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Prokaryotic channels play an important role in the structural biology of ion channels. At the end of the 20th 
century, the first structure of a prokaryotic ion channel was revealed. Subsequently, the reporting of structures of 
various prokaryotic ion channels have provided fundamental insights into the structure of ion channels of higher 
organisms. Voltage-dependent Ca2+ channels (Cavs) are indispensable for coupling action potentials with Ca2+ 
signaling. Similar to other proteins, Cavs were predicted to have a prokaryotic counterpart; however, it has taken 
more than 20 years for one to be identified. The homotetrameric channel obtained from Meiothermus ruber 
generates the calcium ion specific current, so it is named as CavMr. Its selectivity filter contains a smaller number 
of negatively charged residues than mutant Cavs generated from other prokaryotic channels. CavMr belonged to 
a different cluster of phylogenetic trees than canonical prokaryotic cation channels. The glycine residue of the 
CavMr selectivity filter is a determinant for calcium selectivity. This glycine residue is conserved among eukaryotic 
Cavs, suggesting that there is a universal mechanism for calcium selectivity. A family of homotetrameric channels 
has also been identified from eukaryotic unicellular algae, and the investigation of these channels can help to 
understand the mechanism for ion selection that is conserved from prokaryotes to eukaryotes. 
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Introduction  
 

The control of thinking, memory formation, and muscle contraction is attributed to neural activity. The transmission of 
electrical stimulation occurs through various cation-selective channels on the neural cell membrane [1]. For example, the 
influx of sodium ion (Na+) by voltage-dependent sodium channels (Navs) transmits action potentials, and the outflow of 

Prokaryotic proteins play an important role in the structural biology. Voltage-dependent Ca2+ channels (Cavs) are 
indispensable for coupling action potentials with Ca2+ signaling. Cavs were also predicted to have a prokaryotic 
counterpart; however, it has not been identified, yet. The homotetrameric channel obtained from Meiothermus 
ruber generates the calcium ion specific current. This channel belongs to a different cluster of phylogenetic trees 
than canonical prokaryotic channels. The glycine residue of its selectivity filter is a determinant for Ca2+ selectivity. 
This glycine residue is well conserved among eukaryotic Cavs, suggesting that there is a universal mechanism for 
Ca2+ selectivity. 

◀ Significance ▶
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potassium ion (K+) by voltage-dependent potassium 
channels (Kvs) rapidly renders the membrane potential 
to resting potential. Subsequently, the action potential 
reaches the presynapse, and activates the voltage-
dependent calcium channels (Cavs) to cause the influx 
of calcium ion (Ca2+) into the cell. Through a series of 
intracellular signals from the influx of Ca2+, 
neurotransmitters are released into the synaptic cleft, 
causing the activation of ionotropic receptors, which 
generate action potentials. These steps comprise the 
transition process of the neural stimulus to the next 
nerve cell. Thus, the selective permeation of cations is 
essential for the accurate transmission of neural 
transduction. 

Prokaryotic ion channels have played a major role in 
elucidating the molecular mechanism of ion 
selectivity. The structure of KcsA, which is first atomic 
resolution structure of ion channels,  has provided 
detailed mechanisms for the selective permeation of K+ 
and gating (Fig. 1a) [2–4]. Even today, KcsA is 
actively used in advanced research and methods in 
computational science and biophysical chemistry 
because of its simplicity and robustness [5–7]. KcsA is 
homotetrameric channel, and the monomer of KcsA 
contains two transmembrane helices and forms 
tetrameric pore domain. The selectivity filter (SF), 
which plays important role for ion selectivity, locates 
between two transmembrane helices of the monomer 
and forms the ion permeation pore at the center of pore 
domain (Fig. 1a). The basic structure of the pore 
domain is conserved in many cation channels, 
including ligand-activated ionotropic receptor-type 
channels, some of which have opposite insertion 
directions into the lipid membrane [8,9]. Similarly, 
many prokaryotic sodium channels (BacNavs) have 
been characterized [10–12] and provide various 
insights into sodium selectivity and channel 
mechanism (Fig. 1b) [13–15]. BacNavs are 
homotetrameric channels, which have additional four 
helices at N-terminal of two helices of pore domain 
(Fig. 1b left). The N-terminal four helices of each 
monomer individually form the voltage sensing 
domain. Therefore, four voltage sensing domains are 
located around the pore domain (Fig. 1b right). This 
structure is also shared by Kv and TRP channels, 
which are temperature-sensitive channels [16,17]. In 
contrast, natural prokaryotic Cavs remained 
undiscovered for nearly 20 years after the discovery of 
the first bacterial channel, despite the prediction of 
their existence since the discovery of these bacterial 
ion channels. Instead of finding a native prokaryotic 
Cav, the mutation to gain calcium selectivity has been 
found on BacNavs [18,19]. These Ca2+ selective 
BacNav mutants have been subjected to extensive 
studies. However, these Ca2+ selective mutations have 

Figure 1 Schematic secondary structure and 3D structure 
of tetrameric cation channels. 
(A). Left: Schematic secondary structure of KcsA. Extra cell. 
indicates extra-cellular side, and Cytosol. indicates cytosolic 
side. The cylinder indicates the -helix. The pore domain of 
KcsA is colored green. Center: 3D structure of KcsA from 
horizontal viewing to lipid bilayer [PDB ID: 1K4C]. Right: 
Detail structure of the SF of KcsA. The green and red balls 
indicate potassium ions and water molecule, respectively. 
(B). Left: Schematic secondary structure of BacNav. The 
pore domain of BacNav is colored blue, The voltage sensing 
domain (VSD) is colored gray. Center: 3D structure of 
BacNav with horizontal viewing to lipid bilayer [PDB ID: 
5YUC]. Right: 3D structure of BacNav with vertical viewing 
from extracellular side. (C). The SF sequence of NaChBac 
and CaChBac. The SF sequences are indicated using single 
letter codes. Negatively charged residues are colored in red. 
(D). The SF sequence and 3D structure of NavAb [PDB ID: 
5YUC] and CavAb [PDB ID: 4MVQ]. Negatively charged 
residues are colored in red. The carbon atoms of negatively 
charged residues were indicated in pink. The yellow balls 
indicate calcium ions. 
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not been found in native channels. Therefore, finding 
putative Cav supposed to exist in prokaryotes will help 
us to understand the evolutional development of 
calcium selectivity mechanisms. 
 
Selectivity filter of tetrameric channels 
 

The SF sequence of KcsA is constructed by five 
residues “TVGYG” (Fig. 1a), while that of BacNav is 
constructed by seven residues, added two residues at the 
C-terminal side. The SF sequences of NaChBac, which 
is firstly cloned BacNav [10], and NavAb, which is 
firstly structure-determined homologue of BacNav [13], 
are “TLESWAS” and “TLESWSM” (Fig. 1c, d left). 
Although the SF of K channel has no charged residue 
(Fig. 1a right), BacNavs contain one charged residue at 
the position 3 (Fig. 1c, d left). Glu3 of BacNavs SF is 
important for ion permeation. Four glutamate residues 
are densely located in a narrow pathway of the ion 
permeation pore (Fig. 1d left). Therefore, some of the 
four glutamates are considered to be protonated. The 
molecular dynamics simulations of BacNavs predicted 
that the sodium ions efficiently permeate the ion pore 
when one of the four glutamates of SF is protonated [20]. 
It means that even if subunits are homotetrameric, the 
protonation states of the SFs would be heterotetrameric. 
The Ca2+ selective BacNav mutants are obtained by the 
introduction of the negatively charged amino acid into 
the SF (Fig. 1d right) [18,19]. The calcium-selective 
mutants of NaChBac and NavAb are named as CaChBac 
and CavAb, whose SF sequences are “TLDDWAD” and 
“TLDDWSD”, respectively (Fig. 1c, d right) [18,19]. 
The protonation state of CaChBac and CavAb SF would 
be also asymmetric as well, and more complicated than 
sodium channels’ one.  

As if in support of the idea that charge-hetero selective 
filters are effective in selective permeation of sodium 
and calcium, the ion-permeation pore of Cav and Navs 
is asymmetric in higher organisms (Fig. 2a). Mammalian 
Nav and Cav contain 24 transmembrane helices (24TM) 
characterized by four homologous repeats, which each 
contains six-transmembrane helices corresponding to 
tetrameric channel monomer (Fig. 2a) [21]. Of course, 
these SF sequences are also asymmetric (Fig. 2b). 
Considering their homology, it has been proposed that 
Cavs and Navs have the same evolutionary origin [22]. 
Their two pairs of subdomains, subdomain I and III, and 
subdomain II and IV, are evolutionarily close to each 
other, respectively [23,24]. 24TM Navs and Cavs would 
be generated by two times of gene duplication of same 
homotetrameric channels or gene fusion of other 
homotetrameric channels in the process of evolution. 
After then, each repeat becomes a homologous 
subdomain. The SF sequences among the subdomains of 
24TM Nav is more diverse than that of 24TM Cav (Fig. 
2b). Invertebrates have a channel similar to mammalian 
Nav, called Nav2 (Fig. 2b) [22]. This channel group is 

Figure 2 3D structure and SF sequence of 24TM Cav. 
(A). Left: Schematic secondary structure of 24TM Cav pore 
domain. The cylinder indicates the -helix. The pore 
domain of subdomains I, II, III, and IV of Cav are colored 
green, yellow, purple, and red, respectively. Center: 3D 
structure of rabbit Cav1.1 with horizontal viewing to lipid 
bilayer [PDB ID: 5GJV]. Right: 3D structure of rabbit 
Cav1.1 with vertical viewing from extracellular side.  (B). 
SF sequence of 24TM channels. The SF sequences are 
indicated using single letter codes. Negatively charged 
residues are colored in red. Glycine residues in the position 
4 are colored in cyan. The straight lines indicate the luck 
residue. The selectivity filter sequence of human Cav1.1 
(hCav1.1) (UniProt ID: Q13698), hCav2.1 (O00555), 
hCav3.1 (O43497), hNav1.1 (P35498), Nematostella 
vectensis Nav2.1 (NvNav2.1) (I6NKP7) and NvNav2.5 
(I6NQG1), were indicated. (C). SF sequence and SF 
structure of rabbit Cav1.1 (rCav1.1). The subdomains I and 
III (left), and II and IV (right) are shown separately. The 
carbon atoms of negatively charged residues were indicated 
in pink. The dashed green circle indicates the wide entrance 
of the SF.  
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located between human Cav and Nav in the phylogenetic tree. These suggest that 24TM Cav is closer to the root on the 
evolutionary tree than 24TM Nav. In the case of 24TM channels, Cavs have more negatively charged residues than Nav, 
which gave the idea for the mutation that gives BacNavs calcium selectivity. 
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Discovery of new groups of homotetrameric channels 

 
The three-dimensional structure of CavAb indicated that the negatively charged SF traps divalent cation such as Ca2+ 

more than mono valent cation such as Na+, which nicely explains the selective permeation mechanism of Ca2+ [18]. 
However, there is no native Ca2+-selective channel with CavAb or CaChBac SF sequence. Moreover, there is a large 
difference in the number of negatively charged residues in the SFs between artificial BacCavs (CaChBac and CavAb) and 
24TM Cav. The number of negatively charged residues of CaChBac and CavAb SF is 12 (Fig. 1c, d), and that of 24TM 
Cav is 7 (Fig. 3b, c). The charged environment in each pore must be very different depending on this charge difference 
(Fig. 1d, 2c). On the other hand, even though there are differences in the amount of charge in prokaryotic and eukaryotic 
channels, it is true that calcium selectivity is increased by the introduction of negative charge into the SF [18,19]. There 
is a prediction that the SF of the ancestral BacNav has increased negative charge [25], and native BacCav had been 
unidentified. Therefore, the identification of the native BacCav would be an important insight into the evolution of cation 
channels and the universal calcium selectivity. The new homotetrameric channel group, identified as Ancestor-like 
BacNav (AnclNav), have CavMr, the first prokaryotic Cav (Fig. 3) [26], and will live up to these expectations. 

Based on the prediction that the ancestral channels have more negative charges in the SF than the BacNav channel [25], 
AnclNav was discovered [26]. The SF sequences of AnclNav is similar to that of the predicted ancestral BacNav, and 
have one or two more negatively charged residues than canonical BacNavs, which were in a Bacillus group and a NavAb-
like group (Fig. 3) [26]. Although AnclNavs keep overall homology with the canonical BacNavs, they apparently belong 
to a different branch of the phylogenetic tree each other (Fig. 3). AnclNav genes were also found in bacteria of the phylum 
Deinococcus-Thermus, which is closer to the last universal common ancestor than the existing BacNav host [27].  

 
Identification of prokaryotic Ca channel and comparison of the ion permeation mechanism  
 

It is known that BacNavs are transiently well expressed in insect cells and generate a large current by plasmid 
transfection [28]. With the same method, whole-cell patch-clamp experiments in insect cells confirmed the presence of 

Figure 4 The cation selectivity of CavMr and NavPp. 
(A). Homology model and SF sequence of CavMr. Schematic representation of ion selectivity using a homology 
model based on NavAb structure [PDB ID: 5YUC]. The SF sequences are indicated using single letter codes. 
Negatively charged residues are colored in red. Glycine residues in the fourth position are colored in cyan. (B). The 
relative permeability of Ca2+ or Sr2+ to Na+ and each monovalent cation to Ca2+ in CavMr. (C). Homology model and 
SF sequence of NavPp. Schematic representation of ion selectivity using a homology model based on NavAb structure 
[PDB ID: 5YUC]. The SF sequences are indicated using single letter codes. Negatively charged residues are colored 
in red. (D). Left: The relative permeability of Ca2+, Sr2+, K+, and Cs+ to Na+ in NavPp. Right: Representative current 
traces of NavPp generated by +20 mV stimulation pulses in solutions with various concentrations of extracellular 
Ca2+.  

Figure 3 Sequence analysis shows that AnclNavs form a novel class of homotetrameric cation channels. 
Phylogenetic tree of the homotetrameric channels. The MEGA7 program was used to align the multiple protein 
sequences of the BacNav homologs and generate the phylogenetic tree. EukCats and representatives of the specialized 
family of heterotetrameric channel identified in mammalian sperm (CatSpers) were also included, based on a previous 
study [36]. EukCatA sequences were divided into two groups, EukCatA-Del and EukCatA-Full, based on the deletion 
of the fourth residue of the SF. The branch lengths are proportional to the sequence divergence, with the scale bar 
corresponding to 0.1 substitutions per amino acid position. SF for each sequence is shown (right). First threonine 
residue is assigned as “Position 1.” Negatively charged residues are colored red.  
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ion channel currents of the AnclNav gene isolated from Meiothermus ruber and Plesiocystis pacifica (Fig. 4). In particular, 
the channel derived from M. ruber showed high Ca2+ permeability (Fig. 4a, b). This channel is the first prokaryotic Cav 
discovered in the world, and was named CavMr from the species name. CavMr had a PCa/PNa of 218 ± 38 [26]. This high 
PCa/PNa value was comparable with that of CavAb[18]. CavMr did not allow Na+ permeation under Ca2+-free conditions 
[26]. CavMr does not require a small amount of Ca2+ for calcium selectivity, as has been observed with mammalian Cavs 
[29]. The SF of CavMr contains a glycine residue at position 4 and a negatively charged residue at position 7 (Fig. 4a), 
which were not observed in the canonical BacNav family. 

The other AnclNav from P. pacifica (NavPp) easily permeates Na+, but its current was blocked by Ca2+ (Fig. 4c, d). This 
feature was also not found in the canonical BacNavs. Interestingly, the SF of NavPp has one more aspartate residue than 
that of CavMr and a similar number to those of the artificial Ca2+-selective BacNav mutants, CaChBac and CavAb [18, 
19]; however, NavPp does not show calcium selectivity. The mutants, NavPp-T6A and NavPp-T6S, have same SF 
sequence as CaChBac and CavAb, respectively (Fig. 4) [18, 19]. However, each channel exhibited Ca2+-blocked currents, 
similar to wild-type NavPp [26]. Therefore, both of the SF sequences providing calcium selectivity to canonical BacNavs 
failed to generate Ca2+-permeable NavPp. Conversely, CavMr-D7M, a mutant that reduces the number of acidic amino 
acids in the SF, maintained high calcium selectivity [26]. These results were inconsistent with the conventional model 
based on the artificial Cav, CaChBac and CavAb. Furthermore, the mutants of NavPp and CavMr in which the selective 
filters were replaced with that of NavAb did not show channel activity [26]. The difference in ion selectivity between 
AnclNav and canonical BacNav, even after mutated to the same filter sequence, suggested that there were differences in 
the pore domain structure between AnclNav and canonical BacNav. 

 
Commonality of ion permeation mechanisms among AnclNavs 
 

NavPp-Mr, in which the SF is replaced with that of CavMr, has a reduced number of acidic amino acids, but attained 
high calcium selectivity (Fig. 5a) [26]. In contrast, CavMr-Pp, which is a mutant containing more acidic amino acids, 
became a non-selective cation channel and its calcium selectivity was significantly impaired (Fig. 5b) [26]. 

The residues of positions 4 and 6 of CavMr and NavPp were different, so that alternate single mutations of these residues 
create the same SF sequence. CavMr-V6T and NavPp-D4G have the same SF sequence (“TLEGWTD”) and showed high 
calcium selectivity over Na+ (Fig. 5c) [26]. CavMr-G4D and NavPp-T6V, with the SF sequence “TLEDWVD”, failed to 
attain calcium selectivity but allowed K+ and Cs+ permeation (Fig. 5d) [26]. This SF is unprecedented in that it has the 
highest selectivity for Sr2+. Interestingly, CavMr and NavPp mutants with the same selective filter sequences showed 
similar ion permeability. In the cases of CavMr and NavPp, a glycine residue at position 4 is a key determinant of calcium 
selectivity and a valine residue at position 6 has a supportive effect on divalent cation selectivity. It can be considered that 
there is a correlation between the filter sequence and the ion selectivity of AnclNavs, and that they share a similar channel 
structure. 
 
Comparison of the selectivity filter sequence of three Ca-selective channels 

The comparison of the amino acid sequences of the SFs of the three Ca2+-selective channels, namely CavMr and CavAb 
and the human Cav, revealed several characteristic features. The charged residues of CavMr SF were similar to those of 

Figure 5 The cation selectivity of CavMr and NavPp mutants. 
(A) The relative permeability of divalent cations to Na+ (left) and that of monovalent cations to Ca2+ (right) in NavPp-
Mr. (B) The relative permeability of different cations to Na+ in CavMr-Pp. (C) The relative permeability of each cation 
to Na+ in the SF sequence “TLEGWTD” mutants derived from CavMr and NavPp. (D) The relative permeability of 
each cation to Na+ in the SF sequence “TLEDWVD” mutants derived from CavMr and NavPp. 
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human Cav subdomains. The selective filters of both human Cav and CavMr have fewer acidic amino acid residues than 
that of CavAb (Fig. 1d and 2c). 

The selectivity of several mutants indicated that the fourth glycine residue is more important than the acidic amino acid, 
aspartic acid, for the calcium selectivity of AnclNav type. This fourth glycine residue is also well conserved in subdomains 
I and III of mammalian Cav. That of Cav3.1 is even the same as that of CavMr (Fig. 2b, 4a), but the 4th glycine residue 
has not been studied for selectivity in previous studies. CavMr highlights the importance of previously overlooked glycine 
residues, and reminds us of the existence of a highly conserved calcium selectivity mechanism from prokaryotes to 
eukaryotes. 

Although the three-dimensional structure of CavMr has not been available, the structure of rabbit Cav1.1 subdomain I 
and III provides the similar SF structure of CavMr (Fig. 2c left) [30]. It can be seen that the extracellular entrance of the 
selective filter has a wider space than CavAb by facing the subdomains I and III with the 4th glycine residue (Fig. 2c left: 
green frame). It can be assumed that the existence of this space contributes to the improvement in calcium selectivity.  

CavAb is a mutant of NavAb and its structure is most analyzed among the Ca2+-selective channels [18]. Although the 
three-dimensional structures of CavAb exactly provide one of the structural bases of calcium selectivity, the importance 
of the glycine residue for calcium selectivity could not be determined from the structure of CavAb. The SF sequences of 
CavAb and CaChBac were more similar to those of 24TM Cav subdomains II and IV than I and III (Fig. 1d, 2c and 4b). 
NavPp has similar SF sequence to CavAb. It may be that channels with CavMr or CavAb/NavPp-like SFs each provided 
a partial mechanism of calcium selectivity to 24TM-type channels in the ancient times. In other words, 24TM Cav looks 
like a hybrid channel of CavMr and NavPp. 

 

Figure 6 Abbreviated phylogenetic tree of tetrameric cation channels with each subdomain of human 24TM 
voltage-gated cation channels. 
Protein sequences of human Cavs (Cav1.1, Cav1.2, Cav1.3, Cav1.4, Cav2.1, Cav2.2, Cav2.3, Cav3.1, Cav3.2, and 
Cav3.3) and Navs (Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.5, Nav1.6, Nav1.7, Nav1.8, and Nav1.9) were divided into 
four subdomains and phylogenetically analyzed (D1–D4) with other single domain type of channels used in Figure 2. 
For visibility, each cluster is represented as a single triangle. The branch lengths are proportional to the sequence 
divergence, with the scale bar corresponding to 0.5 substitutions per amino acid position. 
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Keystones to tracing the evolution of tetrameric cation channels 

 
The discovery of CavMr demonstrates the existence of prokaryotic Cav that has been expected to exist but has not been 

discovered for a long time. The AnclNav group to which CavMr belongs is likely to be a channel that retains the 
characteristics of the ancestral and universal mechanism. As shown by CavMr, the fourth glycine residue of the SF is 
exactly the universal keystone for calcium selectivity. This glycine residue is widely shared from CavMr to human Cav, 
despite their distance on the phylogenetic tree (Fig. 6). It is thought that there is an important mechanism for calcium 
selectivity conserved during the evolution from prokaryotes to eukaryotes. Therefore, the structure of CavMr can provide 
important insights into the molecular mechanism of calcium selectivity.  

And then, NavPp is a similarly interesting channel, in which the current is blocked by Ca2+. Divalent cation blocking is 
observed in various of cation channels  [8]. One of a characteristic phenomenon is observed in the ligand-activated channel, 
NMDA receptor [31]. The current through the NMDA receptor is blocked by Mg ions in a voltage-dependent manner. 
Although the atomic structures of these channels have been elucidated in recent years [32,33], the molecular mechanism 
of divalent cation blocking has not yet been elucidated. The divergence of the ligand-activated channels from the voltage-
dependent channel is expected to have occurred at an even earlier stage than the acquisition of ion selectivity. Therefore, 
it is interesting that NavPp, a homolog of AnclNav, showed divalent cation blocking, similar to ancient divergent species, 
ligand-activated channels. For NMDA receptors, functional analysis experiments and simulations suggested that the SF 
residues of NMDA receptors were involved in magnesium inhibition [34]. Whether these mechanisms are identical will 
require further analysis, NavPp, which has a simpler structure, will be a powerful tool for elucidating the divalent cation 
blocking mechanism. 

In recent years, another homotetrameric channel group has been identified in unicellular eukaryotes such as diatoms; 
this group has been named EukCat (Fig. 3) [35]. The EukCat group also contains Na+-selective channels [36]. Interestingly, 
some EukCat homologs have homology to each subunit of CatSper, a eukaryotic heterotetrameric ion channel [37]. 
EukCat could be the ancestral eukaryotic channel from which the 24TM channel is generated. In this group, a homolog 
has also been found that lacks the fourth residue of the SF (Fig. 3: EukCatA-Del), which is a characteristic feature found 
in the subdomain II of 24TM type Navs (Fig. 2b) [38]. Therefore, prokaryotic AnclNavs and the eukaryotic EukCats, as 
well as BacNavs, are keystones for the elucidation of the ion channel evolution, and the function of them will provide 
clues as to the establishment of the ion selectivity, which are basic elements of our thinking and memory formation. 
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