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ABSTRACT
Voltage-gated ion channels are large transmembrane proteins that
enable the passage of ions through their pore across the cell
membrane. These channels belong to one superfamily and carry
pivotal roles such as the propagation of neuronal and muscular action
potentials and the promotion of neurotransmitter secretion in
synapses. In this review, we describe in detail the current state of
knowledge regarding the evolution of these channels with a special
emphasis on the metazoan lineage. We highlight the contribution of
the genomic revolution to the understanding of ion channel evolution
and for revealing that these channels appeared long before the
appearance of the first animal. We also explain how the elucidation
of channel selectivity properties and function in non-bilaterian animals
such as cnidarians (sea anemones, corals, jellyfish and hydroids) can
contribute to the study of channel evolution. Finally, we point to open
questions and future directions in this field of research.

KEY WORDS: Voltage-gated ion channels, Animal evolution, Ion
selectivity

Introduction: the superfamily of voltage-gated ion channels
This review aims to cover and clarify the evolution and
diversification of metazoan voltage-gated ion channels, particularly
at the beginning of multicellularity in the lineage leading to Metazoa
and at the emergence of nervous systems. Voltage-gated ion
channels are imperative for neuronal signaling, muscle contraction
and secretion, and are thought to play a critical role in the evolution
of animals (Hille, 2001). Nonetheless, these channels are also found
in prokaryotes and viruses, although their roles in these organisms
are largely unknown (Martinac et al., 2008; Plugge et al., 2000). The
superfamily of voltage-gated ion channels is characterized by the
ability to rapidly respond to changes in membrane potential (hence
‘voltage-gated’), which results in selective ion conductance. This ion
channel superfamily includes voltage-gated potassium channels
(KVs), voltage-gated calcium channels (CaVs) and voltage-gated
sodium channels (NaVs). Their α-subunits are composed of four
domains (DI–IV), with each domain containing six transmembrane
segments (S1–S6; Fig. 1) (Noda et al., 1984; Noda et al., 1986; Guy
and Seetharamulu, 1986; Tanabe et al., 1987). Voltage-dependent
activation is enabled by conserved positively charged residues at
every third position in S4 (voltage sensor) of the four domains,
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which move outwards upon changes in membrane potential (Noda
et al., 1984; Catterall, 1986; Guy and Seetharamulu, 1986), inducing
a conformational change that results in opening of the channel pore
(Armstrong and Bezanilla, 1974; Stühmer et al., 1989; Papazian et
al., 1991; Yang et al., 1996). The pore is formed by the segments S5
and S6, and the selectivity to specific ions is enabled by the
selectivity filter, which is composed of conserved residues, specific
for the ion conducted by the channel, and these residues are situated
at the pore-lining loops (p-loops) connecting S5 to S6 in the four
domains (Fig. 1) (Yool and Schwarz, 1991; Heinemann et al., 1992;
Tang et al., 1993; Schlief et al., 1996; Doyle et al., 1998; Jiang et
al., 2003; Payandeh et al., 2011). Further, many voltage-gated ion
channels include in addition to the α-subunit one or more auxiliary
subunits that modify their expression levels, folding efficiency,
functional properties and subcellular localization (Yu and Catterall,
2004).

In KV channels, each domain is a separate protein consisting of
six transmembrane segments (6-TM; Fig. 1B) (Papazian et al., 1987;
Pongs et al., 1988) and the channel assembles into a tetramer built
of four protein units (Jiang et al., 2003; Long et al., 2005). In
contrast, the pore-forming units of NaVs and CaVs consist of a
protein encompassing all four domains (Fig. 1C) (Noda et al., 1984;
Noda et al., 1986; Guy and Seetharamulu, 1986; Tanabe et al., 1987;
Mikami et al., 1989). KVs are the most diverse of all voltage-gated
channels as they are found in a wide array of eukaryotes and
prokaryotes. They are thought to have evolved by the addition of the
voltage-sensing module (S1–S4) to the basic structural motif of ion
channels consisting of two transmembrane segments (2-TM)
connected by a p-loop (pore-module; Fig. 1A), which are
homologous to the pore module of KVs (Doyle et al., 1998; Lu et al.,
2001; Long et al., 2005). Ligand-gated channels such as calcium-
activated potassium channels (KCa), cyclic nucleotide-gated (CNG)
channels and hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels are also composed of a 6-TM domain protein that
assembles into a tetrameric channel, and are members of the KV

channel family. However, these channels are only weakly voltage
gated; rather, they open in response to the binding of calcium
(Moczydlowski and Latorre, 1983; Köhler et al., 1996) or cAMP or
cGMP (Kaupp et al., 1989; Altenhofen et al., 1991; DiFrancesco and
Tortora, 1991; Ludwig et al., 1998) which bind at the intracellular
C-terminus of the channel (Xia et al., 1998; Xia et al., 2002;
Schumacher et al., 2001; Goulding et al., 1994; Zagotta et al., 2003;
Clayton et al., 2004). HCN channels activate at hyperpolarized
voltages and the binding of cyclic nucleotides increases their open
probability (DiFrancesco and Tortora, 1991; Gauss et al., 1998;
Ludwig et al., 1998). Furthermore, the CNG and HCN channels do
not exhibit selectivity for a specific ion, but rather are cation-
conducting channels with varying preferences for potassium, sodium
and calcium ions (Frings et al., 1995; Gauss et al., 1998).

The genes encoding NaVs and CaVs might have evolved by two
rounds of gene duplication of a single-domain channel gene
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encoding an ancestral KV that initially converted the single domain
into a two-domain protein, which then duplicated again to form the
four-domain channel. This hypothesis is supported by the fact that
domains I and III of NaVs are more similar to one another than to
domains II and IV, which themselves are similar to one another
(Strong et al., 1993). NaVs are thought to have evolved as a result of
gene duplication and diversification of an ancestral CaV, as the four
domains of NaVs show higher sequence similarity to the
corresponding domains of CaVs than to each other and have in turn
the lowest levels of similarity with KVs (Hille, 1989). Moreover, the
fact that CaVs have a wider phylogenetic distribution than NaVs
supports this scenario as well (Verret et al., 2010) (see below). The
discovery of bacterial sodium-selective channels (NaChBac) (Ren
et al., 2001; Yue et al., 2002; Koishi et al., 2004) has somewhat
blurred the evolutionary history of CaVs and NaVs as NaChBac
genes encode a single 6-TM domain that assembles into a tetramer
(Durell and Guy, 2001; Ren et al., 2001; Payandeh et al., 2011), and
as their selectivity pattern resembles that of animal NaV channels but
their filter sequence resembles that of CaVs, it was suggested that
NaChBac channels rather than KVs might be the true ancestors of
animal NaVs and CaVs (Charalambous and Wallace, 2011).
However, recent phylogenetic analyses do not support this scenario
(Liebeskind et al., 2013).

Sodium leak channels, non-selective (NALCN) are four-domain
channels, similar to CaVs and NaVs, and were shown to have
diverged from voltage-gated channels before the diversification of
CaV and NaV channels (Lee et al., 1999; Liebeskind et al., 2012).
These channels are non-selective and voltage insensitive, rely on
accessory proteins for their function and their open state was shown
to be affected by various neurotransmitters and calcium (Lu et al.,
2009; Swayne et al., 2009; Lu et al., 2010).

In order to elucidate the evolution of voltage-gated ion channels
in animals and their relatives, it is necessary to first look into the
evolutionary history of the organisms expressing them.

The evolution of animals and the genomic revolution
Since the introduction of the evolutionary theory and its core idea
that all the organisms on Earth have a common ancestor (Darwin,
1859), up to about 20 years ago, the study of the evolutionary
relationships between species was based mostly on morphological
characters. However, in many cases, morphological characters can
converge, meaning the same character might have appeared more
than once independently in separate lineages. The introduction of
DNA sequencing at the end of the 1970s (Sanger et al., 1977) and
especially of high-throughput sequencing at the 2000s
revolutionized the study of phylogeny. These new tools allowed
researchers to resolve previously obscure evolutionary relationships
between phylogenetic groups (e.g. Campbell et al., 2011; Philippe
et al., 2011a; Pisani et al., 2012; Smith et al., 2011). Despite its
advantages, phylogenomics (phylogeny of species based on dozens
or hundreds of genes) suffers from new problems and limitations,
and different technical approaches within this field can lead to
strikingly different results (Dunn et al., 2008; Hejnol et al., 2009;
Philippe et al., 2011b; Ryan et al., 2013; Schierwater et al., 2009).

Regardless of whether morphological or molecular approaches are
employed, one can divide life forms into three domains: Eukarya,
Bacteria and Archaea (Woese et al., 1990). Eukarya can be further
divided into Kingdoms; however, the number of Kingdoms and even
the number of Domains is debatable (Cavalier-Smith, 2004).
Members of the voltage-gated ion channel superfamily are found in
all Domains of life, suggesting that these channels are extremely
ancient, possibly as ancient as the last common ancestor of all
organisms on Earth. As this review will focus mostly on channels
from animals (Kingdom Metazoa, formerly known as Animalia) and
their relative Phyla, we will look deeper into the evolution of this
Kingdom. Metazoans are typified by being heterotrophic,
multicellular, motile (at least through some part of their life cycle)
and, unlike many other multicellular eukaryotes, lacking a rigid cell
wall. Most extant animals belong to the Bilateria, which exhibit
bilateral symmetry and triploblasty (meaning that at the gastrulation
of the blastula stage, three distinct germ cell layers form). Bilaterians
are further divided into deuterostomes (chordates, hemichordates,
echinoderms and possibly Xenoturbella) and protostomes (the rest
of the bilaterian animals). While in deuterostomes the blastopore,
the first opening formed in the embryo, becomes the anus, in the
protostomes the blastopore becomes the mouth. The ancestor of all
bilaterians is called the ‘urbilaterian’: the nature of this animal as
well as the history of body plan development within Bilateria and
especially the evolution of the blastopore fate are all currently under
debate (De Robertis, 2008; Martindale and Hejnol, 2009).

Non-bilaterian animals form the following four Phyla: Porifera
(sponges), Ctenophora (comb jellies), Cnidaria (corals, sea
anemones, jellyfish and hydroids, among others) and Placozoa
(Trichoplax). Traditionally, the fact that both Cnidaria and
Ctenophora are diploblastic (having two germ-layers) and have
neurons and muscles, which are missing from sponges and
Trichoplax, led zoologists to cluster them as one group called
Coelenterata, a sister group to bilateria. This view is also supported
by at least one phylogenomic study (Philippe et al., 2009) (Fig. 2).
The existence of neurons and muscles in these two non-bilaterian
Phyla puts them in a pivotal position for studies of the evolution of
voltage-gated channels. Moreover, the ease of culture of some
cnidarian species and the development of new tools for molecular
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Fig. 1. Schematic illustration of the voltage-gated ion channel α-
subunits and the pore region. (A) Schematic view of a 2-transmembrane
(TM) domain protein unit that assembles into a tetrameric ion-conducting
channel (Kir). (B) Schematic view of a 6-TM domain protein unit that
assembles into a tetrameric channel (KVs, KCa, CNG, HCN); and (C) of a
channel protein comprising all four domains, DI to DIV (CaVs, NaVs, NALCN).
Each domain contains six α-helical membrane-spanning segments
(represented by cylinders) of which S1–S4 constitute the voltage-sensing
module, and S5–S6 with the pore-lining loops form the pore module. The
fourth segment (voltage sensor) in each domain bears positively charged
residues. (D) Schematic presentation of the pore region. Only three of the
four domains are shown for clarity. The pore-lining loops (p-loops) that bear
the selectivity filter are in green.
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manipulations make them an even stronger comparative model
(Technau and Steele, 2011). However, most recent molecular
phylogenies suggest that Ctenophora and Cnidaria are not sister
groups. Some of them propose ctenophores as the earliest branching
animal group that still exists (Dunn et al., 2008; Hejnol et al., 2009;
Ryan et al., 2013), whereas other recent phylogenies suggest that
Porifera is the earliest branching animal group (Philippe et al., 2009;
Pick et al., 2010; Srivastava et al., 2010), followed by Placozoa
(Fig. 2). The first scenario, ctenophores being the most basal group,
has far-reaching consequences for animal evolution as it means that
nervous systems and muscles might have either evolved twice
independently or, alternatively, were lost from both sponges and
placozoans. The independent evolution of a nervous system in
Ctenophora and the cnidarian–bilaterian clades has recently gained
further support from the finding that many neuronal markers and
neurotransmitters are either missing from ctenophores or expressed
in a non-neuronal context (Moroz et al., 2014; but see Marlow and
Arendt, 2014). An alternative scenario suggested by yet another
phylogenomic study positioned Placozoa as the most basally
branching animal group, fitting nicely with the fact that Trichoplax
adhaerens has the most simple body plan of all extant animals,
containing only four cell types (Schierwater et al., 2009). However,
no other study supports this basal position of Trichoplax and a recent
study suggests that this enigmatic animal might have a more
complex collection of cell types than initially appreciated (Smith et
al., 2014).

Metazoa are considered to be part of the supergroup
Opisthokonta, which also includes fungi and several protists
(Baldauf and Steenkamp, 2004). The members of one of the
opistokont groups, the choanoflagellates, are considered to be the
closest unicellular relatives of Metazoa and show striking
morphological similarity to specialized cells in sponges called
choanocytes (King, 2005). The study of choanoflagellates, as well
as other unicellular opisthokonts, at the genomic level has revealed
that various gene families, previously thought to be animal specific,

actually appeared in early opisthokonts before multicellular
organism had even evolved in this lineage (e.g. Sebé-Pedrós et al.,
2011; Sebé-Pedrós et al., 2012; Young et al., 2011). Thus,
sequencing of genomes of representatives of key lineages may
reveal important facts about the evolutionary history of gene
families, biological pathways and whole systems. Among other
topics, this review will describe how the revolution of genomics also
changed our understanding of the evolution of voltage-gated ion
channels.

Voltage-gated potassium channels: a diverse and ancient
family
Potassium is a common ion in cells and diverse potassium channels
are found in most living forms. Because of their wide phyletic
distribution, KVs are thought to be the very first voltage-gated ion
channels to have evolved. In metazoan excitable cells, KVs are
responsible for the termination of the action potential and for
returning the cell to the resting state. These channels are tetramers,
with each protein unit encoded by a gene for a 6-TM domain. The
tetramerization domain (T1) located at the cytoplasmic N-terminus
of each domain enables subfamily-specific assembly into
homotetrameric and heterotetrameric channels (Covarrubias et al.,
1991; Li et al., 1992; Shen and Pfaffinger, 1995; Xu et al., 1995).
The selectivity filter that enables potassium-selective ion
conductance constitutes the amino acid residues TVGYG located at
the p-loop of all four domains and is highly conserved in all
potassium channels from prokaryotes to mammals (Heginbotham et
al., 1994). Metazoan KVs exhibit two means of channel inactivation:
(i) the fast N-type, in which the channel cytoplasmic N-terminal
inactivation domain occludes the pore (Hoshi et al., 1990; Zagotta
et al., 1990), and (ii) the slow C-type that involves a conformational
change at the pore region (Liu et al., 1996; Cordero-Morales et al.,
2007; Cuello et al., 2010) and the channel cytoplasmic C-terminus,
which influences the inactivation rate (Hoshi et al., 1991; Ogielska
et al., 1995).

These voltage-gated channels have likely evolved by the fusion
of a voltage-gating module with a 2-TM pore module as both
modules were shown to also exist as independent functional units,
such as voltage-gated phosphatases (Murata et al., 2005) and
voltage-gated proton channels (Ramsey et al., 2006; Sasaki et al.,
2006), both lacking a pore-module, and KcsA from the bacterium
Streptomyces lividans (Schrempf et al., 1995; Doyle et al., 1998) and
the eukaryotic Kir family (Ho et al., 1993; Kubo et al., 1993;
Whorton and MacKinnon, 2011), which are 2-TM potassium ion
channels missing the voltage-gating module. Moreover, there are
combinations of voltage-gating modules and pore modules, such as
channels made of two 2-TM pore modules (K2P) (Goldstein et al.,
1996; Lesage et al., 1996; Brohawn et al., 2012), a 6-TM domain
and two 2-TM pore module found in fungi (TOK1) (Ketchum et al.,
1995; Zhou et al., 1995), as well as two 6-TM domains (TPC)
(Ishibashi et al., 2000).

KV channels are found in some prokaryotes, such as KvAP from
the archaea Aeropyrum perni (Jiang et al., 2003) and KvLm from
the bacteria Listeria monocytogenes (Santos et al., 2006). Putative
KV channels are found in the choanoflagellate Monosiga brevicollis
(Fig. 3), as well as in the basal metazoans T. adhaerens and the
ctenophore M. leidyi (Fig. 3) (Dubas et al., 1988), whereas in the
sponge Amphimedon queenslandica only 2-TM Kir channels were
shown to be present (Tompkins-MacDonald et al., 2009), but no KV

channels, probably as a result of gene loss. Cnidarians are
considered among the earliest animals to have evolved a nervous
system, and indeed multiple KV channels of various biophysical
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Fig. 2. Animal phylogenomics. Simplified phylogenomic trees showing the
relationship between several animal groups and their relatives. Animal
groups with muscles and neurons appear in red font. Gold stars represent
the likely appearance of neurons and muscles and red stars represent their
loss. The trees are based on those presented elsewhere (Moroz et al., 2014;
Philippe et al., 2009; Pick et al., 2010; Ryan et al., 2013).
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properties from the hydrozoan jellyfish Polyorchis penicillatus were
cloned and expressed (Jegla et al., 1995; Grigoriev et al., 1997; Sand
et al., 2011). Recently, 44 genes encoding KVs were found to be
present in the sea anemone Nematostella vectensis (Jegla et al.,
2012), and 35 KV genes in Hydra magnipapillata (Chapman et al.,
2010; Jegla et al., 2012). As voltage-gated ion channel diversity is
believed to be involved in the evolution of animal neuronal
complexity and because cnidarians are considered to have a ‘simple’
decentralized nervous system, the finding of such a variety of
channels in cnidarians is surprising. In comparison, in humans 27
genes encoding KVs are present (Jegla et al., 2009), while in many
protostome invertebrates only a few KV genes are present
(Bargmann, 1998; Holt et al., 2002; McCormack, 2003; Jegla et al.,
2009; Jegla et al., 2012), like for example in Drosophila
melanogaster, which has only five genes encoding KVs (Littleton
and Ganetzky, 2000), yet functional diversity is enabled by
extensive alternative splicing and RNA editing (Kamb et al., 1988;
Timpe et al., 1988; Schwarz et al., 1988; Hoopengardner et al.,
2003; Ryan et al., 2008; Ingleby et al., 2009). Jegla and co-workers
showed that the 44 KV genes found in N. vectensis correspond to the
four channel subfamilies KV1–4 (Shaker, Shab, Shaw and Shal,
respectively) that are conserved in Bilateria (Butler et al., 1989; Wei
et al., 1990; Strong et al., 1993), but many of them are the products
of cnidarian-specific gene duplication events followed by
diversification. The Shaker channel family is a distinct KV family in
Metazoa (Jegla et al., 2009, 2012) and arguably the most diverse
family in Bilateria as mammals carry eight shaker genes.
Heterologous expression of 18 of the 20 KV1 (Shaker) channels of
the sea anemone demonstrated that the numerous channel genes
indeed encode potassium channel subunits that assemble into
homotetramers and heterotetramers with diverse functional
properties (Jegla et al., 2012). Further, 11 of these Shaker genes
seem to encode regulatory subunits that by themselves do not
assemble into functional channels, but in combination with other
subunits they produce channels with distinct biophysical properties,
thus further increasing channel variability (Jegla et al., 2012). The
existence of multiple KV1 genes plus the many regulatory subunits
in the Nematostella genome may increase the complexity of shaker-
based electrical signaling in sea anemones to levels even higher than
those of mammalian KV1. It is noteworthy that many of the human
KV1 channel family exhibit fast inactivation only when in
association with certain beta auxiliary subunits (Rettig et al., 1994;

Heinemann et al., 1996), which also modify the channel activation
and inactivation kinetics, thus further increasing channel diversity
(Pongs et al., 1999). However, whereas the auxiliary beta subunit is
conserved in Bilateria (Yu and Catterall, 2004), no such homologs
were found in the Nematostella genome (Jegla et al., 2012),
suggesting that these auxiliary subunits probably evolved in the
urbilaterian. Of the 18 Nematostella genes, 14 are intron-less (Jegla
et al., 2012) and, similarly, of the eight mammalian Shaker genes
that are a result of vertebrate-specific gene duplication, seven are
also intron-less (Bardien-Kruger et al., 2002; Chandy et al., 1990).
Moreover, the Shaker gene in the genome of a deuterostome – the
sea urchin Strongylocentrotus purpuratus – is intron-less as well
(Sodergren et al., 2006), suggesting that chordate and most cnidarian
Shaker genes may have evolved from a common intron-less ancestor
(Jegla et al., 2012).

A recent study of the functional properties of another family of
cnidarian KV channels uncovered the properties of ancestral
channels: in the study, Martinson et al. (Martinson et al., 2014)
functionally expressed the Nematostella homologs of the bilaterian
Ether-a-go-go related channel (Erg, also known as KV11.1). One of
the Nematostella homologs (NvErg1) exhibits similar electrical
characteristics to those of the human channels, whereas another
(NvErg4) behaves similarly to the Drosophila channel. Phylogeny
reveals that NvErg1 and the mammalian channels represent the
ancestral electrical behavior, whereas NvErg4 evolved in a
convergent manner to the Drosophila channel. Surprisingly, it seems
that nematode Erg channels also acquired this feature independently,
suggesting that this electrical behavior evolved at least three times
during animal evolution (Martinson et al., 2014).

Voltage-gated calcium channels: a widely, yet sparsely,
distributed channel family
Ca2+ currents are associated with locomotion via flagellar
movements in paramecium (Plattner, 2014) and algae
(Chlamydomonas) (Wakabayashi et al., 2009; Fujiu et al., 2009),
stress responses in diatoms (Vardi et al., 2006), protein secretion,
motility differentiation and infection in parasitic protozoa (Moreno
and Docampo, 2003; Nagamune et al., 2007) and light emission in
dinoflagellates (von Dassow and Latz, 2002). Hence, it would seem
that four-domain CaVs would be widespread in protozoa.
Surprisingly, they are absent in many protist lineages (Verret et al.,
2010), although well represented in a few lineages such as ciliates.

hKv1.2                   SFEFLVRFFAC--PSKAGFFTNIMNIIDIVAIIPYFITLGTELAEKP-----------ED 280 
Shaker                   TFELTVRFLAC--PNKLNFCRDVMNVIDIIAIIPYFITLATVVAEEEDTLNLPKAPVSPQ 348 
TaKv XP_002114266.1      TFEYVVRFLSS--PNKWQFLKGLLNIIDLIAILPFYINLIAINIERRQTDVN------ST 235 
TaKv XP_002107932.1      TLEFIVHFAVC--PDPRYFFRSFMNLIDLLALIPFYINLALSRVIQVLTFS--------- 285 
TaKv XP_002117304.1      TFELIIRFLAC--PSKWKFVISPMNIIDFLAIMPYYITLIMRTNGNP------------- 237 
ML004421a                SLDFVVRLLLC--PDKKTFLTSIMNWIDFLSILPFYLNIALNRTNPEGT----------- 275 
ML18152a                 TVELVARFACC--PNKKEFWKSIINWIDLAAILPFYISLMVPRDQQD------------- 274 
ML049627a                TFEFILRVISC--PDKLQFCKGILNIIDLITILPFYVTLLLQNERALD------------ 233 
MbKv XP_001746676.1      TIEYGMRFYAAGPTRLTKWMWEPMNLIDLIAILPYYIGLGLNSSGAS------------- 383 
                         :.:   :.  .  .    :    :* **: :::*::: :                      
 
hKv1.2                   AQQGQQAMSLAILRVIRLVRVFRIFKLSRHSKGLQILGQTLKASMRELGLLIFFLFIGVI 340 
Shaker                   DKSSNQAMSLAILRVIRLVRVFRIFKLSRHSKGLQILGRTLKASMRELGLLIFFLFIGVV 408 
TaKv XP_002114266.1      EDFKGIEGIAKSLLLIRMLRVLRVLKLARHSSGLQILGLTLKKSWRELFLLNLFLTIGVT 295 
TaKv XP_002107932.1      ----------EVIRFFRLVRLFRIIKLSKHLTGLKILYHTLRSSWKELLLLVIFVTIQVL 335 
TaKv XP_002117304.1      -----NVTTVEALRVLRLARVLRIFKLSRHSSGLQTLGKTFKSSMNELFMLGCILVICVI 292 
ML004421a                ---IDALMILRVTRLLRVLRLARIFKMSRRFDGLFALGYALRTGASELTLLVVLLTTCVV 332 
ML18152a                 ------LQSLVFIRMIRFTRIFRIFKMSRHFAGLLALAYALRAGSRELALLFLLLSICVV 328 
ML049627a                --------SFVVLRVVRLARVFRILKLSRHSRGLITLGLALRASLRELALLFFFLLIGIV 285 
MbKv XP_001746676.1      --------SVAVVRILRLTRISRLLKFSRHSEGLQDMIVCISKSSKELVLLFLITIVAAT 435 
                                       ..*. *: *::*::::  **  :   :  .  ** :*  :       
 
hKv1.2                   LFSSAVYFAEADERESQFPSIPDAFWWAVVSMTTVGYGDMVPTTIGGKIVGSLCAIAGVL 400 
Shaker                   LFSSAVYFAEAGSENSFFKSIPDAFWWAVVTMTTVGYGDMTPVGVWGKIVGSLCAIAGVL 468 
TaKv XP_002114266.1      IFSGFVYYAERDVNGTQFKSIPGTFWWGYITMTTVGYGDTHPTTIPGQIIGILCCITGVL 355 
TaKv XP_002107932.1      FFSTIIYYTEKGSYHNKFYSIPEGFWWAIATMTTVGYGDIAPKTTMGKIVGSVCAIFGVL 395 
TaKv XP_002117304.1      LFSSFVYFFEYERNGKEFQSIPHAFWWAVITMTTVGYGDISPRTGLGQIIGSLCAVTGVL 352 
ML004421a                LFSSLVYFANEADPNSPFKSIIHAFWWCVVTMSTVGYGDQVPTTFLAKIVGIITALTGIL 392 
ML18152a                 LFSSMVYFADLSSDDTKFSSIIGAFWWSIVTMSTVGYGDYVPVSTLGKIVGVFCALMGIL 388 
ML049627a                LFSSGVYYADLTEEHTKFMSILDGFWWAVITMTTVGYGDDVPQSNWGKIVGGMCAVSGVL 345 
MbKv XP_001746676.1      LFGSAIFYCEQDADSG-FISIPEGMWWAVVTMTTVGYGDISPTTTQGKIVGSLVASIGVV 494 
                         :*.  ::: :       * **   :**   :*:******  *    .:*:* . .  *:: 

Fig. 3. Sequence alignment of Shaker-like KV
channels. Sequences of putative Trichoplax
adhaerens and Monosiga brevicollis voltage-
gated potassium channels were obtained by
homology search to the D. melanogaster Shaker
protein sequence (NP_728123.1) using a 
BLAST search (http://blast.ncbi.nlm.nih.gov/),
and of putative Mnemiopsis leidyi channels 
using the Mnemiopsis Genome Project Portal
(http://research.nhgri.nih.gov/mnemiopsis/).
When more than three results were obtained,
only the first three were used in the alignment.
hKV1.2 corresponds to the human channel (NCBI
ref. NP_004965.1). Only partial alignment is
shown, with the residues constituting the
selectivity filter highlighted by a red box; the
fourth segment is indicated by a blue box and
carries the conserved positively charged
residues that enable voltage-dependent gating.
The alignment was generated using CLUSTAL
2.1 (BLOSUM).
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Most of the increases in cytosolic Ca2+ influx in protists appear to
be through ligand-gated channels, transient receptor potential (TRP)
channels or internal stores. CaVs are also absent in many fungi.
However, Ca2+ is important in fungal biology – the loss of Ca2+

influx that typically occurs in the presence of a mating pheromone
leads to a phenotype called mating-induced death – but Ca2+ influx
occurs via a family of non-voltage-gated channels most closely
related to the NALCN channels of metazoans (Paidhungat and
Garrett, 1997; Fischer et al., 1997; Liebeskind et al., 2012). Because
of the phylogenetic distance to the metazoans, the loss of CaVs genes
in many lineages (especially in fungi) and the high likelihood of
horizontal gene transfers, a well-resolved phylogeny of protist CaVs,
especially their relationship to metazoan CaVs, has been elusive.
Moreover, it is clear that multiple losses of CaVs have occurred in
other lineages such as land plants (Verret et al., 2010). However, the
presence of CaVs in green algae by itself is sufficient to strongly
suggest that these channels were already present in the common
ancestor of plants and animals (Fujiu et al., 2009; Verret et al.,
2010). Alternatively, one can hypothesize that this extremely patchy
distribution is the result of an ancient horizontal gene transfer, but
we could not find supporting evidence for such a scenario.

Metazoan CaVs open in response to depolarization and allow
calcium influx that increases the local calcium concentration. This
increase mediates many crucial functions. The most famous function
is arguably the fusion of neurotransmitter vesicles to the plasma
membrane, which results in neurotransmitter release. Other
functions include activation of gene transcription and of various
calcium-dependent proteins (reviewed by Clapham, 2007). CaVs of
animals can be divided into two broad groups: low-voltage activated
(LVA) channels that open near resting potential and high-voltage
activated (HVA) channels that require a sizable depolarization to
open (Armstrong and Matteson, 1985; Bean, 1985; reviewed in
Simms and Zamponi, 2014). LVA channels are typically referred to
as T-type or CaV3, whereas the HVA group are further sub-divided
by their biophysical and pharmacological properties to give mainly
N-, P/Q-, R- and L-types. L-Type calcium channels, also known as
CaV1 channels, form a clear monophyletic group and are
characterized pharmacologically by their sensitivity to
dihydropyridines, phenylalkylamines and benzothiazepines
(reviewed by Catterall et al., 2005). N-, P/Q- and R-type channels
are collectively called CaV2 and are characterized by their sensitivity
to various peptide neurotoxins (Catterall et al., 2005).
Choanoflagellates have a single LVA T-type channel and a single
HVA type. This finding, together with the fact that up till now LVA
channels could not be detected in sponges or ctenophores, suggests
that the CaV3 channel family was independently lost in several early
branching metazoan lineages (Moran and Zakon, 2014). The
choanoflagellate and sponge HVA channels occupy a phylogenetic
position as a sister group to all metazoan CaV1 and CaV2 channels,
suggesting that they may represent a basal channel HVA group
(Moran and Zakon, 2014). In the metazoan lineage leading to
placozoans, cnidarians and bilaterians, the ancestral HVA channel
has duplicated into an L-type channel and an ancestor to the N/P/Q
lineage. This pattern of three CaVs is still the case in most
invertebrate bilaterians (Jegla et al., 2009). However, CaV channel
genes independently duplicated in Cnidaria (six CaV channels in sea
anemones and reef-building corals) and vertebrates. Moreover, the
cnidarian-specific CaV genes have been conserved for at least 500
million years, suggesting each of them carries some unique
functions (Moran and Zakon, 2014). Unlike their cnidarian
counterparts, vertebrates increased their number of CaVs to 10 by
two rounds of genome duplications that expanded the vertebrate

repertoire of many genes, including those encoding ion channels
(Dehal and Boore, 2005; Jegla et al., 2009; Lagman et al., 2013).

Heterologous expression of an L-type CaV from the scyphozoan
jellyfish Cyanea capillata revealed a unique selectivity pattern:
unlike most bilaterian L-type CaVs, the jellyfish channel is more
permeable to Sr2+ than to Ca2+. Moreover, Ca2+ was conducted better
than Ba2+, again a rare feature in bilaterian channels (Jeziorski et al.,
1998). Electrical recordings from muscle cells of the sea anemone
Calliactis tricolor revealed calcium-based currents. However, unlike
most bilaterian CaVs, the channels in this preparation also had a
preference for calcium over barium ions (Holman and Anderson,
1991). These results demonstrate how the electrophysiological study
of non-bilaterian ion channels has the potential to reveal novel
biochemical characteristics and that some significant changes in
pore-organization of CaVs probably occurred during animal
evolution.

The multiple evolutionary routes to voltage-gated sodium
channels
NaVs are responsible for the initiation and propagation of electrical
signaling in excitable cells and are characterized by voltage-
dependent activation, fast inactivation and sodium-selective ion
conductance. The fast-inactivation process was shown to be coupled
to the outward movement of the voltage sensor in DIV (Chen et al.,
1996; Cha et al., 1999; Kühn and Greeff, 1999; Sheets et al., 1999),
which leads to occlusion of the pore by the inactivation particle
(West et al., 1992; Rohl et al., 1999) from the intracellular side in a
hinged-lid mechanism a few milliseconds after channel activation
(Vassilev et al., 1988; Stühmer et al., 1989; Patton et al., 1992).

In the NaV1 family that is found in most bilaterians, the selectivity
to sodium ions is enabled by the highly conserved selectivity filter
consisting of the four residues Asp-Glu-Lys-Ala (DEKA), with Asp
situated at the p-loop of DI, Glu in DII, Lys in DIII and Ala in DIV
(Heinemann et al., 1992). The Lys at DIII was shown to be crucial for
sodium selectivity as replacing this residue increased potassium and
calcium conductance (Schlief et al., 1996; Favre et al., 1996).
Moreover, the position of the residues is critical for sodium selectivity
and interchanging their position in the domains was shown to result
in the loss of sodium selectivity (Schlief et al., 1996).

The genomic revolution of the passing decade revealed that
homologs of NaVs are present in the unicellular eukaryotes
Thecamonas trahens of the Apusozoa (Cai, 2012) as well as in M.
brevicollis (Liebeskind et al., 2011). These findings imply that NaV-
like channels emerged before nervous systems or even
multicellularity evolved, more than a billion years ago. Examination
of the selectivity filters of the Monosiga and Thecamonas channels
showed they are constituted of the residues DEEA and DEES,
respectively (Liebeskind et al., 2011; Cai, 2012). In Trichoplax and
Mnemiopsis, all NaV channels were found to have the selectivity
filer DEEA (Liebeskind et al., 2011; Gur Barzilai et al., 2012).
However, in sponges, no NaV channel homologs are present. NaVs
with the selectivity filter DEEX (NaV2 channels) are found in most
animal Phyla, with the exception of vertebrates, which have only
NaV1 channels (Fig. 4) (Liebeskind et al., 2011; Gur Barzilai et al.,
2012). Heterologous expression of insect and sea anemone NaV2
channels in Xenopus oocytes showed that despite their sequence
similarity to NaV1, these channels are relatively non-selective,
conducting sodium and potassium and calcium ions, with a clear
preference for the calcium ions (Zhou et al., 2004; Zhang et al.,
2011; Gur Barzilai et al., 2012).

In contrast to the calcium-conducting NaV2 channels, which
appeared before the fungal–metazoan split, as we know from their
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presence in Thecamonas, the sodium-selective NaV1 channels are
found exclusively in Bilateria. Interestingly, in Nematostella, five
genes encoding NaV2 homologs are present (Putnam et al., 2007;
Gur Barzilai et al., 2012), of which three have the selectivity filter
DEEA, one has DEET and one has DKEA (the NvNaV2.5 channel).
In comparison, in the genome of the fruitfly D. melanogaster, only
one NaV1 and one NaV2 encoding gene is present (Littleton and
Ganetzky, 2000) and each of these genes gives rise to tens of
isoforms with different functional properties by extensive alternative
splicing and RNA editing (Thackeray and Ganetzky, 1994; Tan et
al., 2002; Song et al., 2004; Olson et al., 2008; Zhang et al., 2011).
In the human genome there are 10 genes encoding NaVs
(NaV1.1–NaV1.9 and NaX). It is thought that in the common ancestor
of vertebrates only one NaV1 gene was present, which underwent
two rounds of duplication in the basal vertebrate and further
duplication and diversification in teleosts and tetrapods (Widmark
et al., 2011; Zakon et al., 2011). As in the case of KVs discussed
before, the finding of such a diversity of sodium channels in a sea
anemone was highly unexpected (Gur Barzilai et al., 2012).

Heterologous expression of NvNaV2.5 showed this channel to be
sodium selective, similar to NaV1 channels (Gur Barzilai et al.,
2012). Moreover, replacing the selectivity filter of NvNaV2.5
(DKEA) with that from NaV1 (DEKA) resulted in the loss of sodium
selectivity (Gur Barzilai et al., 2012), while replacing the selectivity
filter of NaV1 with that from NvNaV2.5 also resulted in the loss of
sodium selectivity (Schlief et al., 1996). These results suggest that
sodium selectivity in NvNaV2.5 is achieved in a different manner
from that in NaV1 channels.

Phylogenetic analysis with a broad dataset of sodium channel
sequences showed that while sodium-selective NaV1 channels
appeared first in the urbilaterian, sodium-selective NaV2.5 channels
emerged exclusively in cnidarians, as NvNaV2.5 forms a sub-cluster
within the DEEX-bearing NaV2 channels together with several NaVs
of hydrozoans (Spafford et al., 1998) and scyphozoan jellyfish
(Anderson et al., 1993) (Fig. 4). All the channels of this sub-cluster
bear the unique DKEA ion selectivity filter (Gur Barzilai et al.,
2012), suggesting that the NaV2.5 subtype diverged from a channel
bearing a DEEA selectivity filter after a gene duplication event in
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Fig. 4. Phylogeny of voltage-gated sodium
channels. A maximum likelihood tree was constructed
using the LG (+F +G +I) model (modified from Gur
Barzilai et al., 2012). The bootstrap support out of 100
is indicated at the branches. A Bayesian analysis using
the WAG model resulted in identical topology. Posterior
probabilities of 1.0 are indicated by a red asterisk and
those of 0.95<X<1.0 are indicated by a blue asterisk.
All sequences are from cloned cDNA unless otherwise
mentioned. Protein models from genomic sequences
were only used after bioinformatic verification that the
prediction is sufficiently accurate. Animal clades are
indicated by colors. Ac, Aplysia californica (sea slug;
Mollusca); Ag, Anopheles gambiae (mosquito;
Arthropoda); Ap, Aiptasia pallida (sea anemone;
Cnidaria); Bf, Branchiostoma floridae (lancelet;
Cephalochordata); Bg, Blatella germanica (cockroach;
Arthropoda); Cb, Cancer borealis (crab; Arthropoda);
Cc, Cyanea capillata (jellyfish; Cnidaria); Ch, Clytia
hemisphaerica (hydrozoan jellyfish; Cnidaria); Ct,
Capitella teleta [segmented worm; Annelida (predicted
proteins)]; Dm, Drosophila melanogaster (fruit fly;
Arthropoda); Dr, Danio rerio (zebrafish, Vertebrata); h,
human (Vertebrata); Hm, Hydra magnipapillata (hydra;
Cnidaria); Hr, Halocynthia roretzi (sea squirt;
Urochordata); Lb, Loligo bleekeri (squid; Mollusca); Lo,
Loligo opleans (squid; Mollusca); m, mouse
(vertebrata); Mb, Monosiga brevicollis
(choanoflagellate; Choanoflagellida); Ml, Mnemiopsis
leidyi [comb jellies; Ctenophora (predicted protein)];
Nv, Nematostella vectensis (sea anemone; Cnidaria);
Pp, Polyorchis penicillatus (jellyfish; Cnidaria); r, rat
(Vertebrata); Spi, Stylophora pistillate (coral; Cnidaria);
Spu, Strongylocentrotus purpuratus [sea urchin;
Echinodermata (predicted protein)]; Ta, Trichoplax
adhaerens (Placozoa); Tp, Thalassiosira pseudonana
[diatom; Heterokontophyta (predicted protein)]; Tt,
Thecamonas trahens [Apusozoa (predicted protein)];
Vd, Varroa destructor (mite; Arthropoda).
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the common ancestor of all extant cnidarians more than 540 million
years ago (Park et al., 2012). Remarkably, each of the cnidarians
whose genome or transcriptome has been sequenced up till now
carries at least one NaV2.1 and one NaV2.5 channel.

NaChBac are a family of bacterial sodium-selective voltage-gated
channels (Ren et al., 2001; Yue et al., 2002; Koishi et al., 2004).
However, their selectivity filter is composed of the residues EEEE,
resembling that of CaVs (Durell and Guy, 2001; Ren et al., 2001;
Koishi et al., 2004; Payandeh et al., 2011). Replacing the selectivity
filter in the mammalian NaV1 brain channel with EEEE, the CaVs
selectivity filter, was shown to render the sodium channel calcium
selective (Heinemann et al., 1992). As both CaV and NaV2 channels
seem to be more ancient than the bilaterian-specific NaV1, we can
assume that sodium selectivity in voltage-gated ion channels
evolved independently in at least three lineages on the tree of life:
in bacterial NaChBac channels, in the cnidarian NaV2.5 sub-family
and in the NaV1 channels. The obvious question is why calcium-
conducting NaV2 channels dominated in Metazoa until the
emergence of the sodium-selective NaV1 channels in bilaterians, and
why cnidarians also evolved a sodium-selective channel. The
common view is that sodium selectivity is advantageous for the
evolution of nervous systems, mainly due to the separation of
intracellular calcium signaling from neuronal signaling (Hille, 2001;
Petersen et al., 2005; Meech and Mackie, 2007). Moreover, as KVs
generates the falling phase of the action potential, while NaVs is
responsible for its rising phase, there is a clear functional advantage
in separating the sodium and potassium ion fluxes and increasing
the selectivity of NaV channels to sodium ions. It is therefore likely
that the pore regions in both the urbilaterian NaV1 and the
primordial NaV2.5 cnidarian channel evolved under selective
pressure to cease potassium and calcium ion conductance, resulting
in sodium-selective channels.

Despite the advantages of sodium selectivity, Nematostella
NaV2.5 was shown to be expressed only in a subset of cells, while
many other putative neurons express calcium-conducting NaV2
channels (Gur Barzilai et al., 2012), indicating that cnidarian
signaling is heavily based on calcium. Hence, it is likely that when
early neuronal networks emerged, their signaling was calcium
based, as exemplified by contemporary ctenophores (Hille, 2001;
Meech and Mackie, 2007). Furthermore, several animal lineages
with simple nervous systems (e.g. nematodes and echinoderms)
appear to have independently lost the NaV1 channels (Fig. 4)
(Littleton and Ganetzky, 2000; Jegla et al., 2009; Widmark et al.,
2011), and NaV2 channels with a calcium preference were retained
in parallel with sodium-selective channels in many animal groups
such as ascidians, insects and cnidarians (Fig. 4) (Nagahora et al.,
2000; Liebeskind et al., 2011; Cui et al., 2012). In flies, the NaV2
channel DSC1 was found to be expressed in various tissues and is
thought to contribute to neuronal excitability regulation and to the
stability of the nervous system function in response to
environmental stresses (Zhang et al., 2013). Furthermore, flies
mutated at the DSC1 gene exhibited olfactory impairment
(Kulkarni et al., 2002; Zhang et al., 2013) and were more
susceptible to heat shock and starvation compared with wild type
(Zhang et al., 2013). Therefore, it seems that calcium-based action
potentials are not merely an evolutionary relic but may be
advantageous in simple neuronal circuits. Interestingly, all
cnidarians can react very quickly to stimuli and some are even
capable of sensing and incorporating visual inputs or exhibit
behavioral patterns more complex than any ctenophore,
echinoderm or nematode (Meech and Mackie, 2007; Garm et al.,
2011). It is possible that this higher behavioral complexity may, at

least in part, be the result of integration of the sodium-selective
NaV2.5 channels in selected neuronal circuits, which require faster
signaling and higher precision, such as motor neurons or neurons
controlling polyp tentacles involved in capturing moving prey.

Open questions, challenges and future directions
As discussed in the previous sections of this review, the genomic
revolution uncovered the channel repertoire in many organisms and
provided a much clearer view on channel evolution. This is a major
leap forward considering the state of knowledge in this field in the
1990s (Strong et al., 1993) or even the early 2000s (Goldin, 2002).
However, the advancement in physiological and biochemical
knowledge about channels of non-bilaterian animals during the last
decade was modest. This is probably due to the difficulties in
achieving expression in heterologous systems of many of these
channels (e.g. Anderson et al., 1993; Gur Barzilai et al., 2012).
Moreover, even when achieving such expression, it might not fully
reflect the native physiological properties of the channel. As rare as
electrophysiological studies in heterologous expression systems
have been in the past decade, such studies in the native neurons and
muscles of non-bilaterians have almost disappeared, probably
because of the technical challenges they raise. Notably, during the
1970s, 1980s and 1990s, studies measuring electrical currents in the
neurons and muscles of cnidarians, mostly jellyfish, provided us
with important knowledge about the electrical properties and
function of non-bilaterian ion channels in preparations of dissociated
tissue (Anderson and Mackie, 1977; Anderson, 1987; Holman and
Anderson, 1991; Mackie and Meech, 1985; Spafford et al., 1996).
The disappearance of this ‘art’ can have profound effects on our
future understanding of the evolution of voltage-gated ion channels,
as no genomic study on its own can reveal function. One of the
major obstacles in performing such measurements is the
identification of neurons, as in many non-bilaterian animals they are
small and lack defining morphological traits if their extensions
cannot be seen after dissociation (Holman and Anderson, 1991). A
promising solution for this problem might rise from the ability to
generate transgenic lines in cnidarians such as Hydra, Hydractinia
and Nematostella (Künzel et al., 2010; Renfer et al., 2010; Wittlieb
et al., 2006). Indeed, a transgenic Nematostella line carrying a
fluorescent reporter in their neurons was recently published
(Nakanishi et al., 2012). Electrophysiological studies of these
neurons will hopefully teach us about the native characteristics of
their voltage-gated ion channels and will provide us with a
functional perspective about their evolution.

From the study of KVs, NaVs and CaVs at the genomic level, it is
apparent that all voltage-gated ion channel families are present in
the closest relatives of animals, the Choanoflagellata (Liebeskind et
al., 2011; Liebeskind et al., 2012; Gur Barzilai et al., 2012).
Studying channel function in these single-cell organisms by
application of blockers and modulators might teach us about channel
function and evolution in early animals.

As noted above, most major voltage-gated ion channels (NaVs,
CaVs and Shaker KVs) demonstrate lineage-specific expansion
within Cnidaria. It was suggested that expansion of NaV subtypes in
vertebrates correlated with increased neuronal complexity (Zakon et
al., 2011) and it is tempting to hypothesize that the same might be
true for the expansions in Cnidaria. However, a functional approach
is required for testing this hypothesis. A logical future research route
is to use the gene knockdown approaches that were established in
Cnidaria (Technau and Steele, 2011; Layden et al., 2013) in order to
test the role of each channel and the effect of its downregulation on
animal physiology and behavior.



Th
e 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

522

REVIEW The Journal of Experimental Biology (2015) doi:10.1242/jeb.110270

Acknowledgements
This work was presented at the ‘Evolution of the First Nervous Systems II’
meeting, which was supported by the National Science Foundation.

Competing interests
The authors declare no competing or financial interests. 

Author contributions
All authors participated in the writing and editing of this review.

References
Altenhofen, W., Ludwig, J., Eismann, E., Kraus, W., Bönigk, W. and Kaupp, U. B.

(1991). Control of ligand specificity in cyclic nucleotide-gated channels from rod
photoreceptors and olfactory epithelium. Proc. Natl. Acad. Sci. USA 88, 9868-9872. 

Anderson, P. (1987). Properties and pharmacology of a TTX insensitive Na+ current in
neurones of the jellyfish Cyanea capillata. J. Exp. Biol. 133, 231-248.

Anderson, P. A. and Mackie, G. O. (1977). Electrically coupled, photosensitive
neurons control swimming in a jellyfish. Science 197, 186-188. 

Anderson, P. A., Holman, M. A. and Greenberg, R. M. (1993). Deduced amino acid
sequence of a putative sodium channel from the scyphozoan jellyfish Cyanea
capillata. Proc. Natl. Acad. Sci. USA 90, 7419-7423. 

Armstrong, C. M. and Bezanilla, F. (1974). Charge movement associated with the
opening and closing of the activation gates of the Na channels. J. Gen. Physiol. 63,
533-552. 

Armstrong, C. M. and Matteson, D. R. (1985). Two distinct populations of calcium
channels in a clonal line of pituitary cells. Science 227, 65-67. 

Baldauf, S. L. and Steenkamp, E. T. (2004). Origin and evolution of animals, fungi
and their unicellular allies (Opisthokonta). In Organelles, Genomes and Eukaryote
Phylogeny: An Evolutionary Synthesis in The Age of Genomics (ed. D. S. Horner
and R. P. Hirt), pp. 109-131. Boca Raton, FL: CRC Press.

Bardien-Kruger, S., Wulff, H., Arieff, Z., Brink, P., Chandy, K. G. and Corfield, V.
(2002). Characterisation of the human voltage-gated potassium channel gene,
KCNA7, a candidate gene for inherited cardiac disorders, and its exclusion as cause
of progressive familial heart block I (PFHBI). Eur. J. Hum. Genet. 10, 36-43. 

Bargmann, C. I. (1998). Neurobiology of the Caenorhabditis elegans genome. Science
282, 2028-2033. 

Bean, B. P. (1985). Two kinds of calcium channels in canine atrial cells. Differences in
kinetics, selectivity, and pharmacology. J. Gen. Physiol. 86, 1-30. 

Brohawn, S. G., del Mármol, J. and MacKinnon, R. (2012). Crystal structure of the
human K2P TRAAK, a lipid- and mechano-sensitive K+ ion channel. Science 335,
436-441. 

Butler, A., Wei, A. G., Baker, K. and Salkoff, L. (1989). A family of putative potassium
channel genes in Drosophila. Science 243, 943-947. 

Cai, X. (2012). Ancient origin of four-domain voltage-gated Na+ channels predates the
divergence of animals and fungi. J. Membr. Biol. 245, 117-123. 

Campbell, L. I., Rota-Stabelli, O., Edgecombe, G. D., Marchioro, T., Longhorn, S.
J., Telford, M. J., Philippe, H., Rebecchi, L., Peterson, K. J. and Pisani, D.
(2011). MicroRNAs and phylogenomics resolve the relationships of Tardigrada and
suggest that velvet worms are the sister group of Arthropoda. Proc. Natl. Acad. Sci.
USA 108, 15920-15924. 

Catterall, W. A. (1986). Molecular properties of voltage-sensitive sodium channels.
Annu. Rev. Biochem. 55, 953-985. 

Catterall, W. A., Perez-Reyes, E., Snutch, T. P. and Striessnig, J. (2005).
International Union of Pharmacology. XLVIII. Nomenclature and structure-function
relationships of voltage-gated calcium channels. Pharmacol. Rev. 57, 411-425. 

Cavalier-Smith, T. (2004). Only six kingdoms of life. Proc. Biol. Sci. 271, 1251-1262. 
Cha, A., Ruben, P. C., George, A. L., Jr, Fujimoto, E. and Bezanilla, F. (1999).

Voltage sensors in domains III and IV, but not I and II, are immobilized by Na+

channel fast inactivation. Neuron 22, 73-87. 
Chandy, K. G., Williams, C. B., Spencer, R. H., Aguilar, B. A., Ghanshani, S.,

Tempel, B. L. and Gutman, G. A. (1990). A family of three mouse potassium
channel genes with intronless coding regions. Science 247, 973-975. 

Chapman, J. A., Kirkness, E. F., Simakov, O., Hampson, S. E., Mitros, T.,
Weinmaier, T., Rattei, T., Balasubramanian, P. G., Borman, J., Busam, D. et al.
(2010). The dynamic genome of Hydra. Nature 464, 592-596. 

Charalambous, K. and Wallace, B. A. (2011). NaChBac: the long lost sodium channel
ancestor. Biochemistry 50, 6742-6752. 

Chen, L. Q., Santarelli, V., Horn, R. and Kallen, R. G. (1996). A unique role for the S4
segment of domain 4 in the inactivation of sodium channels. J. Gen. Physiol. 108,
549-556. 

Clapham, D. E. (2007). Calcium signaling. Cell 131, 1047-1058. 
Clayton, G. M., Silverman, W. R., Heginbotham, L. and Morais-Cabral, J. H. (2004).

Structural basis of ligand activation in a cyclic nucleotide regulated potassium
channel. Cell 119, 615-627. 

Cordero-Morales, J. F., Jogini, V., Lewis, A., Vásquez, V., Cortes, D. M., Roux, B.
and Perozo, E. (2007). Molecular driving forces determining potassium channel
slow inactivation. Nat. Struct. Mol. Biol. 14, 1062-1069. 

Covarrubias, M., Wei, A. A. and Salkoff, L. (1991). Shaker, Shal, Shab, and Shaw
express independent K+ current systems. Neuron 7, 763-773. 

Cuello, L. G., Jogini, V., Cortes, D. M. and Perozo, E. (2010). Structural mechanism
of C-type inactivation in K+ channels. Nature 466, 203-208. 

Cui, Y. J., Yu, L. L., Xu, H. J., Dong, K. and Zhang, C. X. (2012). Molecular
characterization of DSC1 orthologs in invertebrate species. Insect Biochem. Mol.
Biol. 42, 353-359. 

Darwin, C. (1859). On the Origin of Species, or the Preservation of Favoured Races in
the Struggle for Life. London: J. Murray.

De Robertis, E. M. (2008). Evo-devo: variations on ancestral themes. Cell 132, 185-195. 
Dehal, P. and Boore, J. L. (2005). Two rounds of whole genome duplication in the

ancestral vertebrate. PLoS Biol. 3, e314. 
DiFrancesco, D. and Tortora, P. (1991). Direct activation of cardiac pacemaker

channels by intracellular cyclic AMP. Nature 351, 145-147. 
Doyle, D. A., Morais Cabral, J., Pfuetzner, R. A., Kuo, A., Gulbis, J. M., Cohen, S.

L., Chait, B. T. and MacKinnon, R. (1998). The structure of the potassium channel:
molecular basis of K+ conduction and selectivity. Science 280, 69-77. 

Dubas, F., Stein, P. G. and Anderson, P. A. (1988). Ionic currents of smooth muscle
cells isolated from the ctenophore Mnemiopsis. Proc. R. Soc. B 233, 99-121. 

Dunn, C. W., Hejnol, A., Matus, D. Q., Pang, K., Browne, W. E., Smith, S. A.,
Seaver, E., Rouse, G. W., Obst, M., Edgecombe, G. D. et al. (2008). Broad
phylogenomic sampling improves resolution of the animal tree of life. Nature 452,
745-749. 

Durell, S. R. and Guy, H. R. (2001). A putative prokaryote voltage-gated Ca2+ channel
with only one 6TM motif per subunit. Biochem. Biophys. Res. Commun. 281, 741-
746. 

Favre, I., Moczydlowski, E. and Schild, L. (1996). On the structural basis for ionic
selectivity among Na+, K+, and Ca2+ in the voltage-gated sodium channel. Biophys.
J. 71, 3110-3125. 

Fischer, M., Schnell, N., Chattaway, J., Davies, P., Dixon, G. and Sanders, D.
(1997). The Saccharomyces cerevisiae CCH1 gene is involved in calcium influx and
mating. FEBS Lett. 419, 259-262. 

Frings, S., Seifert, R., Godde, M. and Kaupp, U. B. (1995). Profoundly different
calcium permeation and blockage determine the specific function of distinct cyclic
nucleotide-gated channels. Neuron 15, 169-179. 

Fujiu, K., Nakayama, Y., Yanagisawa, A., Sokabe, M. and Yoshimura, K. (2009).
Chlamydomonas CAV2 encodes a voltage- dependent calcium channel required for
the flagellar waveform conversion. Curr. Biol. 19, 133-139. 

Garm, A., Oskarsson, M. and Nilsson, D. E. (2011). Box jellyfish use terrestrial visual
cues for navigation. Curr. Biol. 21, 798-803. 

Gauss, R., Seifert, R. and Kaupp, U. B. (1998). Molecular identification of a
hyperpolarization-activated channel in sea urchin sperm. Nature 393, 583-587. 

Goldin, A. L. (2002). Evolution of voltage-gated Na+ channels. J. Exp. Biol. 205, 575-
584.

Goldstein, S. A., Price, L. A., Rosenthal, D. N. and Pausch, M. H. (1996). ORK1, a
potassium-selective leak channel with two pore domains cloned from Drosophila
melanogaster by expression in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci.
USA 93, 13256-13261. 

Goulding, E. H., Tibbs, G. R. and Siegelbaum, S. A. (1994). Molecular mechanism of
cyclic-nucleotide-gated channel activation. Nature 372, 369-374. 

Grigoriev, N. G., Spafford, J. D., Gallin, W. J. and Spencer, A. N. (1997). Voltage
sensing in jellyfish Shaker K+ channels. J. Exp. Biol. 200, 2919-2926.

Gur Barzilai, M., Reitzel, A. M., Kraus, J. E., Gordon, D., Technau, U., Gurevitz, M.
and Moran, Y. (2012). Convergent evolution of sodium ion selectivity in metazoan
neuronal signaling. Cell Reports 2, 242-248. 

Guy, H. R. and Seetharamulu, P. (1986). Molecular model of the action potential
sodium channel. Proc. Natl. Acad. Sci. USA 83, 508-512. 

Heginbotham, L., Lu, Z., Abramson, T. and MacKinnon, R. (1994). Mutations in the
K+ channel signature sequence. Biophys. J. 66, 1061-1067. 

Heinemann, S. H., Terlau, H., Stühmer, W., Imoto, K. and Numa, S. (1992). Calcium
channel characteristics conferred on the sodium channel by single mutations. Nature
356, 441-443. 

Heinemann, S. H., Rettig, J., Graack, H. R. and Pongs, O. (1996). Functional
characterization of Kv channel beta-subunits from rat brain. J. Physiol. 493, 625-633. 

Hejnol, A., Obst, M., Stamatakis, A., Ott, M., Rouse, G. W., Edgecombe, G. D.,
Martinez, P., Baguñà, J., Bailly, X., Jondelius, U. et al. (2009). Assessing the root
of bilaterian animals with scalable phylogenomic methods. Proc. Biol. Sci. 276,
4261-4270. 

Hille, B. (1989). The Sharpey-Schafer Lecture. Ionic channels: evolutionary origins and
modern roles. Q. J. Exp. Physiol. 74, 785-804. 

Hille, B. (2001). Ion Channels of Excitable Membranes, 3rd edn. Sunderland, MA:
Sinauer Associates Inc.

Ho, K., Nichols, C. G., Lederer, W. J., Lytton, J., Vassilev, P. M., Kanazirska, M. V.
and Hebert, S. C. (1993). Cloning and expression of an inwardly rectifying ATP-
regulated potassium channel. Nature 362, 31-38. 

Holman, M. A. and Anderson, P. A. (1991). Voltage-activated ionic currents in
myoepithelial cells isolated from the sea anemone Calliactis tricolor. J. Exp. Biol.
161, 333-346.

Holt, R. A., Subramanian, G. M., Halpern, A., Sutton, G. G., Charlab, R., Nusskern,
D. R., Wincker, P., Clark, A. G., Ribeiro, J. M., Wides, R. et al. (2002). The
genome sequence of the malaria mosquito Anopheles gambiae. Science 298, 129-
149. 

Hoopengardner, B., Bhalla, T., Staber, C. and Reenan, R. (2003). Nervous system
targets of RNA editing identified by comparative genomics. Science 301, 832-836. 

Hoshi, T., Zagotta, W. N. and Aldrich, R. W. (1990). Biophysical and molecular
mechanisms of Shaker potassium channel inactivation. Science 250, 533-538. 

Hoshi, T., Zagotta, W. N. and Aldrich, R. W. (1991). Two types of inactivation in
Shaker K+ channels: effects of alterations in the carboxy-terminal region. Neuron 7,
547-556. 

Ingleby, L., Maloney, R., Jepson, J., Horn, R. and Reenan, R. (2009). Regulated
RNA editing and functional epistasis in Shaker potassium channels. J. Gen. Physiol.
133, 17-27. 



Th
e 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

523

REVIEW The Journal of Experimental Biology (2015) doi:10.1242/jeb.110270

Ishibashi, K., Suzuki, M. and Imai, M. (2000). Molecular cloning of a novel form (two-
repeat) protein related to voltage-gated sodium and calcium channels. Biochem.
Biophys. Res. Commun. 270, 370-376. 

Jegla, T., Grigoriev, N., Gallin, W. J., Salkoff, L. and Spencer, A. N. (1995). Multiple
Shaker potassium channels in a primitive metazoan. J. Neurosci. 15, 7989-7999.

Jegla, T. J., Zmasek, C. M., Batalov, S., and Nayak, S. K. (2009). Evolution of the
human ion channel set. Comb. Chem. High Throughput Screen 12, 2-23.

Jegla, T., Marlow, H. Q., Chen, B., Simmons, D. K., Jacobo, S. M. and Martindale,
M. Q. (2012). Expanded functional diversity of shaker K+ channels in cnidarians is
driven by gene expansion. PLoS ONE 7, e51366. 

Jeziorski, M. C., Greenberg, R. M., Clark, K. S. and Anderson, P. A. (1998). Cloning
and functional expression of a voltage-gated calcium channel alpha1 subunit from
jellyfish. J. Biol. Chem. 273, 22792-22799. 

Jiang, Y., Lee, A., Chen, J., Ruta, V., Cadene, M., Chait, B. T. and MacKinnon, R.
(2003). X-ray structure of a voltage-dependent K+ channel. Nature 423, 33-41. 

Kamb, A., Tseng-Crank, J. and Tanouye, M. A. (1988). Multiple products of the
Drosophila Shaker gene may contribute to potassium channel diversity. Neuron 1,
421-430. 

Kaupp, U. B., Niidome, T., Tanabe, T., Terada, S., Bönigk, W., Stühmer, W., Cook,
N. J., Kangawa, K., Matsuo, H., Hirose, T. et al. (1989). Primary structure and
functional expression from complementary DNA of the rod photoreceptor cyclic
GMP-gated channel. Nature 342, 762-766. 

Ketchum, K. A., Joiner, W. J., Sellers, A. J., Kaczmarek, L. K. and Goldstein, S. A.
(1995). A new family of outwardly rectifying potassium channel proteins with two
pore domains in tandem. Nature 376, 690-695. 

King, N. (2005). Choanoflagellates. Curr. Biol. 15, R113-R114. 
Köhler, M., Hirschberg, B., Bond, C. T., Kinzie, J. M., Marrion, N. V., Maylie, J. and

Adelman, J. P. (1996). Small-conductance, calcium-activated potassium channels
from mammalian brain. Science 273, 1709-1714. 

Koishi, R., Xu, H., Ren, D., Navarro, B., Spiller, B. W., Shi, Q. and Clapham, D. E.
(2004). A superfamily of voltage-gated sodium channels in bacteria. J. Biol. Chem.
279, 9532-9538. 

Kubo, Y., Baldwin, T. J., Jan, Y. N. and Jan, L. Y. (1993). Primary structure and
functional expression of a mouse inward rectifier potassium channel. Nature 362,
127-133. 

Kühn, F. J. P. and Greeff, N. G. (1999). Movement of voltage sensor S4 in domain 4 is
tightly coupled to sodium channel fast inactivation and gating charge immobilization.
J. Gen. Physiol. 114, 167-184. 

Kulkarni, N. H., Yamamoto, A. H., Robinson, K. O., Mackay, T. F. C. and Anholt, R.
R. H. (2002). The DSC1 channel, encoded by the smi60E locus, contributes to odor-
guided behavior in Drosophila melanogaster. Genetics 161, 1507-1516.

Künzel, T., Heiermann, R., Frank, U., Müller, W., Tilmann, W., Bause, M., Nonn, A.,
Helling, M., Schwarz, R. S. and Plickert, G. (2010). Migration and differentiation
potential of stem cells in the cnidarian Hydractinia analysed in eGFP-transgenic
animals and chimeras. Dev. Biol. 348, 120-129. 

Lagman, D., Ocampo Daza, D., Widmark, J., Abalo, X. M., Sundström, G. and
Larhammar, D. (2013). The vertebrate ancestral repertoire of visual opsins,
transducin alpha subunits and oxytocin/vasopressin receptors was established by
duplication of their shared genomic region in the two rounds of early vertebrate
genome duplications. BMC Evol. Biol. 13, 238.

Layden, M. J., Röttinger, E., Wolenski, F. S., Gilmore, T. D. and Martindale, M. Q.
(2013). Microinjection of mRNA or morpholinos for reverse genetic analysis in the
starlet sea anemone, Nematostella vectensis. Nat. Protoc. 8, 924-934. 

Lee, J. H., Cribbs, L. L. and Perez-Reyes, E. (1999). Cloning of a novel four repeat
protein related to voltage-gated sodium and calcium channels. FEBS Lett. 445, 231-
236. 

Lesage, F., Guillemare, E., Fink, M., Duprat, F., Lazdunski, M., Romey, G. and
Barhanin, J. (1996). TWIK-1, a ubiquitous human weakly inward rectifying K+
channel with a novel structure. EMBO J. 15, 1004-1011.

Li, M., Jan, Y. N. and Jan, L. Y. (1992). Specification of subunit assembly by the
hydrophilic amino-terminal domain of the Shaker potassium channel. Science 257,
1225-1230. 

Liebeskind, B. J., Hillis, D. M. and Zakon, H. H. (2011). Evolution of sodium channels
predates the origin of nervous systems in animals. Proc. Natl. Acad. Sci. USA 108,
9154-9159. 

Liebeskind, B. J., Hillis, D. M. and Zakon, H. H. (2012). Phylogeny unites animal
sodium leak channels with fungal calcium channels in an ancient, voltage-insensitive
clade. Mol. Biol. Evol. 29, 3613-3616. 

Liebeskind, B. J., Hillis, D. M. and Zakon, H. H. (2013). Independent acquisition of
sodium selectivity in bacterial and animal sodium channels. Curr. Biol. 23, R948-R949. 

Littleton, J. T. and Ganetzky, B. (2000). Ion channels and synaptic organization:
analysis of the Drosophila genome. Neuron 26, 35-43. 

Liu, Y., Jurman, M. E. and Yellen, G. (1996). Dynamic rearrangement of the outer
mouth of a K+ channel during gating. Neuron 16, 859-867. 

Long, S. B., Campbell, E. B. and Mackinnon, R. (2005). Crystal structure of a
mammalian voltage-dependent Shaker family K+ channel. Science 309, 897-903. 

Lu, Z., Klem, A. M. and Ramu, Y. (2001). Ion conduction pore is conserved among
potassium channels. Nature 413, 809-813. 

Lu, B., Su, Y., Das, S., Wang, H., Wang, Y., Liu, J. and Ren, D. (2009). Peptide
neurotransmitters activate a cation channel complex of NALCN and UNC-80. Nature
457, 741-744. 

Lu, B., Zhang, Q., Wang, H., Wang, Y., Nakayama, M. and Ren, D. (2010).
Extracellular calcium controls background current and neuronal excitability via an
UNC79-UNC80-NALCN cation channel complex. Neuron 68, 488-499. 

Ludwig, A., Zong, X., Jeglitsch, M., Hofmann, F. and Biel, M. (1998). A family of
hyperpolarization-activated mammalian cation channels. Nature 393, 587-591. 

Mackie, G. O. and Meech, R. W. (1985). Separate sodium and calcium spikes in the
same axon. Nature 313, 791-793. 

Marlow, H. and Arendt, D. (2014). Evolution: ctenophore genomes and the origin of
neurons. Curr. Biol. 24, R757-R761. 

Martinac, B., Saimi, Y. and Kung, C. (2008). Ion channels in microbes. Physiol. Rev.
88, 1449-1490. 

Martindale, M. Q. and Hejnol, A. (2009). A developmental perspective: changes in the
position of the blastopore during bilaterian evolution. Dev. Cell 17, 162-174. 

Martinson, A. S., van Rossum, D. B., Diatta, F. H., Layden, M. J., Rhodes, S. A.,
Martindale, M. Q. and Jegla, T. (2014). Functional evolution of Erg potassium channel
gating reveals an ancient origin for IKr. Proc. Natl. Acad. Sci. USA 111, 5712-5717. 

McCormack, T. J. (2003). Comparison of K+-channel genes within the genomes of
Anopheles gambiae and Drosophila melanogaster. Genome Biol. 4, R58. 

Meech, R. W. and Mackie, G. O. (2007). Evolution of excitability in lower metazoans.
In Invertebrate Neurobiology (ed. G. North and J. Greenspann), pp. 581-615. Cold
Spring Harbor, NY: Cold Spring Harbor Laboratory Press.

Mikami, A., Imoto, K., Tanabe, T., Niidome, T., Mori, Y., Takeshima, H., Narumiya,
S. and Numa, S. (1989). Primary structure and functional expression of the cardiac
dihydropyridine-sensitive calcium channel. Nature 340, 230-233. 

Moczydlowski, E. and Latorre, R. (1983). Gating kinetics of Ca2+-activated K+

channels from rat muscle incorporated into planar lipid bilayers. Evidence for two
voltage-dependent Ca2+ binding reactions. J. Gen. Physiol. 82, 511-542. 

Moran, Y. and Zakon, H. H. (2014). The evolution of the four subunits of voltage-gated
calcium channels: ancient roots, increasing complexity, and multiple losses. Genome
Biol. Evol. 6, 2210-2217. 

Moreno, S. N. and Docampo, R. (2003). Calcium regulation in protozoan parasites.
Curr. Opin. Microbiol. 6, 359-364. 

Moroz, L. L., Kocot, K. M., Citarella, M. R., Dosung, S., Norekian, T. P.,
Povolotskaya, I. S., Grigorenko, A. P., Dailey, C., Berezikov, E., Buckley, K. M. et
al. (2014). The ctenophore genome and the evolutionary origins of neural systems.
Nature 510, 109-114. 

Murata, Y., Iwasaki, H., Sasaki, M., Inaba, K. and Okamura, Y. (2005).
Phosphoinositide phosphatase activity coupled to an intrinsic voltage sensor. Nature
435, 1239-1243. 

Nagahora, H., Okada, T., Yahagi, N., Chong, J. A., Mandel, G. and Okamura, Y.
(2000). Diversity of voltage-gated sodium channels in the ascidian larval nervous
system. Biochem. Biophys. Res. Commun. 275, 558-564. 

Nagamune, K., Moreno, S. N. and Sibley, L. D. (2007). Artemisinin-resistant mutants
of Toxoplasma gondii have altered calcium homeostasis. Antimicrob. Agents
Chemother. 51, 3816-3823. 

Nakanishi, N., Renfer, E., Technau, U. and Rentzsch, F. (2012). Nervous systems of
the sea anemone Nematostella vectensis are generated by ectoderm and endoderm
and shaped by distinct mechanisms. Development 139, 347-357. 

Nayak, S. K., Batalov, S., Jegla, T. J. and Zmasek, C. M. (2009). Evolution of the
human ion channel set. Comb. Chem. High Throughput Screen. 12, 2-23. 

Noda, M., Shimizu, S., Tanabe, T., Takai, T., Kayano, T., Ikeda, T., Takahashi, H.,
Nakayama, H., Kanaoka, Y., Minamino, N. et al. (1984). Primary structure of
Electrophorus electricus sodium channel deduced from cDNA sequence. Nature
312, 121-127. 

Noda, M., Ikeda, T., Suzuki, H., Takeshima, H., Takahashi, T., Kuno, M. and Numa,
S. (1986). Expression of functional sodium channels from cloned cDNA. Nature 322,
826-828. 

Ogielska, E. M., Zagotta, W. N., Hoshi, T., Heinemann, S. H., Haab, J. and Aldrich,
R. W. (1995). Cooperative subunit interactions in C-type inactivation of K channels.
Biophys. J. 69, 2449-2457. 

Olson, R. O., Liu, Z., Nomura, Y., Song, W. and Dong, K. (2008). Molecular and
functional characterization of voltage-gated sodium channel variants from Drosophila
melanogaster. Insect Biochem. Mol. Biol. 38, 604-610. 

Paidhungat, M. and Garrett, S. (1997). A homolog of mammalian, voltage-gated
calcium channels mediates yeast pheromone-stimulated Ca2+ uptake and
exacerbates the cdc1(Ts) growth defect. Mol. Cell. Biol. 17, 6339-6347.

Papazian, D. M., Schwarz, T. L., Tempel, B. L., Jan, Y. N. and Jan, L. Y. (1987).
Cloning of genomic and complementary DNA from Shaker, a putative potassium
channel gene from Drosophila. Science 237, 749-753. 

Papazian, D. M., Timpe, L. C., Jan, Y. N. and Jan, L. Y. (1991). Alteration of voltage-
dependence of Shaker potassium channel by mutations in the S4 sequence. Nature
349, 305-310. 

Park, E., Hwang, D. S., Lee, J. S., Song, J. I., Seo, T. K. and Won, Y. J. (2012).
Estimation of divergence times in cnidarian evolution based on mitochondrial
protein-coding genes and the fossil record. Mol. Phylogenet. Evol. 62, 329-345. 

Patton, D. E., West, J. W., Catterall, W. A. and Goldin, A. L. (1992). Amino acid
residues required for fast Na+-channel inactivation: charge neutralizations and
deletions in the III-IV linker. Proc. Natl. Acad. Sci. USA 89, 10905-10909. 

Payandeh, J., Scheuer, T., Zheng, N. and Catterall, W. A. (2011). The crystal
structure of a voltage-gated sodium channel. Nature 475, 353-358. 

Petersen, O. H., Michalak, M. and Verkhratsky, A. (2005). Calcium signalling: past,
present and future. Cell Calcium 38, 161-169. 

Philippe, H., Derelle, R., Lopez, P., Pick, K., Borchiellini, C., Boury-Esnault, N.,
Vacelet, J., Renard, E., Houliston, E., Quéinnec, E. et al. (2009). Phylogenomics
revives traditional views on deep animal relationships. Curr. Biol. 19, 706-712. 

Philippe, H., Brinkmann, H., Copley, R. R., Moroz, L. L., Nakano, H., Poustka, A.
J., Wallberg, A., Peterson, K. J. and Telford, M. J. (2011a). Acoelomorph
flatworms are deuterostomes related to Xenoturbella. Nature 470, 255-258. 



Th
e 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

524

REVIEW The Journal of Experimental Biology (2015) doi:10.1242/jeb.110270

Philippe, H., Brinkmann, H., Lavrov, D. V., Littlewood, D. T., Manuel, M., Wörheide,
G. and Baurain, D. (2011b). Resolving difficult phylogenetic questions: why more
sequences are not enough. PLoS Biol. 9, e1000602. 

Pick, K. S., Philippe, H., Schreiber, F., Erpenbeck, D., Jackson, D. J., Wrede, P.,
Wiens, M., Alié, A., Morgenstern, B., Manuel, M. et al. (2010). Improved
phylogenomic taxon sampling noticeably affects nonbilaterian relationships. Mol.
Biol. Evol. 27, 1983-1987. 

Pisani, D., Feuda, R., Peterson, K. J. and Smith, A. B. (2012). Resolving
phylogenetic signal from noise when divergence is rapid: a new look at the old
problem of echinoderm class relationships. Mol. Phylogenet. Evol. 62, 27-34. 

Plattner, H. (2014). Calcium regulation in the protozoan model, Paramecium
tetraurelia. J. Eukaryot. Microbiol. 61, 95-114. 

Plugge, B., Gazzarrini, S., Nelson, M., Cerana, R., Van Etten, J. L., Derst, C.,
DiFrancesco, D., Moroni, A. and Thiel, G. (2000). A potassium channel protein
encoded by chlorella virus PBCV-1. Science 287, 1641-1644. 

Pongs, O., Kecskemethy, N., Müller, R., Krah-Jentgens, I., Baumann, A., Kiltz, H.
H., Canal, I., Llamazares, S. and Ferrus, A. (1988). Shaker encodes a family of
putative potassium channel proteins in the nervous system of Drosophila. EMBO J.
7, 1087-1096.

Pongs, O., Leicher, T., Berger, M., Roeper, J., Bähring, R., Wray, D., Giese, K. P.,
Silva, A. J. and Storm, J. F. (1999). Functional and molecular aspects of voltage-
gated K+ channel beta subunits. Ann. N. Y. Acad. Sci. 868, 344-355. 

Putnam, N. H., Srivastava, M., Hellsten, U., Dirks, B., Chapman, J., Salamov, A.,
Terry, A., Shapiro, H., Lindquist, E., Kapitonov, V. V. et al. (2007). Sea anemone
genome reveals ancestral eumetazoan gene repertoire and genomic organization.
Science 317, 86-94. 

Ramsey, I. S., Moran, M. M., Chong, J. A. and Clapham, D. E. (2006). A voltage-
gated proton-selective channel lacking the pore domain. Nature 440, 1213-1216. 

Ren, D., Navarro, B., Xu, H., Yue, L., Shi, Q. and Clapham, D. E. (2001). A
prokaryotic voltage-gated sodium channel. Science 294, 2372-2375. 

Renfer, E., Amon-Hassenzahl, A., Steinmetz, P. R. and Technau, U. (2010). A
muscle-specific transgenic reporter line of the sea anemone, Nematostella
vectensis. Proc. Natl. Acad. Sci. USA 107, 104-108. 

Rettig, J., Heinemann, S. H., Wunder, F., Lorra, C., Parcej, D. N., Dolly, J. O. and
Pongs, O. (1994). Inactivation properties of voltage-gated K+ channels altered by
presence of beta-subunit. Nature 369, 289-294. 

Rohl, C. A., Boeckman, F. A., Baker, C., Scheuer, T., Catterall, W. A. and Klevit, R.
E. (1999). Solution structure of the sodium channel inactivation gate. Biochemistry
38, 855-861. 

Ryan, M. Y., Maloney, R., Reenan, R. and Horn, R. (2008). Characterization of five
RNA editing sites in Shab potassium channels. Channels 2, 202-209. 

Ryan, J. F., Pang, K., Schnitzler, C. E., Nguyen, A. D., Moreland, R. T., Simmons,
D. K., Koch, B. J., Francis, W. R., Havlak, P., Smith, S. A. et al.; NISC
Comparative Sequencing Program (2013). The genome of the ctenophore
Mnemiopsis leidyi and its implications for cell type evolution. Science 342, 1242592. 

Sand, R. M., Atherton, D. M., Spencer, A. N. and Gallin, W. J. (2011). jShaw1, a low-
threshold, fast-activating K(v)3 from the hydrozoan jellyfish Polyorchis penicillatus. J.
Exp. Biol. 214, 3124-3137. 

Sanger, F., Nicklen, S. and Coulson, A. R. (1977). DNA sequencing with chain-
terminating inhibitors. Proc. Natl. Acad. Sci. USA 74, 5463-5467. 

Santos, J. S., Lundby, A., Zazueta, C. and Montal, M. (2006). Molecular template for
a voltage sensor in a novel K+ channel. I. Identification and functional
characterization of KvLm, a voltage-gated K+ channel from Listeria monocytogenes.
J. Gen. Physiol. 128, 283-292. 

Sasaki, M., Takagi, M. and Okamura, Y. (2006). A voltage sensor-domain protein is a
voltage-gated proton channel. Science 312, 589-592. 

Schierwater, B., Eitel, M., Jakob, W., Osigus, H. J., Hadrys, H., Dellaporta, S. L.,
Kolokotronis, S. O. and Desalle, R. (2009). Concatenated analysis sheds light on
early metazoan evolution and fuels a modern ‘urmetazoon’ hypothesis. PLoS Biol. 7,
e20. 

Schlief, T., Schönherr, R., Imoto, K. and Heinemann, S. H. (1996). Pore properties
of rat brain II sodium channels mutated in the selectivity filter domain. Eur. Biophys.
J. 25, 75-91. 

Schrempf, H., Schmidt, O., Kümmerlen, R., Hinnah, S., Müller, D., Betzler, M.,
Steinkamp, T. and Wagner, R. (1995). A prokaryotic potassium ion channel with two
predicted transmembrane segments from Streptomyces lividans. EMBO J. 14, 5170-
5178.

Schumacher, M. A., Rivard, A. F., Bächinger, H. P. and Adelman, J. P. (2001).
Structure of the gating domain of a Ca2+-activated K+ channel complexed with
Ca2+/calmodulin. Nature 410, 1120-1124. 

Schwarz, T. L., Tempel, B. L., Papazian, D. M., Jan, Y. N. and Jan, L. Y. (1988).
Multiple potassium-channel components are produced by alternative splicing at the
Shaker locus in Drosophila. Nature 331, 137-142. 

Sebé-Pedrós, A., de Mendoza, A., Lang, B. F., Degnan, B. M. and Ruiz-Trillo, I.
(2011). Unexpected repertoire of metazoan transcription factors in the unicellular
holozoan Capsaspora owczarzaki. Mol. Biol. Evol. 28, 1241-1254. 

Sebé-Pedrós, A., Zheng, Y., Ruiz-Trillo, I. and Pan, D. (2012). Premetazoan origin of
the hippo signaling pathway. Cell Reports 1, 13-20. 

Sheets, M. F., Kyle, J. W., Kallen, R. G. and Hanck, D. A. (1999). The Na channel
voltage sensor associated with inactivation is localized to the external charged
residues of domain IV, S4. Biophys. J. 77, 747-757. 

Shen, N. V. and Pfaffinger, P. J. (1995). Molecular recognition and assembly
sequences involved in the subfamily-specific assembly of voltage-gated K+ channel
subunit proteins. Neuron 14, 625-633. 

Simms, B. A. and Zamponi, G. W. (2014). Neuronal voltage-gated calcium channels:
structure, function, and dysfunction. Neuron 82, 24-45. 

Smith, S. A., Wilson, N. G., Goetz, F. E., Feehery, C., Andrade, S. C., Rouse, G. W.,
Giribet, G. and Dunn, C. W. (2011). Resolving the evolutionary relationships of
molluscs with phylogenomic tools. Nature 480, 364-367. 

Smith, C. L., Varoqueaux, F., Kittelmann, M., Azzam, R. N., Cooper, B., Winters, C.
A., Eitel, M., Fasshauer, D. and Reese, T. S. (2014). Novel cell types,
neurosecretory cells, and body plan of the early-diverging metazoan Trichoplax
adhaerens. Curr. Biol. 24, 1565-1572. 

Sodergren, E., Weinstock, G. M., Davidson, E. H., Cameron, R. A., Gibbs, R. A.,
Angerer, R. C., Angerer, L. M., Arnone, M. I., Burgess, D. R., Burke, R. D. et al.;
Sea Urchin Genome Sequencing Consortium (2006). The genome of the sea
urchin Strongylocentrotus purpuratus. Science 314, 941-952. 

Song, W., Liu, Z., Tan, J., Nomura, Y. and Dong, K. (2004). RNA editing generates
tissue-specific sodium channels with distinct gating properties. J. Biol. Chem. 279,
32554-32561. 

Spafford, J., Grigoriev, N. and Spencer, A. (1996). Pharmacological properties of
voltage-gated Na+ currents in motor neurones from a hydrozoan jellyfish Polyorchis
penicillatus. J. Exp. Biol. 199, 941-948.

Spafford, J. D., Spencer, A. N. and Gallin, W. J. (1998). A putative voltage-gated
sodium channel alpha subunit (PpSCN1) from the hydrozoan jellyfish, Polyorchis
penicillatus: structural comparisons and evolutionary considerations. Biochem.
Biophys. Res. Commun. 244, 772-780. 

Srivastava, M., Simakov, O., Chapman, J., Fahey, B., Gauthier, M. E., Mitros, T.,
Richards, G. S., Conaco, C., Dacre, M., Hellsten, U. et al. (2010). The
Amphimedon queenslandica genome and the evolution of animal complexity. Nature
466, 720-726. 

Strong, M., Chandy, K. G. and Gutman, G. A. (1993). Molecular evolution of voltage-
sensitive ion channel genes: on the origins of electrical excitability. Mol. Biol. Evol.
10, 221-242.

Stühmer, W., Conti, F., Suzuki, H., Wang, X. D., Noda, M., Yahagi, N., Kubo, H. and
Numa, S. (1989). Structural parts involved in activation and inactivation of the
sodium channel. Nature 339, 597-603. 

Swayne, L. A., Mezghrani, A., Varrault, A., Chemin, J., Bertrand, G., Dalle, S.,
Bourinet, E., Lory, P., Miller, R. J., Nargeot, J. et al. (2009). The NALCN ion
channel is activated by M3 muscarinic receptors in a pancreatic beta-cell line. EMBO
Rep. 10, 873-880. 

Tan, J., Liu, Z., Nomura, Y., Goldin, A. L. and Dong, K. (2002). Alternative splicing of
an insect sodium channel gene generates pharmacologically distinct sodium
channels. J. Neurosci. 22, 5300-5309.

Tanabe, T., Takeshima, H., Mikami, A., Flockerzi, V., Takahashi, H., Kangawa,
K., Kojima, M., Matsuo, H., Hirose, T. and Numa, S. (1987). Primary structure of
the receptor for calcium channel blockers from skeletal muscle. Nature 328, 313-
318. 

Tang, S., Mikala, G., Bahinski, A., Yatani, A., Varadi, G. and Schwartz, A. (1993).
Molecular localization of ion selectivity sites within the pore of a human L-type
cardiac calcium channel. J. Biol. Chem. 268, 13026-13029.

Technau, U. and Steele, R. E. (2011). Evolutionary crossroads in developmental
biology: Cnidaria. Development 138, 1447-1458. 

Thackeray, J. R. and Ganetzky, B. (1994). Developmentally regulated alternative
splicing generates a complex array of Drosophila para sodium channel isoforms. J.
Neurosci. 14, 2569-2578.

Timpe, L. C., Jan, Y. N. and Jan, L. Y. (1988). Four cDNA clones from the Shaker
locus of Drosophila induce kinetically distinct A-type potassium currents in Xenopus
oocytes. Neuron 1, 659-667. 

Tompkins-MacDonald, G. J., Gallin, W. J., Sakarya, O., Degnan, B., Leys, S. P. and
Boland, L. M. (2009). Expression of a poriferan potassium channel: insights into the
evolution of ion channels in metazoans. J. Exp. Biol. 212, 761-767. 

Vardi, A., Formiggini, F., Casotti, R., De Martino, A., Ribalet, F., Miralto, A. and
Bowler, C. (2006). A stress surveillance system based on calcium and nitric oxide in
marine diatoms. PLoS Biol. 4, e60. 

Vassilev, P. M., Scheuer, T. and Catterall, W. A. (1988). Identification of an
intracellular peptide segment involved in sodium channel inactivation. Science 241,
1658-1661. 

Verret, F., Wheeler, G., Taylor, A. R., Farnham, G. and Brownlee, C. (2010). Calcium
channels in photosynthetic eukaryotes: implications for evolution of calcium-based
signalling. New Phytol. 187, 23-43. 

von Dassow, P. and Latz, M. I. (2002). The role of Ca2+ in stimulated bioluminescence
of the dinoflagellate Lingulodinium polyedrum. J. Exp. Biol. 205, 2971-2986.

Wakabayashi, K., Ide, T. and Kamiya, R. (2009). Calcium-dependent flagellar motility
activation in Chlamydomonas reinhardtii in response to mechanical agitation. Cell
Motil. Cytoskeleton 66, 736-742. 

Wei, A., Covarrubias, M., Butler, A., Baker, K., Pak, M. and Salkoff, L. (1990). K+

current diversity is produced by an extended gene family conserved in Drosophila
and mouse. Science 248, 599-603. 

West, J. W., Patton, D. E., Scheuer, T., Wang, Y., Goldin, A. L. and Catterall, W. A.
(1992). A cluster of hydrophobic amino acid residues required for fast Na+-channel
inactivation. Proc. Natl. Acad. Sci. USA 89, 10910-10914. 

Whorton, M. R. and MacKinnon, R. (2011). Crystal structure of the mammalian
GIRK2 K+ channel and gating regulation by G proteins, PIP2, and sodium. Cell 147,
199-208. 

Widmark, J., Sundström, G., Ocampo Daza, D. and Larhammar, D. (2011).
Differential evolution of voltage-gated sodium channels in tetrapods and teleost
fishes. Mol. Biol. Evol. 28, 859-871. 



Th
e 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

525

REVIEW The Journal of Experimental Biology (2015) doi:10.1242/jeb.110270

Wittlieb, J., Khalturin, K., Lohmann, J. U., Anton-Erxleben, F. and Bosch, T. C.
(2006). Transgenic Hydra allow in vivo tracking of individual stem cells during
morphogenesis. Proc. Natl. Acad. Sci. USA 103, 6208-6211. 

Woese, C. R., Kandler, O. and Wheelis, M. L. (1990). Towards a natural system of
organisms: proposal for the domains Archaea, Bacteria, and Eucarya. Proc. Natl.
Acad. Sci. USA 87, 4576-4579. 

Xia, X. M., Fakler, B., Rivard, A., Wayman, G., Johnson-Pais, T., Keen, J. E., Ishii,
T., Hirschberg, B., Bond, C. T., Lutsenko, S. et al. (1998). Mechanism of calcium
gating in small-conductance calcium-activated potassium channels. Nature 395,
503-507. 

Xia, X. M., Zeng, X. and Lingle, C. J. (2002). Multiple regulatory sites in large-
conductance calcium-activated potassium channels. Nature 418, 880-884. 

Xu, J., Yu, W., Jan, Y. N., Jan, L. Y. and Li, M. (1995). Assembly of voltage-gated
potassium channels. Conserved hydrophilic motifs determine subfamily-specific
interactions between the alpha-subunits. J. Biol. Chem. 270, 24761-24768. 

Yang, N., George, A. L., Jr and Horn, R. (1996). Molecular basis of charge movement
in voltage-gated sodium channels. Neuron 16, 113-122. 

Yool, A. J. and Schwarz, T. L. (1991). Alteration of ionic selectivity of a K+ channel by
mutation of the H5 region. Nature 349, 700-704. 

Young, S. L., Diolaiti, D., Conacci-Sorrell, M., Ruiz-Trillo, I., Eisenman, R. N. and
King, N. (2011). Premetazoan ancestry of the Myc-Max network. Mol. Biol. Evol. 28,
2961-2971. 

Yu, F. H. and Catterall, W. A. (2004). The VGL-chanome: a protein superfamily
specialized for electrical signaling and ionic homeostasis. Sci. STKE 2004, re15.

Yue, L., Navarro, B., Ren, D., Ramos, A. and Clapham, D. E. (2002). The cation
selectivity filter of the bacterial sodium channel, NaChBac. J. Gen. Physiol. 120, 845-
853. 

Zagotta, W. N., Hoshi, T. and Aldrich, R. W. (1990). Restoration of inactivation in
mutants of Shaker potassium channels by a peptide derived from ShB. Science 250,
568-571. 

Zagotta, W. N., Olivier, N. B., Black, K. D., Young, E. C., Olson, R. and Gouaux, E.
(2003). Structural basis for modulation and agonist specificity of HCN pacemaker
channels. Nature 425, 200-205. 

Zakon, H. H., Jost, M. C. and Lu, Y. (2011). Expansion of voltage-dependent Na+

channel gene family in early tetrapods coincided with the emergence of terrestriality
and increased brain complexity. Mol. Biol. Evol. 28, 1415-1424. 

Zhang, T., Liu, Z., Song, W., Du, Y. and Dong, K. (2011). Molecular characterization and
functional expression of the DSC1 channel. Insect Biochem. Mol. Biol. 41, 451-458. 

Zhang, T., Wang, Z., Wang, L., Luo, N., Jiang, L., Liu, Z., Wu, C. F. and Dong, K.
(2013). Role of the DSC1 channel in regulating neuronal excitability in Drosophila
melanogaster: extending nervous system stability under stress. PLoS Genet. 9,
e1003327. 

Zhou, X. L., Vaillant, B., Loukin, S. H., Kung, C. and Saimi, Y. (1995). YKC1
encodes the depolarization-activated K+ channel in the plasma membrane of yeast.
FEBS Lett. 373, 170-176. 

Zhou, W., Chung, I., Liu, Z., Goldin, A. L. and Dong, K. (2004). A voltage-gated
calcium-selective channel encoded by a sodium channel-like gene. Neuron 42, 101-
112. 


	Introduction: the superfamily of voltage-gated ion channels
	Fig./1. Schematic
	The evolution of animals and the genomic revolution
	Fig./2. Animal
	Voltage-gated potassium channels: a diverse and ancient family
	Voltage-gated calcium channels: a widely, yet sparsely, distributed channel family
	Fig./3. Sequence
	The multiple evolutionary routes to voltage-gated sodium channels
	Fig./4. Phylogeny
	Open questions, challenges and future directions

