [12, 13] (Fig. 1). In addi-
tion, there is another group of channels composed of two repeats of 6 transmembrane units 
named two-pore channels (TPC) [14] (Fig. 1). Recently, we reported that brown algae have 
channels structurally similar to TPC channel with typical K+-selective pore motives and 
possible cyclic nucleotide-binding domains (named diCNGK channel) [15].

Besides the voltage-gated ion channel, a functional VSD can be found in some other 
proteins. In 2003, Wang et al. reported a novel sperm-specific Na+/H+ exchanger (sNHE) 
as an essential protein to regulate mouse sperm motility [16]. As a distinct feature from 
other Na+/H+ exchangers, sNHE possess a VSD in the C-terminal of the catalytic domain 

Fig. 1   Diversity of proteins with a voltage-sensing domain (VSD). Topology of all the proteins reported 
until today that contain a VSD. The VSD is colored in pink, and all the other protein domains are colored in 
gray. CNBD cyclic nucleotide-binding domain, CHD cyclase homology domain
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(Fig. 1). The functional expression of the mammalian sNHE has not been achieved yet, but 
recently, the voltage dependence of the Na+/H+ exchange activity was unequivocally dem-
onstrated using sea urchin sNHE expressed in CHO cells [17]. In 2004, a novel adenylyl 
cyclase containing a VSD and a K+ channel pore (Fig. 1) was cloned from protozoa such 
as Plasmodium, Paramecium, and Tetrahymena [18]. Although definite functional charac-
terization of the recombinant protein has not been done yet, this protein should explain the 
production of cAMP upon Vm hyperpolarization in these microorganisms [19]. In 2005, a 
voltage-sensor-containing phosphatase of the ascidian Ciona intestinalis (Ci-VSP) (Fig. 1) 
was reported as a novel lipid phosphatase that is regulated by Vm [20]. Its voltage depend-
ence was elegantly demonstrated through the activity of a Kir K+ channel, whose activity 
is dependent on phosphatidylinositol, but not Vm. The VSD of Ci-VSP has been widely 
studied and extensively used to develop voltage-sensitive fluorescent indicators [21].

As the last example of a VSD-containing protein, a voltage-sensor domain–only pro-
tein (VSOP) [22] also known as voltage-gated proton channel (Hv1) [23] was identified in 
2006. As its name stands for, VSOP/Hv1 is a VSD without any other functional domains, 
but this protein generates voltage-gated H+ current through the VSD by itself. Interestingly, 
a pH gradient across the membrane (∆pH) as well as Vm regulates the H+ channel activity 
by an unknown mechanism, which had been characterized very well prior to its molecular 
identification [24].

1.2 � Channelopathies

Channelopathies are disorders of ion channels (loss or gain of function) caused by muta-
tions that can be inheritable. Channelopaties in Na+ channels (Navs) are well known 
[25–27], but channelopathies in Ca2+ and K+ channels were also reported. A typical exam-
ple of channelopathies is found in Nav1.1 channel with a decrease of the Na+ current and 
cellular excitability due to channel folding problems (loss of function). On the other hand, 
a mutation of the inactivation process of Nav1.1 channel can result in an opposite effect, 
namely establishing a constant current that leads to hyperexcitability (gain of function) [28, 
29]. Similar phenomena were reported in Ca2+ channels like Cav1.2 [30–33]. In the case of 
Kv4.2 channel, a mutation in S6 (V404M) slows the activation of the channel and has been 
associated to autism and epilepsy. In another report, a mutation causing a truncated form of 
the same channel is associated with temporal lobe epilepsy, probably by affecting the traf-
ficking to the membrane (loss of function) [34, 35].

As described above, mutations can affect the channel function in different ways. How-
ever, there is another type of channelopathies caused by mutations in positively charged 
amino acids located in S4 of the VSD that generate a leak current through the VSD, so-
called, omega current (or gating pore current). In general, the omega current is observed 
when the channel is at rest. However, the omega current can be detected also during its 
activation. This type of current has been associated to several pathologies like epilepsy, 
arrhythmias, and periodic paralysis among others [36–47].

Historically, the omega current through VSDs can be observed in some VSDs with 
an undesired mutation, namely in a pathological situation (channelopathies), and/or non- 
physiological (experimental) conditions. On the other hand, occasionally, mutations 
in some VSDs are beneficial and might have acquired some physiological roles in some 
organisms such as VSOP/Hv1 channel.

In this work, we reviewed the omega currents (or gating pore currents) through the 
VSD of diverged proteins including our recent finding from the isolated VSD of mouse 
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sperm-specific Na+/H+ exchanger (sNHE). We classified all omega currents into three cat-
egories: (1) pathological, (2) physiological, and (3) artificial currents. All of the mutations 
and specific characteristics of the omega currents mentioned in the next sections are sum-
marized in Fig. 2 and Table 1.

2 � Pathological gating pore current

2.1 � Nav channels

In 1999 and 2000, two groups identified mutations in the VSD of the second domain 
(DII) of Nav1.4 channel in families with hypokalemic periodic paralysis (HypoPP). 
HypoPP is an autosomal dominant disease characterized by attacks of flaccid paraly-
sis and hypokalemia (lower than normal serum levels of K+). These mutations corre-
sponded to specific arginines (R1 and R2) within the S4 of the VSD [48, 49]. However, 
at that time, the exact consequence of the mutations on the channel activity was not 
determined. In 2005, using a heterologous expression system, an omega current in rat 
Nav1.2 was recorded when R1 and R2 in S4 (DII) were mutated to glutamine [50]. These 
results suggest that HypoPP individuals with similar Nav1.4 mutations might be caused 
by an omega current as well. This hypothesis was confirmed in 2007 with a heterolo-
gous expression system, namely, Nav1.4 gene mutations (R1H and R2G/H DII) gener-
ated the omega current [38, 39]. In these reports, it was confirmed that the permeation 
of H+, K+, Na+, Cs+, Li+, and even larger ions like N-Methyl-D-glucamine (NMDG+) 

Fig. 2   Positively charged amino acids and mutations in S4 of the VSD in proteins with an omega pore. 
Amino acid alignments of the S4 segment of the VSD that have been reported to exhibit gating pore cur-
rents. The proteins were divided into three groups depending on the origin of the omega pore. In the case 
of channelopathies mutations, the amino acids highlighted in red represent mutations of arginine residues. 
The amino acids highlighted in green represent positions in which other proteins contain positively charged 
residues. Conserved residues in certain proteins that are not positively charged amino acids are in blue. The 
positions R1 from Shaker channel in which mutations to C, S, A, and V results in omega currents are high-
lighted in purple. The positions R1 to R4 from Ci-VSP in which mutations to H results in omega currents 
are highlighted in orange. N.at-Kv3.2, Kv3.2 channel from Notoplana atomata; C._int_Catsper3, Catsper3 
subunit from Ciona intestinalis 
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through the VSD depending on the position and identity of the mutated residues. In gen-
eral, the omega current in these channels is proposed to increase the conductance at the 
resting membrane potential producing Na+ influx in skeletal muscle fibers. This leads 
to a more depolarized state that provokes inappropriate action potentials. This explana-
tion coincides with the phenotype of a Nav1.2 mutant (R2Q DII) recently reported to be 
involved in human epilepsy cases [47]. Like the aforementioned observations, there is 
another report of a gating pore with certain different characteristics arising from muta-
tions of R3 (H or C) of the third domain of Nav1.4. In these cases, an outward current 
activated at positive potentials alters the properties of action potentials. These mutations 
are also related to the inactivation of the channel and immobilization of S4. The current 
was recorded using various permeable cations like K+ and guanidinium. This produces 
an inward omega current that depolarizes the cell, which makes this mutant to have the 
same HypoPP phenotype seen with the other mutations [43].

In addition to Nav1.4 mutations related to HypoPP, some reports show that muta-
tions in Nav1.5 VSD are also related to pathologies. In 2012, the mutation R1H (DI) 
was identified in a patient with arrhythmia and dilated cardiomyopathy (a genetic non-
ischaemic heart muscle disease defined by left or biventricular dilatation and systolic 
dysfunction). This mutation generates a pH-dependent and depolarization-activated H+ 
current that promotes further depolarization and acidification of the cell [51]. Later, 
another depolarization-activated non-selective cationic current was reported in Nav1.5 
mutants R2Q and R3W (DI) in which an impact on the canonical current through the 
pore domain was also found [46]. Even though these two mutants have different effects 
on the biophysical properties of the channel, both of them seem to be related to the 
same mentioned pathologies for R1H.

2.2 � Cav1.1 channel

So far, there is only a single Ca2+ channel (Cav1.1) in which certain mutations produce 
omega currents that are associated to pathologies. Two mutations of Cav1.1 (R1H (DII) 
and R2H (DIV)) were found in several HypoPP patients, in which the severity of their 
symptoms was dependent on the extracellular K+ concentration probably due to a lower 
activity of the K+ inward rectifier channels [40]. The patients also had a more depolar-
ized membrane potential of the myofibers. As happened with the Nav1.4 mutations, the 
more depolarized membrane potential was caused by a Na+ leak current at the resting 
membrane potential that results in reduced membrane excitability and muscle weakness 
[40]. Later, the phenomenon recorded in patients was studied using fibers from a mutant 
model mouse for Cav1.1 (R1H (DII)) in which the same symptoms and a smaller La3+ 
sensitive cation current in comparison to the WT were described [44].

On the other hand, there is another mutation in Cav1.1 channel (R3G (DIV)) that leads 
to two types of cationic omega currents, one with an outward direction that directly alters 
the form and size of action potentials causing hypoexcitability of the muscle and weak-
ness. The other has an inward direction, depolarizing the cell and promoting Ca2+ release 
in the absence of action potentials, therefore causing aberrant muscle contraction. These 
and other symptoms are accompanied by normokalaemic periodic paralysis (NormoPP; 
paralysis associated to normal levels of K+ in serum) that are probably maintained by a K+ 
efflux through the omega pore and delayed rectifier channels. This mutation was identified 
in members of an American family presenting the aforementioned symptoms [45].
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2.3 � Kv channels

Since 1998, mutations in Kv7.2 channel have been associated to benign familial neonatal 
seizures (BFNS; an autosomal dominant syndrome characterized by seizures that start dur-
ing the first week of life) [52, 53]. In accordance with this, in 2012, a group recorded the 
activity of the Kv7.2 channel and the structurally and functionally related channel Kv7.4 
carrying the same mutations of the fourth segment of the VSD (R4Q and R4W). In both 
cases, the mutations generated a cationic omega current at depolarized potentials. Interest-
ingly, there are two reports in which the same mutations are the cause of skeletal muscle 
myokymia (spontaneous or repetitive fat muscle contraction as a result of nerve hyperexcit-
ability) after BFNS (in several members of a family; R4Q) [54] or in the absence of BFNS 
(in a different patient; R4W) [55]. So, it is very likely that these symptoms are produced by 
the initiation of an omega current during the VSD activation, which probably provides the 
cell with a persistent depolarization that promotes hyperexcitability and myokymia [41]. It 
is also interesting that the mutation R1Q in some patients with infantile spasms and hyp-
sarrhythmia only changed the current activation to more hyperpolarized potentials but did 
not produce any omega current [56].

3 � Physiological gating pore current

So far, we have talked about the omega current as the cause of different pathologies; how-
ever, that is not always the case. The proteins mentioned in this section have naturally 
evolved to produce gating pore currents that participate in several physiological processes 
like the regulation of pH and membrane potential.

3.1 � Hv1 channel

Hv1 is a proton-selective channel that opens in response to the depolarization of membrane 
potential and cytoplasmic acidification (Sasaki, Takagi, and Okamura 2006; Ramsey et al. 
2006). It participates in several biological processes: bioluminescence in dinoflagellates 
[57], ROS production [58], sperm physiology [59], among many others. The participation 
in these processes is exerted by the regulation of intracellular pH or membrane potential. 
A unique property of Hv1 is that its voltage sensitivity is tightly regulated by pH gradient 
across the membrane. The VSD is the only and unique domain of Hv1 and has a particular 
sequence comprising three arginines in S4 (R1–R3) and other important acidic residues 
(in segments S1–S3) that establishes a structure capable of transporting protons [60]. Spe-
cifically, there is an aspartic acid (Asp112) and an arginine (Arg211) that are proposed to 
be the selectivity filter because mutations of these two residues result in the loss of ion 
selectivity [61, 62]. Certain polar residues in S1–S3 participate in the stabilization of either 
the closed or the open state. Also, VSD relaxation can stabilize the open state [63]. The 
model also suggests that changes in pH alone can regulate the activation of the channel by 
promoting the protonation of a different set of acidic residues [60]. This hypothesis is sup-
ported by recent reports that show that the gating current’s voltage sensitivity is dependent 
on the difference of extracellular and intracellular pH (∆pH) [64] and that similar confor-
mational changes of the VSD, measured using patch clamp fluorometry, are induced either 
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by ∆pH or membrane potential [65]. Ongoing investigations of Hv1 are being made by 
many research groups in order to describe its exact biophysical properties and its role in 
many physiological events.

3.2 � N.at‑Kv3.2 channel

Another interesting example of an omega current was reported in Kv3.2 channel from the 
platyhelminth, Notoplana automata (N.at-Kv3.2). This Kv channel produces an unusual 
inward rectifier current, but it can also be a delayed rectifier channel with some specific 
mutations in S4 of the VSD [66]. This happens because the channel contains two func-
tional pores: a gating pore in the VSD and the canonical pore of voltage-gated K+ channel. 
The gating pore is characterized by the presence of a histidine and a glycine in the first and 
second positions that are usually occupied by positively charged amino acids in S4. This 
characteristic is important to produce a naturally occurring non-selective cationic inward 
omega current at hyperpolarized potentials that coexists with the K+-selective outward cur-
rent through the pore domain activated at depolarized potentials. The typical current of 
Kv3 channels can be obtained when the abovementioned histidine and glycine are mutated 
to arginines [67]. In spite that the biophysical characterization of N.at-Kv3.2 has advanced, 
its physiological relevance remains unknown.

3.3 � Human TPTE

In 2005, a lipid phosphatase with a VSD from Ciona intestinalis was reported and called 
Ci-VSP (Ciona intestinalis voltage-sensitive phosphatase) [20]. Since then, its physiologi-
cal properties have been progressively described, and the voltage sensor domain has been 
extensively used to produce several voltage-sensitive fluorescent indicators. The human 
orthologous gene of Ci-VSP is called TPTE (Transmembrane Phosphatase with Tensin 
Homology, also called Hs-VSP2). Due to the difficulty of expression of TPTE in a heter-
ologous system, a chimera construction was produced between TPTE and Danio rerio VSP 
(Dr-VSP) to study the biophysical properties. When the chimera was expressed in HEK293 
cells, a voltage-dependent outward H+ current was recorded. In this report, a histidine 
(H207 in the fourth segment of the VSD, indicated as R7 in Fig. 2) was proved to be an 
essential residue for the proton currents. The insertion of a histidine at the equivalent posi-
tion in D. rerio’s orthologue (Dr-VSP) generated the same type of current, which suggests 
that the presence of histidine in this position is the key point to convert a VSD to H+ chan-
nel. Interestingly, TPTEs of most eutherian mammals conserve this histidine; however, rat 
and mouse have a glutamine instead of a histidine. This fact is curiously consistent with 
the lack of proton channel activity in mouse sperm. In human, Hv1 channel is currently 
believed to form sperm voltage-gated H+ channel. However, it is possible that TPTE also 
contributes to voltage-gated H+ channel activity in human spermatozoa [68]. The ortholo-
gous protein Ci-VSP produces robust omega currents when any arginine in S4 is mutated to 
histidine [69]. Details were described in Sect. 4.2.

3.4 � HCNL1 channel

Hyperpolarization-activated and cyclic nucleotide-gated (HCN) channels are activated 
upon hyperpolarization of the membrane potential unlike most of the other voltage-gated 
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ion channels [70]. They are structurally similar to Kv channels and are composed of 6 
transmembrane segments (they form a homo-tetramer as a functional channel) with S4 
having several arginine residues (Fig. 1). Also, its activity is modulated by cAMP through 
the CNBD found in the C-terminus of the channel. HCN has an ion-selective motif 
(GYGX) in the pore domain, similar to other K+ channels, but the fourth amino acid is 
not aspartic acid as other highly selective K+ channels (GYGD). Therefore, K+ selectivity 
of HCN channel is only about 4 times higher than Na+. As a consequence, HCN channels 
physiologically conduce a Na+ inward current and depolarize the cell, thereby regulating 
many biological processes like the electric activity in neurons [71] and sperm chemot-
axis of marine invertebrates [72]. In 2020 a new hyperpolarization-activated channel from 
zebrafish sperm was described and called HCNL1 (HCN-like 1) [73]. Even though it has a 
high sequence identity to HCN channels, HCNL1 has very different characteristics. First, 
the canonical pore domain is not functional due to amino acid changes in the region cor-
responding to the selectivity filter of HCN, which has been proved to be essential for ion 
conduction [74]. The cyclic nucleotide-binding domain is also not functional in HCNL1 
probably because an essential arginine for binding of cyclic nucleotides [75] is absent from 
the amino acid sequence. The functional pore is therefore located in the VSD, where a 
highly selective (similar to Hv1) proton current is established. A methionine at the third 
position of the arginine sequence in S4 of HCN channels is an essential residue to the 
formation of the gating pore since its mutation to an arginine abolishes the proton current. 
These currents were recorded both in heterologous system (CHO cells) and in zebrafish 
sperm. The authors proposed that HCNL1 activity might be strongly related to that of the 
CNGK channel. The CNGK-induced hyperpolarization would activate HCNL1 provoking 
intracellular acidification that would block CNGK channel, establishing a negative feed-
back loop between these two proteins. The functional relationship between these two chan-
nels might be important for the activation of the motility of zebrafish sperm in fresh water. 
The inward H+ current through HCNL1 is observed at highly negative potential; therefore, 
this inward H+ current is functionally distinct from H+ outward currents through Hv1 and 
human TPTE.

3.5 � TRPM3 channel

Transient Receptor Potential (TRP) channels are a large family of proteins that respond to 
numerous types of stimuli like pH, temperature, or ligand binding. In general, they exhibit 
weak voltage sensitivity (probably because their VSD lack most of the regularly spaced 
positively charged amino acids in S4) [76]. TRPM3 is part of the melastatin subfamily of 
TRP channels, and it can be activated by different compounds like the neurosteroid preg-
nenolone sulphate (PS), nifedipine, and the synthetic ligand CIM0216 along with changes 
in temperature and osmolality [77–80]. The channel has been linked to muscle contraction 
and Ca2+-induced insulin release along with the detection of noxious heat [77, 79, 81]. In 
2014, an alternative pore was described for TRPM3. It was shown in this and other report 
that the combined stimulation with PS and Clt (a widely used antifungal drug) and the sole 
application of CIM0216 can open the alternative pathway, characterized by an inwardly 
rectifying current, different from the typical outwardly rectifying phenotype [82]. In this 
report, the existence of an alternative pore was suggested by different characteristics of the 
inwardly rectifying activity: (1) the voltage dependence was different from the canonical 
channel activity, (2) resistant to Ca2+ desensitization, (3) less sensitive to block by La3+, 
and (4) resistant to mutagenesis of the pore domain. Later, a more detailed report showed 
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that TRPM3 produces the gating pore currents, namely, mutagenesis of several residues 
of S1, S3 and S4 of the VSD eliminated the inwardly rectifying currents [83]. A group of 
three tyrosine residues in S1 are indispensable for the alternative pathway; however, it is 
not clear if these residues are important for the gating of the omega pore or if they partici-
pate in the binding of the agonists. On the other hand, the residues in S3 (two negatively 
charged amino acids: E941 and D964) and S4 (W982, D988, and G991 corresponding to 
the arginines R1, R3, and R4 of the VSD of Shaker channel shown in Fig. 2) might be 
essential for the alternative pathway, because introducing positively charged residues in S4 
probably establishes electrostatic interactions with the negatively charged amino acids in 
S3 that block the omega pore. Like other channelopathies, the activation of the alternative 
pathway of TRPM3 might produce Na+ influx at the resting membrane potential, resulting 
in an exacerbate TRPM3-dependent pain.

4 � Artificial gating pore current

4.1 � Omega current through the VSD of Shaker K+ channel

The Shaker potassium channel was the first Kv family identified in Drosophila. Since its 
discovery, it has been constantly used as a model to study general features of potassium 
channels [3, 84]. Derived from several works in heterologous systems, the effect of a num-
ber of mutations and modifications to the channel has been characterized including the 
induction of omega currents which will be addressed in this section.

4.1.1 � Mutated VSD

In 2004 and 2005, an ion current through Shaker VSD (VSDSh) was reported in response 
to mutations to R1 in S4 of the VSD. This residue was mutated to different amino acids: 
alanine, cysteine, histidine, serine, and valine, and in every case, a leak current was 
found. This current is activated at hyperpolarized potentials and can be separated from 
the canonical current through the pore domain [85, 86]. In a later report, it was found that 
a double gap in the sequence of arginines in S4 is sufficient to induce an omega current 
[87]. Tombola and collaborators in 2007 proposed that the cationic pathway might include 
the interphase between S4 and the canonical pore domain; however, a more recent report 
using molecular dynamics proposes a different pathway that follows the movement of the 
S4 segment and matches the position of the conserved arginines [88, 89]. The use of the 
Shaker channel to study the particular characteristics of ion conduction through the VSD 
could be important to understand certain pathologies related to the appearance of these 
types of mutations.

4.1.2 � Isolated VSD

VSDSh can also develop an omega current when the domain is isolated from the pore with-
out any amino acid mutations. Actually, several properties of the VSDSh change when the 
pore is removed: the voltage dependence becomes shallower, the deactivation gets slower, 
and the domain enters a relax state when exposed to prolonged hyperpolarization. Even 
though the permeation pathway is expected to be similar to the one of the mutated VSDSh, 
the different properties of the domain in the absence of the pore result in a different type of 
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omega current. Also, the gating pore seems to have different selectivity in comparison to 
the mutated VSDSh, since this pore has a strong preference for protons but can also perme-
ate other cations as large as NMDG+. Interestingly, the current is sensitive to ZnCl2 which 
could suggest some kind of similarity between VSDSh and Hv1 gating pore [90].

4.2 � Proton current through Ci‑VSP

As mentioned earlier, the voltage-sensitive phosphatase (Ci-VSP) is one of the most exten-
sively studied proteins with a VSD. A structural study revealed the mechanism of voltage 
sensing of the VSD [91]. In this study, the crystallographic structures of the VSD showed 
the interaction between four arginines in S4 and the acidic residues in S1–S3 in the down 
and up state. In 2013, a histidine scanning also confirmed the involvement of the con-
served arginines in S4 during the process of voltage sensing [69]. When the arginines were 
mutated to histidine, a robust proton current was recorded in all cases. This indicates that 
these arginines are sensing residues that transit through a hydrophobic region that focuses 
the electric field and represents the barrier for the movement of these charges from the 
intracellular to the extracellular space.

4.3 � Ca2+ current through CatSper3

CatSper is the main calcium channel in the sperm and is crucial for sperm motility regula-
tion. The channel is a complex that consists of four pore-forming subunits (CatSper1-4) 
and many accessory subunits (CatSperβ, CatSperγ, CatSperδ, CatSperε, CatSperζ, and 
EFCAB9). Mice that are null for CatSper are infertile because spermatozoa cannot exhibit 
hyperactivated sperm motility, a vigorous flagellar beat required for sperm penetration 
through the oocyte [12, 92–94]. Like Shaker, the isolation of CatSper3 subunit VSD from 
Ciona intestinalis resulted in the establishment of an omega pore. In this case, the VSD can 
permeate monovalent and divalent cations when expressed in HEK293 cells. Interestingly, 
the full Catsper3 subunit including the pore domain was able to conduct the cationic cur-
rent although the N-terminus of CatSper3 was substituted by that of Ci-VSP to promote the 
expression. The canonical pore did not conduct ions because it was mutated at the selec-
tivity filter (D247A) [95]. A similar divalent cation current through the VSD of CatSper3 
subunit was also recorded using the mouse orthologue [96]. However, the physiological 
relevance of the omega current through CatSper3 in the two mentioned species remains 
unknown. Further investigation will be required to address this issue.

4.4 � Chloride‑dependent current through the isolated VSD of sperm‑specific  
Na+/H+ exchanger (sNHE)

The sperm-specific Na+/H+ exchanger (sNHE) is an essential protein for sperm physiol-
ogy in mammals and invertebrates. The knock-out mouse for this protein is infertile, and 
mutations to sNHE in human patients have also been proved to affect fertility [16, 97]. A 
particular feature of this protein is the presence of two regulatory domains: a VSD and a 
cyclic nucleotide-binding domain [16]. Both of these domains were confirmed to modulate 
the catalytic activity in heterologous expression experiments using a sea urchin (Strongy-
locentrotus purpuratus) orthologue [17]. In our laboratory, we tried to determine if the 
isolated VSD of mouse sNHE was functional using electrophysiological techniques. The 
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VSD resulted to be toxic to bacteria, and it was necessary to introduce an intron or a stop 
codon (that was suppressed later in mammalian cells) to obtain plasmids encoding the cor-
rect VSD. When we expressed the VSD in HEK293 cells, we observed an outward current 
that was not present in cells transfected with a VSD from a different protein (Fig. 3) [98]. 
So far, there are no reports of a similar outward current recorded in mouse sperm and the 
sea urchin sNHE expressed in CHO cells [17]. Thus, voltage-dependent outward currents 
observed from the VSD of mouse sNHE are probably an artifact of the isolation of the 
domain as it happens with the Shaker channel [90].

Fig. 3   Ionic current through the isolated VSD of mouse sNHE. Current recordings of HEK293 cells co-
transfected with pCS2 + -VSDY665Amber-pHluorin and pMAH-MYRS (A) or with pCS2 + -Arclight-Q239 
and pMAH-MYRS (B). The currents were obtained using a step protocol from −80 to +80 mV from a hold-
ing potential of −80 mV [98]. This figure was published in Protein Expression and Purification, Vol 201, 
César Arcos-Hernández et  al, How to study a highly toxic protein to bacteria: A case of voltage sensor 
domain of mouse sperm-specific sodium/proton exchanger, Copyright Elsevier (2023)

Fig. 4   Gating pores and their voltage dependence. Gating pore currents are usually produced in VSDs 
through a discontinuous series of positively charged amino acids in S4. The position that lacks the posi-
tively charged amino acid (X, Y, and Z) determines the Vm value (resting, depolarized, or hyperpolarized) 
in which the gating pore currents will be generated. This happens because the tight interaction between the 
positively charged amino acids in the GCTC (discontinues red box) and the negatively charged or aromatic 
amino acids in S4 is loosened
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5 � Conclusions

Most VSDs of well-known voltage-gated channels contain S4 with 4–6 continuous posi-
tively charged residues (R or K) in every three amino acids that form a helical wire as 
described in the introduction. It has been proposed that S4 helically displaces through the 
gating charge transfer center (GCTC) according to a change of the membrane potential 
[85]. During the displacement of S4, the positively charged residues maintain tight interac-
tions with negatively charged (or aromatic) residues of GCTC. Therefore, in our knowl-
edge, there is no report of gating pore currents (omega current) from a VSD with such a 
typical S4 in physiological condition (correctly assembled proteins). In other words, all 
gating pore currents were observed from VSDs that have a S4 with discontinuous series 
of positively charged residues as we described in this review (Fig. 2). The position in S4 
in which we find the discontinuity also seems to define the membrane potential range in 
which the gating pore currents will be provoked (Fig. 4). A similar model was previously 
proposed to explain the mechanism of gating pore currents focused on the VSDs of volt-
age-gated ion channels [99]. Thus, our review confirmed that their model is relevant in the 
VSDs independent of the function of proteins (not only voltage-gated ion channels but also 
voltage-activated lipid phosphatase and sperm-specific Na+/H+ exchanger). Therefore, the 
substitution of R (or K) by a certain amino acid seems a prerequisite to produce a gating 
pore current, but it is not a sufficient condition.

In this context, isolated VSDs of Shaker, mouse sNHE, and CatSper3 (without other 
CatSper subunits) are particular cases because they exhibit gating pore currents only in 
artificial condition without mutation in S4 or GCTC of other transmembrane segments. 
In these cases, no mutation was inserted in S4 of each VSD, but isolation from other 
interacting domains (or proteins) allows producing gating pore currents. We speculate 
that an isolation of VSD or subunit may provoke an abnormal movement of S4 of VSD, 
which may allow ion permeation through their VSDs.

There is significant diversity in amino acid substitution and the positions that generate 
gating pore currents. Also, biophysical properties of the currents such as ion selectivity, 
voltage dependence, and activation kinetics vary a lot depending on each case. Therefore, 
it is almost impossible to precisely predict or design a conversion from a normal VSD to a 
gating pore channel. However, future studies using protein structures might give us a bet-
ter understanding of how the gating pores function, allowing researchers to develop, for 
example, molecules that effectively block the gating pores that cause diseases.

Acknowledgements  We thank Carmen Nina Pastor Colón and León Islas for their suggestions and encour-
agements to the PhD project of C.A.H. We also thank all laboratory members of the consortium of sperm 
physiology in IBT-UNAM for their suggestions to improve our review.

Author contribution  C.A. and T.N. did the literature research and wrote the manuscript. C.A. prepared all 
figures.

Funding  This work was supported by CONACyT (CB2017-2018 A1-S-8768), PAPIIT (DGAPA IN205719 
and IN205722), and UC MEXUS-CONACyT (CN-16–56) to T.N.

Data availability  Data sharing not applicable to this article as no datasets were generated or analyzed during 
the current study.

Declarations 

Ethical approval  N/A



408	 C. Arcos‑Hernández, T. Nishigaki 

1 3

Informed consent  N/A

Conflict of interest  No conflict of interest.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Bezanilla, F.: How membrane proteins sense voltage. Nat. Rev. Mol. Cell. Biol. 9, 323–332 (2008). 
https://​doi.​org/​10.​1038/​nrm23​76

	 2.	 Jiang, Y., Lee, A., Chen, J., Ruta, V., Cadene, M., Chait, B.T., MacKinnon, R.: X-ray structure of a 
voltage-dependent K+ channel. Nature 423, 33–41 (2003). https://​doi.​org/​10.​1038/​natur​e01580

	 3.	 Long, S.B., Campbell, E.B., MacKinnon, R.: Crystal structure of a mammalian voltage-dependent 
Shaker family K+ channel. Science 1979(309), 897–903 (2005). https://​doi.​org/​10.​1126/​scien​ce.​ 
11162​69

	 4.	 Groome, J.R., Bayless-Edwards, L.: Roles for countercharge in the voltage sensor domain of ion chan-
nels. Front. Pharmacol. 11, 160 (2020)

	 5.	 Piper, D.R., Rupp, J., Sachse, F.B., Sanguinetti, M.C., Tristani-Firouzi, M.: Cooperative interactions between 
R531 and acidic residues in the voltage sensing module of hERG1 channels. Cell. Physiol. Biochem. 21(1–
3), 37–46 (2008)

	 6.	 Pless, S.A., Galpin, J.D., Niciforovic, A.P., Ahern, C.A.: Contributions of counter-charge in a potas-
sium channel voltage-sensor domain. Nat. Chem. Biol. 7, 617–623 (2011). https://​doi.​org/​10.​1038/​
nchem​bio.​622

	 7.	 Souza, C.S., Amaral, C., Treptow, W.: Electric fingerprint of voltage sensor domains. Proc. Natl. Acad. 
Sci. U.S.A. 111, 17510–17515 (2014). https://​doi.​org/​10.​1073/​pnas.​14139​71111

	 8.	 Armstrong, C.M., Bezanilla, F.: Currents related to movement of the gating particles of the sodium 
channels. Nature 242, 459–461 (1973). https://​doi.​org/​10.​1038/​24245​9a0

	 9.	 Bezanilla, F.: Gating currents. J. Gen. Physiol. 150, 911–932 (2018). https://​doi.​org/​10.​1085/​jgp.​ 
20181​2090

	10.	 Catterall, W.A.: Structure and function of voltage-gated ion channels. Annu. Rev. Biochem. 64, 493–
531 (1995). https://​doi.​org/​10.​1146/​annur​ev.​bi.​64.​070195.​002425

	11.	 Zheng, J., Trudeau, M. (eds.): Handbook of Ion Channels. CRC Press, Boca Raton (2015)
	12.	 Qi, H., Moran, M.M., Navarro, B., Chong, J.A., Krapivinsky, G., Krapivinsky, L., Kirichok, Y.,  

Ramsey, I.S., Quill, T.A., Clapham, D.E.: All four CatSper ion channel proteins are required for male 
fertility and sperm cell hyperactivated motility. Proc. Natl. Acad. Sci. U.S.A. 104, 1219–1223 (2007). 
https://​doi.​org/​10.​1073/​pnas.​06102​86104

	13.	 Navarro, B., Kirichok, Y., Chung, J.J., Clapham, D.E.: Ion channels that control fertility in mammalian 
spermatozoa. Int. J. Dev. Biol. 52, 607–613 (2008). https://​doi.​org/​10.​1387/​ijdb.​07255​4bn

	14.	 Ishibashi, K., Suzuki, M., Imai, M.: Molecular cloning of a novel form (two-repeat) protein related to 
voltage-gated sodium and calcium channels. Biochem. Biophys. Res. Commun. 270, 370–376 (2000). 
https://​doi.​org/​10.​1006/​bbrc.​2000.​2435

	15.	 Kinoshita-Terauchi, N., Shiba, K., Terauchi, M., Romero, F., Ramírez-Gómez, H.V., Yoshida, M., 
Motomura, T., Kawai, H., Nishigaki, T.: High potassium seawater inhibits ascidian sperm chemotaxis, 
but does not affect the male gamete chemotaxis of a brown alga. Zygote 27, 225–231 (2019). https://​
doi.​org/​10.​1017/​S0967​19941​90002​24

	16.	 Wang, D., King, S.M., Quill, T.A., Doolittle, L.K., Garbers, D.L.: A new sperm-specific Na+/H+ 
exchanger required for sperm motility and fertility. Nat. Cell. Biol. 5, 1117–1122 (2003). https://​doi.​
org/​10.​1038/​ncb10​72

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nrm2376
https://doi.org/10.1038/nature01580
https://doi.org/10.1126/science.1116269
https://doi.org/10.1126/science.1116269
https://doi.org/10.1038/nchembio.622
https://doi.org/10.1038/nchembio.622
https://doi.org/10.1073/pnas.1413971111
https://doi.org/10.1038/242459a0
https://doi.org/10.1085/jgp.201812090
https://doi.org/10.1085/jgp.201812090
https://doi.org/10.1146/annurev.bi.64.070195.002425
https://doi.org/10.1073/pnas.0610286104
https://doi.org/10.1387/ijdb.072554bn
https://doi.org/10.1006/bbrc.2000.2435
https://doi.org/10.1017/S0967199419000224
https://doi.org/10.1017/S0967199419000224
https://doi.org/10.1038/ncb1072
https://doi.org/10.1038/ncb1072


409Ion currents through the voltage sensor domain of distinct…

1 3

	17.	 Windler, F., Bönigk, W., Körschen, H.G., Grahn, E., Strünker, T., Seifert, R., Kaupp, U.B.: The sol-
ute carrier SLC9C1 is a Na+/H+-exchanger gated by an S4-type voltage-sensor and cyclic-nucleotide  
binding. Nat. Commun. 9, 1–13 (2018). https://​doi.​org/​10.​1038/​s41467-​018-​05253-x

	18.	 Weber, J.H., Vishnyakov, A., Hambach, K., Schultz, A., Schultz, J.E., Linder, J.U.: Adenylyl cyclases 
from Plasmodium, Paramecium and Tetrahymena are novel ion channel/enzyme fusion proteins. Cell 
Signal. 16, 115–125 (2004). https://​doi.​org/​10.​1016/​S0898-​6568(03)​00129-3

	19.	 Schultz, J.E., Klumpp, S., Benz, R., Schurhoff-Goeters, W.J.C., Schmid, A.: Regulation of adenylyl 
cyclase from Paramecium by an intrinsic potassium conductance. Science 1979(255), 600–603 (1992). 
https://​doi.​org/​10.​1126/​scien​ce.​13710​17

	20.	 Murata, Y., Iwasaki, H., Sasaki, M., Inaba, K., Okamura, Y.: Phosphoinositide phosphatase activity cou-
pled to an intrinsic voltage sensor. Nature 435, 1239–1243 (2005). https://​doi.​org/​10.​1038/​natur​e03650

	21.	 Storace, D., Rad, M.S., Kang, B., Cohen, L.B., Hughes, T., Baker, B.J.: Toward better genetically 
encoded sensors of membrane potential. Trends. Neurosci. 39, 277–289 (2016). https://​doi.​org/​10.​
1016/j.​tins.​2016.​02.​005

	22.	 Sasaki, M., Takagi, M., Okamura, Y.: A voltage sensor-domain protein is a voltage-gated proton chan-
nel. Science 1979(312), 589–592 (2006). https://​doi.​org/​10.​1126/​scien​ce.​11223​52

	23.	 Ramsey, I.S., Moran, M.M., Chong, J., Clapham, D.E.: A voltage-gated proton-selective channel 
lacking the pore domain. Nature 440, 1213–1216 (2006). https://​doi.​org/​10.​1038/​natur​e04700

	24.	 Decoursey, T.E.: Voltage-gated proton channels and other proton transfer pathways. Physiol. Rev. 
83, 475–579 (2003). https://​doi.​org/​10.​1152/​physr​ev.​00028.​2002

	25.	 Bernard, G., Shevell, M.I.: Channelopathies: a review. Pediatr. Neurol. 38, 73–85 (2008). https://​
doi.​org/​10.​1016/j.​pedia​trneu​rol.​2007.​09.​007

	26.	 Catterall, W.A.: Ion channel voltage sensors: structure, function, and pathophysiology. Neuron 67, 
915–928 (2010). https://​doi.​org/​10.​1016/j.​neuron.​2010.​08.​021

	27.	 Andavan, S.B., Lemmens-Gruber, G.R.: Voltage-gated sodium channels: mutations, channelopathies 
and targets. Curr. Med. Chem. 18, 377–397 (2012). https://​doi.​org/​10.​2174/​09298​67117​94839​133

	28.	 Yu, F.H., Mantegazza, M., Westenbroek, R.E., Robbins, C.A., Kalume, F., Burton, K.A., Spain, W.J., 
McKnight, G.S., Scheuer, T., Catterall, W.A.: Reduced sodium current in GABAergic interneurons in 
a mouse model of severe myoclonic epilepsy in infancy. Nat. Neurosci. 9, 1142–1149 (2006). https://​
doi.​org/​10.​1038/​nn1754

	29.	 Lossin, C., Wang, D.W., Rhodes, T.H., Vanoye, C.G., George, A.L.: Molecular basis of an inherited 
epilepsy. Neuron 34, 877–884 (2002). https://​doi.​org/​10.​1016/​S0896-​6273(02)​00714-6

	30.	 Splawski, I., Timothy, K.W., Sharpe, L.M., Decher, N., Kumar, P., Bloise, R., Napolitano, C., 
Schwartz, P.J., Joseph, R.M., Condouris, K., Tager-Flusberg, H., Priori, S.G., Sanguinetti, M.C.: 
Cav1.2 Calcium channel dysfunction causes a multisystem disorder including arrhythmia and 
autism ultimate signaling molecule for organisms ranging from prokaryotes to humans. In higher 
organisms, Ca 2 medi-ates processes as diverse as synaptic transmiss. Cell 119, 19–31 (2004)

	31.	 Cordeiro, J.M., Marieb, M., Pfeiffer, R., Calloe, K., Burashnikov, E., Antzelevitch, C.: Accelerated 
inactivation of the L-type calcium current due to a mutation in CACNB2b underlies Brugada syn-
drome. J. Mol. Cell. Cardiol. 46, 695–703 (2009). https://​doi.​org/​10.​1016/j.​yjmcc.​2009.​01.​014

	32.	 Boczek, N.J., Best, J.M., Tester, D.J., Giudicessi, J.R., Middha, S., Evans, J.M., Kamp, T.J.,  
Ackerman, M.J.: Exome sequencing and systems biology converge to identify novel mutations in 
the L-type calcium channel, CACNA1C, linked to autosomal dominant long QT syndrome. Circ. 
Cardiovasc. Genet. 6, 279–289 (2013). https://​doi.​org/​10.​1161/​CIRCG​ENETI​CS.​113.​000138

	33.	 Fukuyama, M., Wang, Q., Kato, K., Ohno, S., Ding, W.G., Toyoda, F., Itoh, H., Kimura, H.,  
Makiyama, T., Ito, M., Matsuura, H., Horie, M.: Long QT syndrome type 8: Novel CACNA1C 
mutations causing QT prolongation and variant phenotypes. Europace 16, 1828–1837 (2014). 
https://​doi.​org/​10.​1093/​europ​ace/​euu063

	34.	 Lee, H., Lin, M.C.A., Kornblum, H.I., Papazian, D.M., Nelson, S.F.: Exome sequencing identi-
fies de novo gain of function missense mutation in KCND2 in identical twins with autism and sei-
zures that slows potassium channel inactivation. Hum. Mol. Genet. 23, 3481–3489 (2014). https:// 
​doi.​org/​10.​1093/​hmg/​ddu056

	35.	 Singh, B., Ogiwara, I., Kaneda, M., Tokonami, N., Mazaki, E., Baba, K., Matsuda, K., Inoue, Y., 
Yamakawa, K.: A Kv4.2 truncation mutation in a patient with temporal lobe epilepsy. Neurobiol. 
Dis. 24, 245–253 (2006). https://​doi.​org/​10.​1016/j.​nbd.​2006.​07.​001

	36.	 Jurkat-Rott, K., Lehmann-Horn, F.: Paroxysmal muscle weakness - the familial periodic paralyses. 
J. Neurol. 253, 1391–1398 (2006). https://​doi.​org/​10.​1007/​s00415-​006-​0339-0

	37.	 Venance, S.L., Cannon, S.C., Fialho, D., Fontaine, B., Hanna, M.G., Ptacek, L.J., Tristani-Firouzi, 
M., Tawil, R., Griggs, R.C.: The primary periodic paralyses: diagnosis, pathogenesis and treatment. 
Brain 129, 8–17 (2006). https://​doi.​org/​10.​1093/​brain/​awh639

https://doi.org/10.1038/s41467-018-05253-x
https://doi.org/10.1016/S0898-6568(03)00129-3
https://doi.org/10.1126/science.1371017
https://doi.org/10.1038/nature03650
https://doi.org/10.1016/j.tins.2016.02.005
https://doi.org/10.1016/j.tins.2016.02.005
https://doi.org/10.1126/science.1122352
https://doi.org/10.1038/nature04700
https://doi.org/10.1152/physrev.00028.2002
https://doi.org/10.1016/j.pediatrneurol.2007.09.007
https://doi.org/10.1016/j.pediatrneurol.2007.09.007
https://doi.org/10.1016/j.neuron.2010.08.021
https://doi.org/10.2174/092986711794839133
https://doi.org/10.1038/nn1754
https://doi.org/10.1038/nn1754
https://doi.org/10.1016/S0896-6273(02)00714-6
https://doi.org/10.1016/j.yjmcc.2009.01.014
https://doi.org/10.1161/CIRCGENETICS.113.000138
https://doi.org/10.1093/europace/euu063
https://doi.org/10.1093/hmg/ddu056
https://doi.org/10.1093/hmg/ddu056
https://doi.org/10.1016/j.nbd.2006.07.001
https://doi.org/10.1007/s00415-006-0339-0
https://doi.org/10.1093/brain/awh639


410	 C. Arcos‑Hernández, T. Nishigaki 

1 3

	38.	 Sokolov, S., Scheuer, T., Catterall, W.A.: Gating pore current in an inherited ion channelopathy. 
Nature 446, 76–78 (2007). https://​doi.​org/​10.​1038/​natur​e05598

	39.	 Struyk, A.F., Cannon, S.C.: A Na+ channel mutation linked to hypokalemic periodic paralysis 
exposes a proton-selective gating pore. J. Gen. Physiol. 130, 11–20 (2007). https://​doi.​org/​10.​1085/​
jgp.​20070​9755

	40.	 Jurkat-Rott, K., Weber, M.A., Fauler, M., Guo, X.H., Holzherr, B.D., Paczulla, A., Nordsborg, N.,  
Joechle, W., Lehmann-Horn, F.: K+-dependent paradoxical membrane depolarization and Na+  
overload, major and reversible contributors to weakness by ion channel leaks. Proc. Natl. Acad. Sci. 
U.S.A. 106, 4036–4041 (2009). https://​doi.​org/​10.​1073/​pnas.​08112​77106

	41.	 Miceli, F., Vargas, E., Bezanilla, F., Taglialatela, M.: Gating currents from K v7 channels carrying 
neuronal hyperexcitability mutations in the voltage-sensing domain. Biophys. J. 102, 1372–1382 
(2012). https://​doi.​org/​10.​1016/j.​bpj.​2012.​02.​004

	42.	 Gosselin-Badaroudine, P., Delemotte, L., Moreau, A., Klein, M.L., Chahine, M.: Gating pore cur-
rents and the resting state of Nav1.4 voltage sensor domains. Proc. Natl. Acad. Sci. U.S.A. 109, 19250– 
19255 (2012). https://​doi.​org/​10.​1073/​pnas.​12179​90109

	43.	 Groome, J.R., Lehmann-Horn, F., Fan, C., Wolf, M., Winston, V., Merlini, L., Jurkat-Rott, K.: NaV1.4 
mutations cause hypokalaemic periodic paralysis by disrupting IIIS4 movement during recovery. Brain 
137, 998–1008 (2014). https://​doi.​org/​10.​1093/​brain/​awu015

	44.	 Wu, F., Mi, W., Hernández-Ochoa, E.O., Burns, D.K., Fu, Y., Gray, H.F., Struyk, A.F., Schneider, 
M.F., Cannon, S.C.: A calcium channel mutant mouse model of hypokalemic periodic paralysis. J. 
Clin. Investig. 122, 4580–4591 (2012). https://​doi.​org/​10.​1172/​JCI66​091

	45.	 Fan, C., Lehmann-Horn, F., Weber, M.A., Bednarz, M., Groome, J.R., Jonsson, M.K.B., Jurkat-Rott, 
K.: Transient compartment-like syndrome and normokalaemic periodic paralysis due to a Cav1.1 
mutation. Brain 136, 3775–3786 (2013). https://​doi.​org/​10.​1093/​brain/​awt300

	46.	 Moreau, A., Gosselin-Badaroudine, P., Delemotte, L., Klein, M.L., Chahine, M.: Gating pore currents 
are defects in common with two Nav1.5 mutations in patients with mixed arrhythmias and dilated car-
diomyopathy. J. Gen. Physiol. 145, 93–106 (2015). https://​doi.​org/​10.​1085/​jgp.​20141​1304

	47.	 Mason, E.R., Wu, F., Patel, R.R., Xiao, Y., Cannon, S.C., Cummins, T.R.: Resurgent and gating pore 
currents induced by De Novo SCN2A epilepsy mutations. eNeuro 6  (2019). https://​doi.​org/​10.​1523/​
ENEURO.​0141-​19.​2019

	48.	 Bulman, D.E., Scoggan, K.A., Van Oene, M.D., Nicolle, M.W., Hahn, A.F., Tollar, L.L., Ebers, G.C.: 
A novel sodium channel mutation in a family with hypokalemic periodic paralysis. Neurology 53, 
1932–1936 (1999). https://​doi.​org/​10.​1212/​wnl.​53.9.​1932

	49.	 Jurkat-Rott, K., Mitrovic, N., Hang, C., Kouzmekine, A., Iaizzo, P., Herzog, J., Lerche, H., Nicole, S., 
Vale-Santos, J., Chauveau, D., Fontaine, B., Lehmann-Horn, F.: Voltage-sensor sodium channel muta-
tions cause hypokalemic periodic paralysis type 2 by enhanced inactivation and reduced current. Proc. 
Natl. Acad. Sci. U.S.A. 97, 9549–9554 (2000). https://​doi.​org/​10.​1073/​pnas.​97.​17.​9549

	50.	 Sokolov, S., Scheuer, T., Catterall, W.A.: Ion permeation through a voltage-sensitive gating pore in 
brain sodium channels having voltage sensor mutations. Neuron 47, 183–189 (2005). https://​doi.​org/​
10.​1016/j.​neuron.​2005.​06.​012

	51.	 Gosselin-Badaroudine, P., Keller, D.I., Huang, H., Pouliot, V., Chatelier, A., Osswald, S., Brink, M.,  
Chahine, M.: A proton leak current through the cardiac sodium channel is linked to mixed arrhythmia and the  
dilated cardiomyopathy phenotype. PLoS ONE 7, e38331 (2012). https://​doi.​org/​10.​1371/​journ​al.​pone.​00383​31

	52.	 Singh, N.A., Charlier, C., Stauffer, D., DuPont, B.R., Leach, R.J., Melis, R., Ronen, G.M., Bjerre, I.,  
Quattlebaum, T., Murphy, J.V., McHarg, M.L., Gagnon, D., Rosales, T.O., Peiffer, A., Elving Anderson, 
V., Leppert, M.: A novel potassium channel gene, KCNQ2, is mutated in an inherited epilepsy of new-
borns. Nat. Genet. 18, 25–29 (1998). https://​doi.​org/​10.​1038/​ng0198-​25

	53.	 Schroeder, C., Kubisch, C., Berkovic, S.F., Propping, P., Jentsch, T.J., Steinlein, O.K.: A Potassium 
channel mutation in neonatal human epilepsy. Science 1979(279), 403–406 (1998)

	54.	 Dedek, K., Kunath, B., Kananura, C., Reuner, U., Jentsch, T.J., Steinlein, O.K.: Myokymia and neona-
tal epilepsy caused by a mutation in the voltage sensor of the KCNQ2 K+ channel. Proc. Natl. Acad. 
Sci. U.S.A. 98, 12272–12277 (2001). https://​doi.​org/​10.​1073/​pnas.​21143​1298

	55.	 Wuttke, T.V., Jurkat-Rott, K., Paulus, W., Garncarek, M., Lehmann-Horn, F., Lerche, H.: Periph-
eral nerve hyperexcitability due to dominant-negative KCNQ2 mutations. Neurology 69, 2045–2053 
(2007). https://​doi.​org/​10.​1212/​01.​wnl.​00002​75523.​95103.​36

	56.	 Millichap, J.J., Miceli, F., De Maria, M., Keator, C., Joshi, N., Tran, B., Soldovieri, M.V., Ambrosino, 
P., Shashi, V., Mikati, M.A., Cooper, E.C., Taglialatela, M.: Infantile spasms and encephalopathy with-
out preceding neonatal seizures caused by KCNQ2 R198Q, a gain-of-function variant. Epilepsia 58, 
e10–e15 (2017). https://​doi.​org/​10.​1111/​epi.​13601

https://doi.org/10.1038/nature05598
https://doi.org/10.1085/jgp.200709755
https://doi.org/10.1085/jgp.200709755
https://doi.org/10.1073/pnas.0811277106
https://doi.org/10.1016/j.bpj.2012.02.004
https://doi.org/10.1073/pnas.1217990109
https://doi.org/10.1093/brain/awu015
https://doi.org/10.1172/JCI66091
https://doi.org/10.1093/brain/awt300
https://doi.org/10.1085/jgp.201411304
https://doi.org/10.1523/ENEURO.0141-19.2019
https://doi.org/10.1523/ENEURO.0141-19.2019
https://doi.org/10.1212/wnl.53.9.1932
https://doi.org/10.1073/pnas.97.17.9549
https://doi.org/10.1016/j.neuron.2005.06.012
https://doi.org/10.1016/j.neuron.2005.06.012
https://doi.org/10.1371/journal.pone.0038331
https://doi.org/10.1038/ng0198-25
https://doi.org/10.1073/pnas.211431298
https://doi.org/10.1212/01.wnl.0000275523.95103.36
https://doi.org/10.1111/epi.13601


411Ion currents through the voltage sensor domain of distinct…

1 3

	57.	 Rodriguez, J.D., Haq, S., Bachvaroff, T., Nowak, K.F., Nowak, S.J., Morgan, D., Cherny, V.V., Sapp, 
M.M., Bernstein, S., Bolt, A., Decoursey, T.E., Place, A.R., Smith, S.M.E.: Identification of a vacuolar 
proton channel that triggers the bioluminescent flash in dinoflagellates. PLoS ONE 12, 1–24 (2017). 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01715​94

	58.	 Wu, L.J., Wu, G., Sharif, M.R.A., Baker, A., Jia, Y., Fahey, F.H., Luo, H.R., Feener, E.P., Clapham, 
D.E.: The voltage-gated proton channel Hv1 enhances brain damage from ischemic stroke. Nat. Neuro-
sci. 15, 565–573 (2012). https://​doi.​org/​10.​1038/​nn.​3059

	59.	 Lishko, P.V., Botchkina, I.L., Fedorenko, A., Kirichok, Y.: Acid extrusion from human spermatozoa 
is mediated by flagellar voltage-gated proton channel. Cell 140, 327–337 (2010). https://​doi.​org/​10.​
1016/j.​cell.​2009.​12.​053

	60.	 DeCoursey, T.E.: Voltage and pH sensing by the voltage-gated proton channel, HV1. J. R. Soc. Inter-
face 15, 20180108 (2018). https://​doi.​org/​10.​1098/​rsif.​2018.​0108

	61.	 Musset, B., Smith, S.M.E., Rajan, S., Morgan, D., Cherny, V.V., Decoursey, T.E.: Aspartate 112 is the 
selectivity filter of the human voltage-gated proton channel. Nature 480, 273–277 (2011). https://​doi.​
org/​10.​1038/​natur​e10557

	62.	 Berger, T.K., Isacoff, E.Y.: The pore of the voltage-gated proton channel. Neuron 72, 991–1000 (2011). 
https://​doi.​org/​10.​1016/j.​neuron.​2011.​11.​014

	63.	 Villalba-Galea, C.A.: Hv1 proton channel opening is preceded by a voltage-independent transition. Bio-
phys. J. 107, 1564–1572 (2014). https://​doi.​org/​10.​1016/j.​bpj.​2014.​08.​017

	64.	 De La Rosa, V., Ramsey, I.S.: Gating currents in the Hv1 proton channel. Biophys. J. 114, 2844–2854 
(2018). https://​doi.​org/​10.​1016/j.​bpj.​2018.​04.​049

	65.	 Schladt, T.M., Berger, T.K.: Voltage and pH difference across the membrane control the S4 voltage-sensor 
motion of the Hv1 proton channel. Sci. Rep. 10, 1–13 (2020). https://​doi.​org/​10.​1038/​s41598-​020-​77986-z

	66.	 Vandenberg, J.I., Perry, M.D., Perrin, M.J., Mann, S.A., Ke, Y., Hill, A.P.: hERG K+ channels: structure, 
function, and clinical significance. Physiol. Rev. 92, 1393–1478 (2012). https://​doi.​org/​10.​1152/​physr​ev.​
00036.​2011

	67.	 Klassen, T.L., Spencer, A.N., Gallin, W.J.: A naturally occurring omega current in a Kv3 family potassium 
channel from a platyhelminth. BMC Neurosci. 9, 1–12 (2008). https://​doi.​org/​10.​1186/​1471-​2202-9-​52

	68.	 Sutton, K.A., Jungnickel, M.K., Jovine, L., Florman, H.M.: Evolution of the voltage sensor domain of the 
voltage-sensitive phosphoinositide phosphatase VSP/TPTE suggests a role as a proton channel in euthe-
rian mammals. Mol. Biol. Evol. 29, 2147–2155 (2012). https://​doi.​org/​10.​1093/​molbev/​mss083

	69.	 Villalba-Galea, C.A., Frezza, L., Sandtner, W., Bezanilla, F.: Sensing charges of the Ciona intestinalis volt-
age-sensing phosphatase. J. Gen. Physiol. 142, 543–555 (2013). https://​doi.​org/​10.​1085/​jgp.​20131​0993

	70.	 Kaupp, U.B., Seifert, R.: Molecular diversity of pacemaker ion channels. Annu. Rev. Physiol. 63, 235–257 
(2001). https://​doi.​org/​10.​1146/​annur​ev.​physi​ol.​63.1.​235

	71.	 Wahl-Schott, C., Biel, M.: HCN channels: Structure, cellular regulation and physiological function. Cell. 
Mol. Life Sci. 66, 470–494 (2009). https://​doi.​org/​10.​1007/​s00018-​008-​8525-0

	72.	 Darszon, A., Guerrero, A., Galindo, B.E., Nishigaki, T., Wood, C.D.: Sperm-activating peptides in the 
regulation of ion fluxes, signal transduction and motility. Int. J. Dev. Biol. 52, 595–606 (2008). https://​doi.​
org/​10.​1387/​ijdb.​07255​0ad

	73.	 Wobig, L., Wolfenstetter, T., Fechner, S., Bönigk, W., Körschen, H.G., Jikeli, J.F., Trötschel, C., Feederle, 
R., Kaupp, U.B., Seifert, R., Berger, T.K.: A family of hyperpolarization-activated channels selective for 
protons. Proc. Natl. Acad. Sci. U.S.A. 117, 13783–13791 (2020). https://​doi.​org/​10.​1073/​pnas.​20012​14117

	74.	 Xue, T., Marbán, E., Li, R.A.: Dominant-negative suppression of HCN1- and HCN2-encoded pacemaker 
currents by an engineered HCN1 construct: insights into structure-function relationships and multimeriza-
tion. Circ. Res. 90, 1267–1273 (2002). https://​doi.​org/​10.​1161/​01.​RES.​00000​24390.​97889.​C6

	75.	 Tibbs, G.R., Liu, D.T., Leypold, B.G., Siegelbaum, S.A.: A state-independent interaction between ligand and 
a conserved arginine residue in cyclic nucleotide-gated channels reveals a functional polarity of the cyclic 
nucleotide binding site. J. Biol. Chem. 273, 4497–4505 (1998). https://​doi.​org/​10.​1074/​jbc.​273.8.​4497

	76.	 Cao, E.: Structural mechanisms of transient receptor potential ion channels. J. Gen. Physiol. 152, 1–18 
(2020). https://​doi.​org/​10.​1085/​JGP.​20181​1998

	77.	 Grimm, C., Kraft, R., Sauerbruch, S., Schultz, G., Harteneck, C.: Molecular and functional characteriza-
tion of the melastatin-related cation channel TRPM3. J. Biol. Chem. 278, 21493–21501 (2003). https://​
doi.​org/​10.​1074/​jbc.​M3009​45200

	78.	 Held, K., Kichko, T., De Clercq, K., Klaassen, H., Van Bree, R., Vanherck, J.C., Marchand, A., Reeh, 
P.W., Chaltin, P., Voets, T., Vriens, J.: Activation of TRPM3 by a potent synthetic ligand reveals a role 
in peptide release. Proc. Natl. Acad. Sci. U.S.A. 112, E1363–E1372 (2015). https://​doi.​org/​10.​1073/​pnas.​
14198​45112

	79.	 Vriens, J., Owsianik, G., Hofmann, T., Philipp, S.E., Stab, J., Chen, X., Benoit, M., Xue, F., Janssens, 
A., Kerselaers, S., Oberwinkler, J., Vennekens, R., Gudermann, T., Nilius, B., Voets, T.: TRPM3 is a 

https://doi.org/10.1371/journal.pone.0171594
https://doi.org/10.1038/nn.3059
https://doi.org/10.1016/j.cell.2009.12.053
https://doi.org/10.1016/j.cell.2009.12.053
https://doi.org/10.1098/rsif.2018.0108
https://doi.org/10.1038/nature10557
https://doi.org/10.1038/nature10557
https://doi.org/10.1016/j.neuron.2011.11.014
https://doi.org/10.1016/j.bpj.2014.08.017
https://doi.org/10.1016/j.bpj.2018.04.049
https://doi.org/10.1038/s41598-020-77986-z
https://doi.org/10.1152/physrev.00036.2011
https://doi.org/10.1152/physrev.00036.2011
https://doi.org/10.1186/1471-2202-9-52
https://doi.org/10.1093/molbev/mss083
https://doi.org/10.1085/jgp.201310993
https://doi.org/10.1146/annurev.physiol.63.1.235
https://doi.org/10.1007/s00018-008-8525-0
https://doi.org/10.1387/ijdb.072550ad
https://doi.org/10.1387/ijdb.072550ad
https://doi.org/10.1073/pnas.2001214117
https://doi.org/10.1161/01.RES.0000024390.97889.C6
https://doi.org/10.1074/jbc.273.8.4497
https://doi.org/10.1085/JGP.201811998
https://doi.org/10.1074/jbc.M300945200
https://doi.org/10.1074/jbc.M300945200
https://doi.org/10.1073/pnas.1419845112
https://doi.org/10.1073/pnas.1419845112


412	 C. Arcos‑Hernández, T. Nishigaki 

1 3

nociceptor channel involved in the detection of noxious heat. Neuron 70, 482–494 (2011). https://​doi.​org/​
10.​1016/j.​neuron.​2011.​02.​051

	80.	 Wagner, T.F.J., Loch, S., Lambert, S., Straub, I., Mannebach, S., Mathar, I., Düfer, M., Lis, A., Flockerzi, 
V., Philipp, S.E., Oberwinkler, J.: Transient receptor potential M3 channels are ionotropic steroid receptors 
in pancreatic β cells. Nat. Cell Biol. 10, 1421–1430 (2008). https://​doi.​org/​10.​1038/​ncb18​01

	81.	 Naylor, J., Li, J., Milligan, C.J., Zeng, F., Sukumar, P., Hou, B., Sedo, A., Yuldasheva, N., Majeed, Y., 
Beri, D., Jiang, S., Seymour, V.A.L., McKeown, L., Kumar, B., Harteneck, C., O’Regan, D., Wheatcroft,  
S.B., Kearney, M.T., Jones, C., Porter, K.E., Beech, D.J.: Pregnenolone sulphate-and cholesterol-regulated  
TRPM3 channels coupled to vascular smooth muscle secretion and contraction. Circ. Res. 106,  
1507–1515 (2010). https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​110.​219329

	82.	 Vriens, J., Held, K., Janssens, A., Tóth, B.I., Kerselaers, S., Nilius, B., Vennekens, R., Voets, T.: Opening 
of an alternative ion permeation pathway in a nociceptor TRP channel. Nat. Chem. Biol. 10, 188–195 
(2014). https://​doi.​org/​10.​1038/​nchem​bio.​1428

	83.	 Held, K., Gruss, F., Aloi, V.D., Janssens, A., Ulens, C., Voets, T., Vriens, J.: Mutations in the voltage-
sensing domain affect the alternative ion permeation pathway in the TRPM3 channel. J. Physiol. 596, 
2413–2432 (2018). https://​doi.​org/​10.​1113/​JP274​124

	84.	 Papazian, D.M., Timpe, L.C., Jan, Y.N., Jan, L.Y.: Alteration of voltage-dependence of Shaker potassium 
channel by mutations in the S4 sequence. Nature 349, 305–310 (1991). https://​doi.​org/​10.​1038/​34930​5a0

	85.	 Starace, D.M., Bezanilla, F.: A proton pore in a potassium channel voltage sensor reveals a focused elec-
tric field. Nature 427, 2–7 (2004)

	86.	 Tombola, F., Pathak, M.M., Isacoff, E.Y.: Voltage-sensing arginines in a potassium channel permeate and 
occlude cation-selective pores. Neuron 45, 379–388 (2005). https://​doi.​org/​10.​1016/j.​neuron.​2004.​12.​047

	87.	 Gamal El-Din, T.M., Heldstab, H., Lehmann, C., Greeff, N.G.: Double gaps along Shaker S4 demonstrate 
omega currents at three different closed states. Channels 4, 93–100 (2010). https://​doi.​org/​10.​4161/​chan.4.​
2.​10672

	88.	 Tombola, F., Pathak, M.M., Gorostiza, P., Isacoff, E.Y.: The twisted ion-permeation pathway of a resting 
voltage-sensing domain. Nature 445, 546–549 (2007). https://​doi.​org/​10.​1038/​natur​e05396

	89.	 Wood, M.L., Freites, J.A., Tombola, F., Tobias, D.J.: Atomistic modeling of ion conduction through the 
voltage-sensing domain of the Shaker K+ ion channel. J. Phys. Chem. B 121, 3804–3812 (2017). https://​
doi.​org/​10.​1021/​acs.​jpcb.​6b126​39

	90.	 Zhao, J., Blunck, R.: The isolated voltage sensing domain of the Shaker potassium channel forms a volt-
age-gated cation channel. eLife 5, 1–18 (2016). https://​doi.​org/​10.​7554/​eLife.​18130

	91.	 Li, Q., Wanderling, S., Paduch, M., Medovoy, D., Singharoy, A., McGreevy, R., Villalba-Galea, C.A., 
Hulse, R.E., Roux, B., Schulten, K., Kossiakoff, A., Perozo, E.: Structural mechanism of voltage- 
dependent gating in an isolated voltage-sensing domain. Nat. Struct. Mol. Biol. 21, 244–252 (2014). https://​ 
doi.​org/​10.​1038/​nsmb.​2768

	92.	 Carlson, A.E., Westenbroek, R.E., Quill, T., Ren, D., Clapham, D.E., Hille, B., Garbers, D.L., Babcock, 
D.F.: CatSper1 required for evoked Ca2+ entry and control of flagellar function in sperm. Proc. Natl. Acad. 
Sci. U.S.A. 100, 14864–14868 (2003). https://​doi.​org/​10.​1073/​pnas.​25366​58100

	93.	 Chung, J.J., Miki, K., Kim, D., Shim, S.H., Shi, H.F., Hwang, J.Y., Cai, X., Iseri, Y., Zhuang, X., Clapham, 
D.E.: Catsperz regulates the structural continuity of sperm ca2+ signaling domains and is required for nor-
mal fertility. eLife 6, 1–25 (2017). https://​doi.​org/​10.​7554/​eLife.​23082

	94.	 Ren, D., Navarro, B., Perez, G., Jackson, A.C., Hsu, S., Shi, Q., Tilly, J.L., Clapham, D.E.: A sperm ion 
channel required for sperm motility and male fertility. Nature 413, 603–609 (2001). https://​doi.​org/​10.​
1038/​35098​027

	95.	 Arima, H., Tsutsui, H., Sakamoto, A., Yoshida, M., Okamura, Y.: Induction of divalent cation perme-
ability by heterologous expression of a voltage sensor domain. Biochim. Biophys. Acta Biomembr. 1860, 
981–990 (2018). https://​doi.​org/​10.​1016/j.​bbamem.​2018.​01.​004

	96.	 Arima, H., Tsutsui, H., Okamura, Y.: Conservation of the Ca2+-permeability through the voltage sensor 
domain of mammalian CatSper subunit. Channels 12, 240–248 (2018). https://​doi.​org/​10.​1080/​19336​950.​
2018.​14767​91

	97.	 Cavarocchi, E., Whitfield, M., Chargui, A., Stouvenel, L., Lorès, P., Coutton, C., Arnoult, C., Santulli, P., 
Patrat, C., Thierry-Mieg, N., Ray, P.F., Dulioust, E., Touré, A.: The sodium/proton exchanger SLC9C1 
(sNHE) is essential for human sperm motility and fertility. Clin. Genet. (2021). https://​doi.​org/​10.​1111/​
cge.​13927

	98.	 Arcos-Hernández, C., Suárez-Delgado, E., Islas, L.D., Romero, F., López-González, I., Ai, H.W.,  
Nishigaki, T.: How to study a highly toxic protein to bacteria: a case of voltage sensor domain of mouse 
sperm-specific sodium/proton exchanger. Protein Expr. Purif. 201, 106172 (2023). https://​doi.​org/​10.​
1016/j.​pep.​2022.​106172

https://doi.org/10.1016/j.neuron.2011.02.051
https://doi.org/10.1016/j.neuron.2011.02.051
https://doi.org/10.1038/ncb1801
https://doi.org/10.1161/CIRCRESAHA.110.219329
https://doi.org/10.1038/nchembio.1428
https://doi.org/10.1113/JP274124
https://doi.org/10.1038/349305a0
https://doi.org/10.1016/j.neuron.2004.12.047
https://doi.org/10.4161/chan.4.2.10672
https://doi.org/10.4161/chan.4.2.10672
https://doi.org/10.1038/nature05396
https://doi.org/10.1021/acs.jpcb.6b12639
https://doi.org/10.1021/acs.jpcb.6b12639
https://doi.org/10.7554/eLife.18130
https://doi.org/10.1038/nsmb.2768
https://doi.org/10.1038/nsmb.2768
https://doi.org/10.1073/pnas.2536658100
https://doi.org/10.7554/eLife.23082
https://doi.org/10.1038/35098027
https://doi.org/10.1038/35098027
https://doi.org/10.1016/j.bbamem.2018.01.004
https://doi.org/10.1080/19336950.2018.1476791
https://doi.org/10.1080/19336950.2018.1476791
https://doi.org/10.1111/cge.13927
https://doi.org/10.1111/cge.13927
https://doi.org/10.1016/j.pep.2022.106172
https://doi.org/10.1016/j.pep.2022.106172


413Ion currents through the voltage sensor domain of distinct…

1 3

	99.	 Moreau, A., Gosselin-Badaroudine, P., Chahine, M.: Biophysics, pathophysiology, and pharmacology of 
ion channel gating pores. Front. Pharmacol. 5, 1–19 (2014). https://​doi.​org/​10.​3389/​fphar.​2014.​00053

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.3389/fphar.2014.00053

	Ion currents through the voltage sensor domain of distinct families of proteins
	Abstract
	1 Introduction
	1.1 Proteins with voltage sensor domain
	1.2 Channelopathies

	2 Pathological gating pore current
	2.1 Nav channels
	2.2 Cav1.1 channel
	2.3 Kv channels

	3 Physiological gating pore current
	3.1 Hv1 channel
	3.2 N.at-Kv3.2 channel
	3.3 Human TPTE
	3.4 HCNL1 channel
	3.5 TRPM3 channel

	4 Artificial gating pore current
	4.1 Omega current through the VSD of Shaker K+ channel
	4.1.1 Mutated VSD
	4.1.2 Isolated VSD

	4.2 Proton current through Ci-VSP
	4.3 Ca2+ current through CatSper3
	4.4 Chloride-dependent current through the isolated VSD of sperm-specific Na+H+ exchanger (sNHE)

	5 Conclusions
	Acknowledgements 
	References


