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ABSTRACT

We examined the evolutionary origins of the ether-a-go-go (EAG)
family of voltage-gated K* channels, which have a strong influence
on the excitability of neurons. The bilaterian EAG family comprises
three gene subfamilies (Eag, Erg and Elk) distinguished by sequence
conservation and functional properties. Searches of genome
sequence indicate that EAG channels are metazoan specific,
appearing first in ctenophores. However, phylogenetic analysis
including two EAG family channels from the ctenophore Mnemiopsis
leidyi indicates that the diversification of the Eag, Erg and Elk gene
subfamilies occurred in a cnidarian/bilaterian ancestor after
divergence from ctenophores. Erg channel function is highly
conserved between cnidarians and mammals. Here we show that
Eag and Elk channels from the sea anemone Nematostella vectensis
(NvEag and NvEIk) also share high functional conservation with
mammalian channels. NvEag, like bilaterian Eag channels, has rapid
kinetics, whereas NVEIk activates at extremely hyperpolarized
voltages, which is characteristic of Elk channels. Potent inhibition of
voltage activation by extracellular protons is conserved between
mammalian and Nematostella EAG channels. However, characteristic
inhibition of voltage activation by Mg?* in Eag channels and Ca?* in
Erg channels is reduced in Nematostella because of mutation of a
highly conserved aspartate residue in the voltage sensor. This
mutation may preserve sub-threshold activation of Nematostella Eag
and Erg channels in a high divalent cation environment. mRNA in situ
hybridization of EAG channels in Nematostella suggests that they are
differentially expressed in distinct cell types. Most notable is the
expression of NvEag in cnidocytes, a cnidarian-specific stinging cell
thought to be a neuronal subtype.

KEY WORDS: Ether-a-go-go, Potassium channel, Nematostella,
Mnemiopsis

INTRODUCTION

Sub-threshold voltage-gated K* channels have a strong influence on
neuronal excitability because they prevent small stimuli from
eliciting action potentials. Inward currents produced by excitatory
stimuli must overcome outward K* flux through these channels to
effectively excite a neuron. Therefore, the responsiveness of a
neuron to incoming stimuli can be tuned by regulation of sub-
threshold K* conductance. Ether-a-go-go (EAG) family K* channels
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make significant contributions to sub-threshold K™ currents in
mammalian neurons, but their specific physiological roles are not
yet fully understood. Genetic deletion or pharmacological block of
various EAG family channels demonstrates that they have
significant influence on excitation threshold. For instance, knockout
of the EAG family K" channel Kv12.2 in mice reduces sub-
threshold K" current and lowers action potential threshold in
hippocampal pyramidal neurons (Zhang et al., 2010). Both knockout
of Kv12.2 (EIk2) in mice and a gain-of-function mutation in Kv10.2
(Eag?) in humans cause seizures (Yang et al., 2013; Zhang et al.,
2010), and knockout of Eagl/ in mouse causes generalized
hyperexcitability (Ufartes et al., 2013). Similarly, pharmacologic
block of Erg (Eag-related gene) channels enhances the excitability
of neurons in several brain regions (Hardman and Forsythe, 2009;
Hirdes et al., 2009; Hirdes et al., 2005; Ji et al., 2012; Niculescu et
al., 2013). A role for Eag and Erg channels in the regulation of
neuromuscular excitation appears conserved in Drosophila and
Caenorhabditis elegans (Collins and Koelle, 2013; Garcia and
Sternberg, 2003; LeBoeuf and Garcia, 2012; Srinivasan et al., 2012;
Titus et al., 1997), but the function of Elk (Eag-like K* channel) has
not yet been examined in invertebrate model systems.

EAG family channels have a unique subunit structure consisting
of a cytoplasmic eag domain with Per—Arnt—Sim domain homology
(PAS) at the N-terminus, a typical six-transmembrane domain
voltage-gated K* channel core, followed by a cytoplasmic gating
domain homologous to cyclic-nucleotide binding domains
(CNBHDs) (Ganetzky et al., 1999; Morais Cabral et al., 1998). The
eag domain and CNBHD both regulate channel kinetics (Gianulis et
al., 2013; Gustina and Trudeau, 2013; Haitin et al., 2013; London et
al., 1997; Morais Cabral et al., 1998), but the mechanisms are not
fully understood. For instance, cyclic nucleotides are not ligands for
the CNBHD of EAG channels (Brelidze et al., 2009; Brelidze et al.,
2012). The EAG gene family is comprised of three separate
subfamilies classified by high intra-family sequence conservation:
Eag, Erg and Elk (Ganetzky et al., 1999; Jegla et al., 2009). Each
subfamily is present in vertebrates and protostome invertebrates, and
members of each family have been identified in the genome of the
starlet sea anemone Nematostella vectensis (Jegla et al., 2009;
Martinson et al., 2014; Putnam et al., 2007), pointing to an origin
prior to the cnidarian—bilaterian divergence.

Each subfamily has distinctive functional properties, suggesting
that they evolved to serve separate physiological roles. Evidence that
the Eag, Elk and Erg subfamilies are functionally independent
includes the finding that although voltage-gated K* channels are
tetrameric, co-assembly of subunits from distinct subfamilies does
not occur (Wimmers et al., 2001; Zou et al., 2003). We have
previously expressed Nematostella (sea anemone) Erg channel
paralogs and demonstrated that an inactivating I,-like phenotype of
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mammalian Erg channels is the likely functional phenotype of Erg
channels in the cnidarian—bilaterian ancestor (Martinson et al.,
2014). Erg channels are specialized for delayed repolarization of
broad action potentials and/or regulation of excitation threshold
(Garcia and Sternberg, 2003; LeBoeuf and Garcia, 2012; Martinson
et al., 2014; Sanguinetti and Tristani-Firouzi, 2006; Titus et al.,
1997). Mammalian Ergl plays a critical role in the repolarization of
cardiac action potential plateaus and loss-of-function mutations in
humans are a significant cause of long QT syndrome, which is
characterized by delayed repolarization of cardiac action potential
(Sanguinetti and Tristani-Firouzi, 2006).

The function of Eag and Elk subfamily channels has not been
examined outside the bilaterian lineage, so the functional evolution
of these subfamilies is less well understood. Bilaterian Eag channels
display comparatively rapid gating and a pronounced Mg>"
sensitivity of activation kinetics (Terlau et al., 1996). Mg**
sensitivity of Eag channels is primarily conferred by acidic residues
in the voltage sensor (Silverman et al., 2000) that are unique to the
EAG family of K channels, but are shared with hyperpolarization-
gated cation channels (HCNs) and cyclic-nucleotide-gated cation
channels (CNGs). Erg channel kinetics are sensitive to both Mg?*
and Ca’>" (Fernandez et al., 2005; Jo et al., 1999), whereas Elk
channels are insensitive to these ions, but are inhibited by Zn?"
(Zhang et al., 2009). Protons inhibit voltage-dependent activation of
all EAG family channels examined so far through protonation of
these same EAG family acidic residues (Kazmierczak et al., 2013)
and compete with divalent cations for the binding site (Kazmierczak
et al., 2013; Terlau et al., 1996). Only vertebrate Elk channels have
been expressed to date; they share a hyperpolarized activation
threshold but variable inactivation, making the ancestral gating
phenotype less clear (Engeland et al., 1998; Trudeau et al., 1999;
Zou et al., 2003).

In this study, we examine the functional evolution of Eag and Elk
channels by characterization of the currents produced by cloned and
expressed Nematostella Eag and Elk channels. We used the
diagnostic subunit structure and sequence conservation patterns to
identify and classify EAG family channels in early branching
metazoan lineages. Examination of metazoan and choanoflagellate
genomes and phylogenetic analysis suggests that the EAG family is
metazoan-specific and that the Eag, Elk and Erg channels first
evolved in a common ancestor of cnidarians, placozoans and
bilaterians, after the split from ctenophores and sponges. We found
that the biophysical properties of Eag and Elk currents, like Erg, are
conserved between Nematostella and bilaterians suggesting
conservation of function. Expression patterns of EAG family
members in Nematostella are diverse, indicating that the channels
are important to a wide variety of physiological processes. These
results suggest that the functional diversification of sub-threshold
EAG family K* channels continued after the evolution of the first
nervous systems, but was largely complete before the
cnidarian—bilaterian divergence.

RESULTS

Phylogenetic analysis of the EAG family

In order to reconstruct the evolution of the EAG family, we sought
to identify putative EAG family members in phylogenetically
informative extant taxa and use those sequences to build a
phylogeny of the EAG gene family. We first used a BLAST search
strategy to look for Eag, Elk and Erg subfamily channels in genome
drafts and gene annotations from cnidarians (Nematostella vectensis)
(Putnam et al., 2007), placozoans (Trichoplax adhaerens)
(Srivastava et al., 2008), ctenophores (Mnemiopsis leidyi) (Ryan et

al., 2013) and sponges (Amphimedon queenslandica) (Srivastava et
al., 2010). We also searched for EAG family members in the
choanoflagellates Monosiga brevicollis and Salpingoeca rosetta,
because choanoflagellates are believed to be the most closely related
outgroup to the metazoans (Fairclough et al., 2013; King et al.,
2008). We previously used this strategy to identify five Erg family
channels from Nematostella and two Erg family channels from
Trichoplax (Martinson et al., 2014). Most EAG family channels
were readily identified by the presence of the unique combination
of the eag domain, a voltage-gated K* channel core and CNBHD.
Furthermore, EAG family channels from these species had
significantly higher sequence similarity to confirmed bilaterian EAG
family channels than any other proteins in reciprocal BLAST
searches. Some Erg channels in Nematostella have lost the eag
domain, but could still be readily identified by specifically high
sequence similarity to bilaterian Erg channels (Martinson et al.,
2014). We identified two putative divergent EAG channels in the
ctenophore Mnemiopsis leidyi and putative Elk and Eag subfamily
channels in both Nematostella and Trichoplax, but did not find EAG
family channels in sponge or choanoflagellates by subunit structure
or sequence homology. We verified the Nematostella and
Mnemiopsis channels by cloning of full-length open reading frames
from cDNA samples. Coding sequences, amino acid translations and
GenBank accession numbers are provided in supplementary material
Table S1. We built a Bayesian inference phylogeny of metazoan
EAG family proteins, including the sequences from Nematostella,
Trichoplax and Mnemiopsis (Fig. 1). We found that our putative
Nematostella and Trichoplax Eag and Elk family members group
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Fig. 1. Phylogeny of the metazoan EAG K* channel family. A Bayesian
inference phylogeny of the EAG K* channel family including sequences from
bilaterians (black), cnidarians (green), placozoans (blue) and ctenophores
(red). The phylogeny is midpoint rooted for display and the Eag, Elk and Erg
family branches are labeled and differentially shaded. Ctenophore EAG
channels branch separately from the Eag, Elk and Erg subfamilies, whereas
cnidarian and placozoan EAG channels are placed within the subfamilies.
The scale bar indicates substitutions/site and node posterior probabilities of
less than 1 are indicated. Most nodes had a posterior probability of 1,
indicating a strong support for the phylogeny. All sequences used in the
phylogeny are provided in supplementary material Table S2, with database
links to sequence resources. Species prefixes are as follows: Ag, Anopheles
gambiae (mosquito); Cb, Caenorhabditis briggsae (nematode); Ce,
Caenorhabditis elegans (nematode); Dm, Drosophila melanogaster (fruit fly);
Hs, Homo sapiens (human); MI, Mnemiopsis leidyi (ctenophore); Mm, Mus
musculus (mouse); Nv, Nematostella vectensis (sea anemone); Ta,
Trichoplax adhaerens (placozoan).
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strongly within each of these subfamilies (Fig.1). The two
Mnemiopsis EAG genes form an out-group to the Eag, Elk and Erg
subfamilies (Fig. 1, red branch). We next searched an additional
ctenophore genome, Pleurobrachia bachei (Moroz et al., 2014), and
five diverse ctenophore transcriptomes, including Mnemiopsis and
Pleurobrachia (Moroz et al., 2014; Ryan et al., 2013) with
bilaterian, cnidarian and Mnemiopsis EAG family channels. Each
contained fragments of highly conserved specific orthologs of the
two Mnemiopsis EAG channels, but we found no evidence for the
existence of other EAG family channels (data not shown).
Furthermore, we found no evidence for EAG family genes in
identical BLAST searches of eight diverse sponge transcriptomes
(Riesgo et al., 2014). Because we found no EAG genes encoded in
the choanoflagellate genome and the EAG genes that appear to
predate the Eag, Erg and Elk subfamilies in the ctenophores, we
suggest that the EAG family evolved specifically in the metazoans
prior to divergence of ctenophores. Our data also strongly suggest
that diversification of the Eag, Erg and Elk subfamilies occurred
after the emergence of sponges and ctenophores, but prior to the
divergence of placozoans, cnidarians and bilaterians.

Analyzing mRNA expression patterns for EAG genes in
Nematostella vectensis

To determine which cell types might express EAG family members
in non-bilaterian animals we performed mRNA in situ hybridization
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NvEag

Tent.
JuVenile Polyp

Planula

NVEIKk

Planula

NvErg1

NvErg2

against the Nematostella EAG family genes NvEag, NvElk, NvErgl]
and NvErg2 (Fig. 2). NvEag expression was first detected in a salt
and pepper pattern within the ectoderm of the planula larva (Fig. 2A,
arrowheads). Ectodermal salt and pepper patterns in Nematostella
larva probably represent expression in neurons, gland cells or
cnidocytes (cnidarian-specific ‘stinging’ cells). The cnidocysts (the
harpoon-containing capsules of cnidocytes) are readily visible under
DIC optics. We always observed NvEag expression in a pattern that
is in direct contact with the cnidocyte capsule (Fig. 2A’, arrowheads)
suggesting that NvEag is expressed specifically in cnidocytes.
Expression adjacent to cnidocysts was found throughout larval and
polyp stages (Fig. 2A-D). We detected NvEag in the cnidocyte-rich
tentacle tips (Fig. 2B,C) in the body column (Fig. 2B) and adjacent
to cnidocytes in ectoderm at the aboral end of juvenile polyps
(Fig. 2D, arrowheads). Not all cnidocysts were associated with
NvEag expression, suggesting the channel may not be expressed in
all three types of cnidocytes identified in Nematostella (Zenkert et
al., 2011), that NvEag expression in some cnidocytes is too low to
detect by mRNA in situ hybridization or that NvEag is most strongly
expressed in a distinct temporal window of cnidocyte development,
as described for other cnidocyte-specific genes (Zenkert el al.,
2011).

Expression of NvElk was not observed until polyp stages
(Fig. 2E-G). Expression was highly concentrated in the tentacles,
tentacle tips and head regions (Fig. 2F,G). If development of the

~Juvenile Polyp

Fig. 2. In situ hybridization analysis of Nematostella EAG family channel expression patterns. (A-D) NvEag expression is expressed in an ectodermal
salt-and-pepper pattern in planula larva (A). Staining is adjacent to the cnidocyst capsules of the cnidocyte stinging cells (arrowheads, A'). NvEag expression is
detected into juvenile polyps along the entire body axis, but is highly concentrated in the tentacle tips (B). Magnification of the tentacle tips reveals that NvEag
staining in tentacles is also associated with cnidocyst capsules (C). Magnification of the polyp body wall shows that cnidocyst-associated expression is
ectodermal (D, arrowheads). (E-G) NvEIk expression is absent in planulae and during the early stages of polyp formation (E), but is elevated to high levels in
polyp tentacles (F,G) and around the oral region (G). Some cells in the polyp body wall ectoderm also express NvEIk (red arrows, G). (H-J) NvErg1 expression
begins as punctae in the endoderm of planulae (H) and transitions to diffuse endodermal staining in polyps. (I,J) NvErg2 is expressed in a salt-and-pepper
pattern in the ectoderm (red arrow) and endoderm (black arrow) of planula larva (K). Salt-and-pepper expression persists in endoderm (black arrow) and
ectoderm (red arrow) through tentacle bud stage (L,L'). Expression appears slightly more concentrated around the mesentery structures (L). At juvenile polyp
stages, punctate NvErg2 remains in the ectoderm, whereas endodermal expression becomes ubiquitous with individual cells enriched for NvErg2 (M). All
images are lateral views with oral to the left and aboral to the right. Structures indicated are: tentacles (Tent.), endoderm (En), ectoderm (Ec) and mesenteries

(Me). Scale bars: 100 ym (A,B,E-L,M); 10 um (A',C,D,L").
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Fig. 3. Comparison of NvEag and
A NvEag 1 pA MmEagt 5puA B 1.04 = NvEag MmEag1 voltage-activation properties.
300 ms ( 300 ms “| = MmEag? (A) NvEag and MmEag1 current traces at
pH 7 elicited by 1 s voltage steps from
K =100 mV to 40 mV (in 20 mV increments)
| L‘,)E 0.5 from a holding voltage of =100 mV.
0] (B) Normalized G-V curves for NvEag and
]
MmEag1 at pH 7. Error bars show s.e.m.
- (n=6-11) and smooth curves show fits with
40 mV 04 a single Boltzmann distribution
—40 mV 100 80 —20 20 6o (parametersin Table 1).
-100 mV Voltage (mV)

mRNA probe was allowed to continue, it became clear that
individual ectodermal cells in the body column express NvElk
(Fig. 2G, red arrows). These cells are found distributed more or less
equally along the oral aboral axis and we did not observe any
obvious correlation between cnidocyte capsules and NvElk
expression. Currently, we are not able to definitively identify NvE/k-
positive cell types and a more detailed examination will be required
to determine the relationship between NvEIk expression and cell
types within the tentacles. We conclude that NvEIk is expressed in a
subset of ectodermal cells throughout the body column of
Nematostella polyps and a subset of cells in both the ectoderm and
endoderm of the polyp tentacles.

We next analyzed mRNA expression of the two Nematostella erg
genes. NvErgl staining is first detected in a punctate pattern in the
planula (Fig. 2H). The number of cells and distribution of cells
beginning to express NvErgl varies between individuals during
planula stages. However, by juvenile polyp stages, the expression
appears ubiquitous in the endodermal tissue (Fig. 21,J). Thus, it is
unclear whether all, or just the majority, of endodermal cells express
NvErgl. Expression of NvErg2 mRNA in the planula also is
detected in a punctate pattern, but cells can be observed in both the
endoderm and ectoderm (Fig.2K, black and red arrows,
respectively). The punctate salt-and-pepper expression persists in
both endodermal and ectodermal tissues throughout the tentacle bud
and juvenile polyp stages (Fig. 2L,M). We noticed that expression
was enriched around the mesentery structures, where myoepithelial
cells and neurons are concentrated, but we cannot confirm the
identity of NvErg2-positive cells at this time. Many animals had
ubiquitous endodermal expression in juvenile polyps, with a

punctate distribution of cells enriched for NvErg2 in the endoderm,
as well as maintained expression of NvErg?2 in individual cells in the
ectoderm (Fig. 2M). The overlap in expression between NvErg! and
NvErg?2 raises the possibility that some cells express heteromeric
Erg channels. These initial studies show diverse expression patterns
for EAG family channels in Nematostella, but more detailed studies
will be needed to determine cell-type-specific expression.

Functional analysis of NvEag and NvEIlk

We functionally expressed NvEag and NvEIk channels in Xenopus
oocytes in order to better understand the functional evolution of the
Eag and Elk gene subfamilies. Outward K currents from voltage-
clamped oocytes expressing NvEag or mouse Eagl (MmEagl,
Kv10.1) are compared in Fig. 3A. The currents have similar fast
activation and deactivation kinetics, lack inactivation and have
almost superimposable voltage activation (G—F) curves which show
substantial channel activity at typical sub-threshold voltage ranges
(Fig. 3B). V5 and slope values for the single Boltzmann distribution
fits of the voltage-activation data shown in Fig. 3B are reported in
Table 1. These results suggest that the channels could play similar
physiological roles in vivo, and extend our previous finding that Erg
channel function is highly conserved between cnidarians and
bilaterians (Martinson et al., 2014).

We next examined the Mg?" dependence of voltage activation
because activation of bilaterian Eag channels is significantly slowed
by extracellular Mg?" (Terlau et al., 1996), which binds to a site
formed in part by the two solvent-accessible EAG family acidic
residues in the outer voltage sensor (Fig. 4A,B) (Silverman et al.,
2000). We reasoned that if NvEag was similarly inhibited by low

Table 1. Boltzmann fit parameters from voltage-activation curves of EAG channels

pH 6 pH7 pH 8
Channel Cation concentration n V50 (MV) s Vo (MV) s V50 (MV) s
NvEag 0 mmol I'* Mg?* 8 2.0+1.3 12.9+0.5 -23.9+1.3 13.4£0.5 -37.8+1.7 14.0+£0.6
5mmol I”! Mg?* 1 8.2+0.9 14.3+0.6 -14.8+0.9 11.7£0.3 -23.611.1 11.8+0.5
NvEag G302D 0 mmol I'* Mg?* 1 4.4+1.6 13.7£0.4 -32.4+0.9 11.810.4 -44.4+1.1 13.11£0.3
5mmol I" Mg?* 8 9.7+1.1 12.6+£0.4 2417 14.8+£0.5 2.01.4 16.1+£0.6
MmEag1 0 mmol I'" Mg?* 6,11,8 14.9+0.9 20.3+1.1 -22.5+1.8 16.2+0.5 -49.2+2.3 14.4+1.3
5mmol I" Mg?* 7 23.8+2.4 19.7+0.8 -6.9+2.4 15.3+0.4 -17.5¢1.7 13.6+0.5
NvErg1 0.1 mmol I”' Ca®* 9,12,11 -25.8+1.6 11.0+0.2 -59.9+0.8 9.8+0.3 -87.2+1.5 11.6+0.2
1 mmol I'" Ca?*/Mg?* 7,15,7 -18.0£2.0 11.3£0.3 -45.6+0.8 11.1£0.4 -55.3+1.4 11.1£1.5
NvErg1 E478D 0.1 mmol I”' Ca®* 8,11,7 -41.9+1.3 17.1+0.6 -64.7+0.6 9.7+0.3 -75.5+1.0 6.8+0.2
1 mmol I'" Ca?*/Mg?* 6,7,6 -40.0£2.5 12.7£1.2 -51.6+1.2 8.2+0.6 -52.4+1.1 7.1£0.2
NVEIk 1 mmol I"* Ca?*/Mg?* 6,8,6 -44.6+2.3 13.7£1.0 -101.9+1.9 25.0+1.5 -124.9+3.2 40.6+3.6
HsElk1 1 mmol I'" Ca®*/Mg?* 6 n.d. n.d. -54.9+0.9 13.4+0.2 n.d. n.d.
HsEIk3 1 mmol I"' Ca?*/Mg?* 12 n.d. n.d. -84.0+1.2 16.5+0.6 n.d. n.d.

n, number of measurements. Multiple values indicate the number of measurements at pH 6, pH 7 and pH 8, respectively

V50, half activation voltage of the Boltzmann distribution (mV); means + s.e.m.
s, slope factor of the Boltzmann distribution (mV); means + s.e.m.
n.d., not determined.
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Fig. 4. A distinct pattern of acidic side chains confers divalent cation
sensitivity to the EAG superfamily voltage sensors. (A) Schematic
diagram of an EAG channel family subunit with transmembrane domains
shown as rounded rectangles; cytoplasmic gating domains have been
omitted. The voltage sensor (four transmembrane domains on left) is
depicted with the S4 helix, which contains basic gating charges (blue circles)
in a down, or closed, position. Conserved acidic residues in the S2 and S3
transmembrane domains that are exposed to the extracellular solution in the
closed state are depicted with red circles. An acidic charge found in the
majority of voltage-gated ion channels is marked with an asterisk, and two
charges found only in EAG channels and their close relatives are marked
with arrows. The green circle indicates the approximate position of a closed
state binding site for divalent cations, which can inhibit activation of the
voltage sensor. (B) Amino acid alignment of the S2 and S3 transmembrane
domains sea anemone (Nv), ctenophore (Ml) and select mouse (Mm) EAG
family channels. Gene name is given at the left margin and amino acid
position is given at the right margin. The external acidic side chain positions
are marked with an asterisk or arrows as in A, and positions conserved in
more than half of the sequences are shaded in black or red (acidic side
chains). Nematostella and Mnemiopsis sequences do not have the
consensus Asp at the EAG S3 acidic site (cyan outline), a residue that is
important for divalent cation binding.

concentrations of Mg?", it might not be able to activate at sub-
threshold potentials in osmoconformers, such as cnidarians living in
sea water. However, we observed that NvEag has a Gly residue
instead of the bilaterian consensus Asp residue at the S3 EAG
charge position (Fig.4B). Neutralization of this charge in
Drosophila Eag eliminates Mg?" sensitivity (Silverman et al., 2000)
and the activation rate of NvEag was much less sensitive to
S5mmol I"' Mg?*" than was the activation rate of MmEagl
(Fig. 5A,C). We quantified the effect of Mg>" on voltage activation
by measuring the shift in V5, of a single Boltzmann distribution fit
to G-V data, as shown in Fig. 5B,D. Boltzmann fit parameters for
all data in Fig. 5 are reported in Table 1. Because protons compete
with divalent cations at the acidic residue binding site and also
inhibit the voltage activation of EAG superfamily channels
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Fig. 5. Mg?* sensitivity in voltage activation is greatly reduced in NvEag.
(A) Normalized current traces recorded in response to voltage steps to

+20 mV (from a holding potential of —100 mV) for NvEag in 0 mmol I"* Mg?*
(black) or 5mmol I”* Mg?* (red). (B) NvEag voltage-activation (G-V) curves at
pH 8 and pH 6 for NvEag in 0 mmol I”' Mg?* or 5 mmol I"' Mg?*. Curves show
fits with a single Boltzmann distribution (parameters in Table 1). Similar
analyses are shown for MmEag1 (C,D) and NvEag G302D (E,F). Scale bars
are given for time course in A,C and F. (G) Comparison of pH 8 to pH 6 Vg
shifts for NvEag, MmEag1 and NvEag G302D with and without 5 mmol I’
Mg?*. Shifts were calculated as the differences in average Vs, values at pH 8
and pH 6. (H) Comparison of 5 mmol I"" Mg?*-induced Vs shifts for NvEag,
MmEag1 and NvEag G302D at pH 8 and pH 6 calculated from comparison of
Vs values determined at 0 mmol I”' Mg?* and 5 mmol I”' Mg?*. Data points in
B,D,F-H are means * s.e.m. (n=6-11).

(Kazmierczak et al., 2013; Terlau et al., 1996), we examined the
shift in V5o caused by 5 mmol 1”! Mg?" at pH 8 to maximize Mg>"
sensitivity, and compared it with the Vs, shift caused by 5 mmol !
Mg?" at pH 6, where site-specific Mg?" sensitivity should be greatly
reduced (Fig. SH). At pH 8, 5 mmol I"' Mg?" caused a 31.6+2.8 mV
shift in the G-V curve of MmEagl, and the shift was significantly
reduced (P<0.001) to 8.942.5 mV at pH 6. For NvEag, the Vs, shift
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caused by 5 mmol I"! Mg?" was significantly reduced more than
twofold with respect to MmEag]1 to 14.3+2.0 mV at pH 8 (P<0.001),
but was not significantly different from the MmEag] shift at pH 6
(6.2£1.6 mV). These results indicate that NvEag has reduced Mg>*
sensitivity, which could facilitate activation of the channel at
physiologically relevant membrane potentials in the brackish water
in which Nematostella resides. We did not examine higher Mg?*
concentrations in order to avoid non-specific effects of surface
charge on our measurements.

Restoration of the S3 EAG-specific acidic residue in NvEag
(G302D) greatly enhanced Mg?" sensitivity (Fig. SE,F); the Vs, shift
caused by 5Smmoll™! Mg?" at pH 8 increased significantly
(P<0.001) to 46.4+1.8 mV, whereas it remained essentially
unchanged at pH 6 at 5.2+2.0 mV (Fig. 5H). NvEag retains high pH-
sensitivity of voltage activation, which is characteristic of EAG
family channels, despite the loss of the S3 EAG acidic residues that
contributes to the relevant proton binding site (Kazmierczak et al.,
2013). However, the shift in Vs, from pH 8 to pH 6 at 0 mmol 1!
Mg?" (39.9£2.1 mV) was significantly smaller (P<0.001) than that
observed for MmEag] (64.0+2.4 mV; Fig. 5G), and the shift had
relatively low Mg?" sensitivity: 5 mmol 1! Mg?* only reduced the
pH 8—pH 6 Vs shift to 31.7+1.4 mV. In NvEag G302D, the pH
8—pH 6 Vs shift in 0 mmol "' Mg?" increased to 48.8+£2.0 mV
(P<0.01) and became highly sensitive to Mg?', indicating enhanced
competition between Mg?* and protons for the voltage sensor
binding site. The pH 8—pH 6 V5, shift was reduced to just 7.6+1.8
mV in 5mmoll™' Mg?" (Fig.5G). These results suggest that
neutralization of the EAG-specific acidic residue in S3 is largely
responsible for the reduced Mg?" sensitivity of NvEag. The
neutralization does reduce inhibition of activation by extracellular
protons, but pH sensitivity nevertheless remains high.

We examined the pH and divalent cation sensitivity of NvErgl
activation because voltage activation of human Ergl is also inhibited
by binding of protons and Ca** and Mg?* to the EAG-specific
voltage sensor site (Fernandez et al., 2005; Jo et al., 1999;
Kazmierczak et al., 2013). The pH sensitivity of human Erg is
extremely low at physiological concentrations of Ca**, but increases
dramatically if Ca*" is reduced to micromolar levels (Kazmierczak
et al.,, 2013). NvErgl has a charge preserving Asp to Glu
substitution at the EAG S3 acidic site (Fig. 4B). We reasoned that
this could alter divalent cation sensitivity because charge-preserving
mutations at the EAG-specific acidic residues can alter the
sensitivity of Eag and Elk channels for divalent cations (Silverman
et al., 2000; Zhang et al., 2009). G-V curves for NvErgl are shown
for pH 6 and 8 in Fig. 6A at both 1 mmol 1! Ca?"/1 mmol I"' Mg?*
and 100 pmol I"' Ca?*. Human Ergl shows a pH 8—pH 6 Vs, shift of

over 40 mV at 100 umol I"! Ca?", but less than 15 mV at 1 mmol 1!
Ca**, demonstrating high-affinity block of voltage sensor proton
binding site by Ca®" (Kazmierczak et al., 2013). NvErg] has a pH
8—pH 6 Vs, shift of 61.4+2.2 mV in 100 pmol 1"! Ca**, but maintains
a relatively large 37.2£2.4 mV shift in 1 mmol I"' Ca?"/1 mmol 1"
Mg?", suggesting a reduced divalent cation sensitivity (Fig. 6C).
Restoration of the EAG-specific S3 Asp residue in NvErgl E478D
significantly reduces the pH 8-pH 6 Vs shift in 1 mmol ™!
Ca?"/1 mmol I"! Mg?* to 12.4+£2.7mV (P<0.001), suggesting an
increase in divalent cation sensitivity (Fig. 6B,C). At 100 pM Ca*",
the E478D shift increases to 33.6+1.6 mV, indicating that pH
sensitivity is retained in the mutant. Because we did not test lower
Ca®" concentrations, we were not able to determine whether NvErgl
E478D has reduced pH sensitivity relative to the wild type (WT), or
whether the proton binding site is still significantly occupied by Ca*"
at 100 pM. We also did not separately examine sensitivity to Ca>"
and Mg?". These results indicate that replacement of the consensus
Asp at the S3 Eag-specific charge position in both NvErgl and
NvEag serves to reduce divalent cation inhibition of voltage gating
and may therefore play an important role in maintaining sub-
threshold activation of these channels in true osmoconformers such
as Nematostella. Glu is also substituted for Asp in NvErg2—NvErg4
(Martinson et al., 2014), and Eag and Erg orthologs from Acropora
digitifera (Shinzato et al., 2011) contain the same substitutions as
Nematostella. The EAG family channels from multiple ctenophores
(Moroz et al., 2014; Ryan et al., 2013), typified by MIEAG1 and
MIEAG?2 presented here, also substitute Gln or Glu for the Asp
(Fig. 4B). Trichoplax adhaerens Erg and EAG channels also contain
the Glu substitution (supplementary material Table S2). Thus, the
typical bilaterian Asp/Asp S2/S3 pattern of Eag charges in EAG and
Erg channels is absent in many simple osmoconforming metazoans
that may benefit from reduced Mg*" and/or Ca®" inhibition of
voltage gating.

We next functionally expressed NvEIk in order to determine
which functional properties of Elk channels are broadly conserved
in metazoans. A hyperpolarized voltage-activation range is a
defining feature of mammalian Elk channels, and these channels
contribute significantly to resting K" conductance in neurons (Zhang
et al.,, 2010). NvEIk currents recorded from voltage-clamped
Xenopus oocytes are compared with human Elk1 (HsElk1) and Elk3
currents in Fig. 7A, and G-V curves are shown for pH 7 in Fig. 7B.
The signature feature of NVEIk is its extremely hyperpolarized
voltage-activation range. We determined a —101.9+1.9 mV V5, for
NvEIk from Boltzmann fits of voltage-activation data. NvElk
currents show a similar kinetic profile to HsElk3, the mammalian
Elk ortholog with the most left-shifted G—V curve (V5 at pH 7 of
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o= 0.5] § 0.5, Iz . .
= " 5]
(G}  epH 6, 0.1 Ca? > 20
'8 epH 8,0.1 Ca? a < L
opH 6, 1 Ca?*/1 Mg?* 04 . . .
01 - . OPHB 1Ca%/IMg™ 04 - . . . AN '\‘“« bﬂ?’o &,\%0
150 —100 =50 0 50 -150 =100 -50 0 50 V\@Q \\\\,@g ©o©

Voltage (mV)

Fig. 6. NvErg1 exhibits reduced divalent cation sensitivity. Normalized G-V curves for NvErg1 WT (A) and NvErg1 E478D (B) at pH 8 (red) and pH 6
(blue) with either 100 umol I”' Ca?* (solid lines and symbols) or 1 mmol I”' Ca?*/1 mmol I”' Mg?* (dashed lines and open symbols). (C) Comparison of pH 8 to
pH 6 Vs shifts for NvErg1 WT and NvErg1 E478D at 100 umol I”' Ca2* and 1 mmol I”' Ca2*/1 mmol I"' Mg?*. Shifts were calculated as the differences in
average Vs, values at pH 8 and pH 6. Data points are means + s.e.m. (n=6—11) and smooth curves show fits with a single Boltzmann distribution (parameters

in Table 1).
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Fig. 7. Comparison of NVElk and mammalian Elk
currents. (A) Current traces recorded from Xenopus
oocytes expressing NvEIk (black), HsEIk3 (red) and
HsEIk1 (blue) at pH 7 in response to a series of 1s
voltage steps from a holding potential of =100 mV.
The voltage steps range from =160 mV to 20 mV for
NvEIk and from =120 mV to 20 mV for both HsEIk3
and HsElk1 in 20 mV increments. Tail currents were
taken at =60 mV for NvEIk and at -40 mV for HsEIk3
and HsElk1. (B) Normalized G-V curves for NVEIK,
HsEIk3 and HsEIk1 at pH 7. Data were measured
from isochronal tail currents following 1's steps to the
indicated voltages. (C) Normalized G-V curves for
NvEIlk at pH 6, 7 and 8. Data points in B and C show
mean + s.e.m. (n=6-12) and smooth curves represent
a single Boltzmann distribution fit (parameters
reported in Table 1).
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—84.0+1.2 mV). These results suggest that hyperpolarized voltage
activation of Elk channels has been conserved throughout metazoan
evolution and demonstrate that both Nematostella and mammals
have Elk channels that are almost fully active at typically resting
potentials. Like mammalian Elk channels (Kazmierczak et al.,
2013), voltage activation of NVEIk is highly sensitive to
extracellular pH, with a pH 8—pH 6 Vs, shift of 80.3+4.0 mV in
1 mmol I"' Ca?*/1 mmol I"' Mg?* (Fig. 7C). We did not examine the
divalent cation sensitivity of NvEIlk because Elk channels are
insensitive to Mg?" and Ca®" because of a conserved substitution of
the S2 EAG-specific Asp with Glu (Zhang et al., 2009). An
analogous substitution in Drosophila Eag eliminates Mg>"
sensitivity (Silverman et al., 2000). Inactivation, which is present
only in the vertebrate Elk2 ortholog (Engeland et al., 1998; Trudeau
et al., 1999; Zhang et al., 2010), is absent in NvEIk, suggesting that,
in contrast to Erg, inactivation may not be an ancestral feature of Elk
channels.

DISCUSSION

Our results indicate that the unique subunit structure of EAG family
K* channels, consisting of an eag domain, K* channel core and
CNBHD, first appeared in a common ancestor of ctenophore lineage
and cnidarian—placozoan—bilaterian lineage. However, the
functionally distinct Eag, Elk and Erg subfamilies appeared only
later in this lineage after the divergence from ctenophores. This
conclusion is based on the presence of ctenophore-specific EAG
family genes and the absence of Eag, Elk or Erg genes in two
ctenophore genomes and five ctenophore transcriptomes. Therefore,
incomplete coverage of ctenophore sequence or species is unlikely
to account for this result. A summary of our current view of EAG
K" channel evolution is presented in Fig. 8. Because ctenophores are
currently believed to be the most basal branching metazoan lineage
(Dunn et al., 2008; Hejnol et al., 2009; Moroz et al., 2014; Ryan et
al., 2013), the ancestral EAG family channel probably first appeared
in a common ancestor of all extant metazoans. If so, the EAG family
seems to have been lost in the sponge lineage — a group of animals
devoid of distinct neurons.
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The EAG ancestor appears to have evolved from an ancient
channel lineage dating back to prokaryotes. Prokaryotes have K*
channels with a voltage sensor and a CNBD (Brams et al., 2014;
Nimigean et al., 2004). The voltage sensor of these prokaryotic
channels already contained the EAG family acidic charges. K"
channels based on this motif can also be found in plants (Sentenac
et al., 1992) and ciliate protozoans such as Paramecium (Jegla and
Salkoff, 1995), indicating that such a channel might have been
present in the first eukaryotes. CNGs and hyperpolarization-gated
channels appear to be the closest metazoan relatives of EAG
channels (Yu and Catterall, 2004) and may have evolved from the
same ancestor because they also have the cyclic nucleotide-binding
domain and the additional EAG family acidic charges in the voltage
sensor. The key step in EAG channel evolution in metazoans was
the addition of the PAS-based eag domain (Morais Cabral et al.,
1998) to the N-terminus of the ancestral channel. This domain
regulates channel function by stabilizing an open state and
contributes to the characteristically slow deactivation of many EAG
channels (Morais Cabral et al., 1998; Wang et al., 1998). The
domain has been lost independently several times within the Erg
lineage, producing an alternate rapidly deactivating Erg channel
phenotype (Martinson et al., 2014). EAG channels have retained the
inherited cyclic nucleotide binding domain, but we refer to it as a
CNBHD because extant EAG channels do not bind cyclic
nucleotides (Brelidze et al., 2009). The CNBHD nevertheless
appears to play an important role in channel gating in part through
interaction with the eag domain (Gianulis et al., 2013; Haitin et al.,
2013). We were not able to functionally express the ctenophore
EAG channels MIEAG1 and MIEAG2 in Xenopus oocytes, so we
were not able to determine with more precision when cyclic-
nucleotide sensitivity might have been lost during EAG family
evolution.

Our functional analyses of Nematostella Eag, Elk and Erg
channels show that many of the distinctive characteristic features
of these subfamilies were already in place before the cnidarian—
bilaterian divergence. For instance, NvEag is highly similar in
terms of basic kinetic profile and voltage dependence to bilaterian
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Fig. 8. Summary of EAG K* channel family evolution. Important events in
the evolution of EAG family channels are overlaid on a schematic eukaryotic
phylogeny. Channel subunits diagrams are used to illustrate the presence of
three diagnostic EAG channel features: (1) the EAG family voltage sensor
acidic residues (red circles); (2) the CNBHD (cyan hexagon); and (3) the N-
terminal eag domain (green oval). A K* channel with the EAG voltage sensor
acidic residues and the CNBHD was inherited from prokaryotes (base of
phylogeny) and is widely present in eukaryotic lineages, including plants,
ciliates and metazoans. The eag domain was appended in an ancestral
metazoan before divergence of ctenophores, and may have been lost in the
sponge lineage (red X). The Eag, Elk and Erg subfamilies originated in an
ancestor of placozoans, cnidarians and bilaterians and are highly conserved
on a functional level between cnidarians and bilaterians. The functional
phenotypes of ctenophore EAG family channels have not yet been
determined, but it is likely that the original metazoans had a reduced diversity
of sub-threshold K* channels for control of excitation. The branching order of
metazoan lineages is based on recent findings from ctenophore genome
sequencing (Moroz et al., 2014; Ryan et al., 2013).

Eag channels such as MmEAGI (as shown here) or Drosophila
Eag (Robertson et al., 1996). Eag channels deactivate more rapidly
than typical Elk and Erg channels, and the results presented here
suggest that this rapid gating is ancestral. The hallmark of
bilaterian Elk channels is a hyperpolarized G-V curve that
overlaps with typical neuronal resting potentials (Engeland et al.,
1998; Trudeau et al., 1999; Zou et al., 2003). In mice, Elk channels
contribute to basal K* conductance and sub-threshold excitability
of neurons (Zhang et al., 2010). This property is conserved and
taken to an extreme in NvElk, which appears to be almost
completely activated at typical resting potentials. The ancestral Erg
channel phenotype is specialized for delayed repolarization by a
combination of rapid inactivation and recovery (Martinson et al.,
2014). In the human heart, Ergl plays a key role in repolarizing
cardiac action potential plateaus (Sanguinetti and Tristani-Firouzi,
2006). It has a functional phenotype that is highly similar to
NvErgl, suggesting a potential ancestral role for Erg channels in
repolarization of broad action potentials. However, Erg channels
also activate at sub-threshold potentials and could therefore play a
role in the regulation of sub-threshold excitability. Some Erg
channels have lost inactivation but retained sub-threshold
activation (Martinson et al., 2014), and the channels have been
implicated in the regulation of excitation threshold in
Caenorhabditis, Drosophila and mouse (Collins and Koelle, 2013;

Hardman and Forsythe, 2009; Hirdes et al., 2009; LeBoeuf and
Garcia, 2012; Titus et al., 1997). Sub-threshold activation seems
to be a unifying functional feature of all EAG family channels that
have been functionally expressed.

This sub-threshold activation appears to be conferred in part by
the EAG family acidic residues in the voltage sensor. Mutagenic
neutralization of these charges in mammalian Eag, Elk and Erg
channels depolarizes the voltage-activation curve (Fernandez et al.,
2005; Silverman et al., 2000; Zhang et al., 2009). Furthermore,
voltage activation of EAG channels is universally depolarized by
extracellular protons through neutralization of the EAG acidic
charges (Kazmierczak et al., 2013). In mammalian EAG channels,
pH sensitivity may have physiological relevance, because native K*
channels inhibited by similar concentrations of protons have been
observed in a variety of neurons and remain unexplained at the
molecular level (Gonzalez et al., 2009; Mulkey et al., 2007). It has
not yet been established whether EAG family K channels
contribute to such currents. The role of pH sensitivity in
Nematostella EAG family channels is less clear because the pH of
the extracellular environment has not been characterized. However,
seawater has a pH in excess of 8, suggesting that extracellular pH
could be comparatively high. All Nematostella EAG family
channels expressed so far show significant sub-threshold activation
at pH 7 and 8, and this would support the idea that regulation of sub-
threshold activity is an important role of EAG family channels. The
typical acidic charge pattern of the EAG voltage sensor that supports
both divalent cation and proton sensitivity is altered in Nematostella
Eag and Erg channels to reduce Mg?" and Ca’" sensitivity. Both
types of channel substitute the characteristic EAG Asp in S3 with
either Gly (NvEag) or Glu (NvErgl-NvErg5). These mutations
reduce divalent cation block and therefore may enhance sub-
threshold activation in sea water, but they do not eliminate pH
sensitivity. Because it is possible to greatly reduce or eliminate pH
sensitivity by substitution of the S3 Asp (Kazmierczak et al., 2013),
this suggests there could be selective pressure to maintain pH
sensitivity. However, it is also possible that there is simply an
overlap at this site between mutations that preserve sub-threshold
activation with those that preserve pH sensitivity.

We show here that the biophysical properties of Elk and Eag
channels are highly conserved between cnidarians and bilaterians,
similar to what we have previously found for Erg channels
(Martinson et al., 2014). There is also a pattern of high conservation
for other voltage-gated K channels, including the Shaker, Shal and
Shaw families, which encode A-currents and delayed rectifiers and
probably play important roles in action potential repolarization and
patterning (Bouchard et al., 2006; Jegla and Salkoft, 1997; Jegla et
al., 1995; Jegla et al., 2012; Sand et al., 2011). Therefore, the high
molecular conservation of channel genes between cnidarians and
bilaterians extends to functional conservation, at least at the level of
channel biophysics. Molecular genetic analysis, which is now
becoming possible in model systems such as Nematostella, will be
needed to determine what roles these channels play in physiology,
and thus why there has been such strong selective pressure to
maintain specific biophysical properties over such a vast
evolutionary distance.

The in situ results on mRNA expression presented here give some
initial clues to the roles of some EAG family channels in
Nematostella. NvEag appears to be expressed in a subset of
cnidocytes and we therefore suggest that it could play a role in
regulating discharge. The in vivo physiology of bilaterian Eag
channels is still poorly understood, but they are highly expressed in
neurons, and contribute to K* currents and excitability control in
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Drosophila motor neurons (Srinivasan et al., 2012) and
neuromuscular excitability in C. elegans (LeBoeuf and Garcia,
2012). Both mammalian Eag orthologs have been genetically
associated with neuronal excitability control (Ufartes et al., 2013;
Yang et al., 2013), but the cellular mechanisms have not been
explored. As cnidocytes are a cnidarian-specific cell type believed
to be derived from a neuronal cell type (Pantin, 1942), it is tempting
to speculate that ancestral Eag subfamily channels regulated sub-
threshold excitability of neurons. NvErg2 and NvE[k are also present
in a few cells scattered around the body wall that could potentially
represent neurons but remain undefined. Elk channels regulate
resting properties of neurons and sub-threshold excitability in
bilaterians (Zhang et al., 2010), and our functional analysis opens
the possibility that regulation of neuronal excitation is an ancestral
role of the Elk family. Additionally, it should be noted that all of the
Eag genes in Nematostella are expressed at relatively low levels and
the in situ results require multiple days to development. This is
consistent with numerous expression studies in a variety of species
that indicate that ion channels are low-abundance proteins. Thus, it
is possible that additional cells express these EAG genes, but at
levels below the sensitivity threshold of mRNA in situ hybridization.
Ultimately, genetic manipulation of NvEag channels will be required
to provide further evidence for putative neuronal roles for NvEag
and NvEIk.

Erg channels play a dual role in bilaterians, regulating excitation
threshold of neurons and muscle (Collins and Koelle, 2013;
Hardman and Forsythe, 2009; Ji et al., 2012; LeBoeuf and Garcia,
2012; Niculescu et al., 2013) and regulating repolarization of broad
action potentials in the vertebrate heart (Sanguinetti and Tristani-
Firouzi, 2006). We previously found that NvErgl and NvErg4 show
sub-threshold activation and showed that the inactivating Ik,
phenotype of cardiac Erg channels in vertebrates that enables
repolarization of broad action potentials is present in NvErgl and is
probably the ancestral Erg channel phenotype (Martinson et al.,
2014). Here, we find that NvErgl and NvErg?2 are broadly expressed
in endoderm, and that NvErg?2 is also expressed in a punctate pattern
that we speculate is consistent with a neuronal distribution.
Although cnidarian myoepithelial cells are endodermal, we were not
able to conclusively determine whether Erg channels are expressed
primarily in Nematostella myoepithelium. The functional properties
of NvErg2 have not yet been examined and we did not look at the
mRNA distribution of NvErg3—NvErg5.

Our results show that the molecular and functional diversity of
EAG family K* channels had already been established before the
divergence of cnidarians and bilaterians, providing a rich palette
of sub-threshold K* conductances for regulation of excitability.
The reduced molecular diversity of EAG family channels in
ctenophores suggests that new mechanisms for the regulation of
excitability continued to evolve after establishment of the first
nervous systems in basal metazoans. However, the functional
diversity of EAG channels and voltage-gated K channels as a
whole remains to be determined in ctenophores. Our data adds to
a growing body of evidence that ion channel function is highly
conserved between cnidarians and bilaterians at the gene family
level. Interestingly, no new families of voltage-gated ion channel
appear to have evolved in either the cnidarian or bilaterian lineages
after their divergence. Together, these observations suggest that the
major mechanisms for controlling neuronal excitability predate the
cnidarian—bilaterian divergence. These cnidarian—bilaterian
channels provide a diverse, adaptable set of conductances that
enable a broad range of neuronal activity patterns and
physiological responses.
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MATERIALS AND METHODS

Identification and cloning of EAG family genes

EAG family genes were identified in Nematostella vectensis, Trichoplax
adhaerens and Mnemiopsis leidyi using TBLASTN (Altschul et al., 1997)
searches of gene predictions and genome drafts (Putnam et al., 2007; Ryan
et al., 2013; Srivastava et al., 2008) with a panel of bilaterian Eag, Elk and
Erg sequences. Sequence from candidate EAG family genes was
reciprocally searched against mouse and Drosophila RefSeq databases
(Pruitt et al., 2012) to confirm their identity. EAG family genes from
Nematostella, Trichoplax and Mnemiopsis had clear best matches to mouse
and Drosophila genes in these reciprocal searches. The strategy was used
successfully in a previous study to identify Nematostella Erg genes
(Martinson et al., 2014). Protein sequence predictions were adjusted
manually as necessary based on homology, and standard PCR cloning
strategies were used to amplify expression clones for NvEag, NvElk and
MIEAG1 and MIEAG? from oligo dT-primed cDNA samples prepared from
total RNA from whole animals. RACE PCR was used to identify and
confirm the 3’ end of all ORFs and the 5’ ends of MIEAGI and MIEAG?2.
Full-length clones of each gene were assembled using ligation and/or
overlap PCR, inserted into the pOX expression vector (Jegla and Salkoff,
1997) for expression in Xenopus oocytes and sequence was confirmed.
Clones matching the coding sequences reported in supplementary material
Fig. S1 were used in expression studies.

Phylogenetic analysis

Amino acid sequence alignments for phylogenetic analysis were generated
using ClustalW as implemented in MEGAS (Tamura et al., 2011), and were
hand adjusted as necessary to produce optimal alignments. Analysis was
limited to the core voltage-gated K* channel and CNBHD motifs. The eag
domain was eliminated from analysis because it has been lost in several Erg
lineages. Mr. Bayes 3 (Ronquist and Huelsenbeck, 2003) was used to
generate a Bayesian inference phylogeny under a mixed model. Two
independent replicates of four chains were run for 1 million generations.
Trees were sampled every 1000 generations and the first 25% were
discarded. A consensus phylogeny is reported in Fig. 1.

In situ hybridization

Animals were raised to appropriate stages in x1/3 sea water at 25°C and then
fixed as described (Wolenski et al., 2013). Nematostella EAG family
sequences used for in situ hybridization are given in supplementary material
Table S2 and were cloned into pGEM-T. Riboprobe templates were
generated using SP6 and T7 primers to amplify each gene out of the plasmid
background. Probes were generated and mRNA in situ hybridizations were
performed as described (Wolenski et al., 2013). Images were obtained using
a Zeiss M2 in conjunction with a Zeiss Axiocam HRc and the Zen software
(Zeiss, Jena, Germany).

Functional expression in Xenopus oocytes
Expression plasmids were linearized and capped run-off cRNA transcripts
were generated using the T3 mMessage mMachine kit (Life Technologies,
Carlsbad, CA, USA). Transcripts were precipitated by LiCl and rinsed with
ice-cold 70% ethanol. Dried pellets were dissolved in nuclease-free water
supplemented with RNase inhibitor (SUPERase-In; Life Technologies)
before storage and use. Mature Xenopus oocytes were injected with 1-5 ng
diluted cRNA in a 50 nl volume and incubated for 1-3 days at 18°C in ND96
culture solution before recording. Xenopus laevis ovaries were purchased
from Nasco (Fort Atkinson, WI, USA) and Xenopus 1 (Dexter, MI, USA)
and oocytes were enzymatically defolliculated with 1 mgml ™! type II
collagenase (Sigma-Aldrich, St Louis, MO, USA) in Ca*'-free ND98
solution (98 mmol 1! NaCl, 2 mmol I"! KCI, I mmol I"! MgCl,, 5 mmol I'!
HEPES, pH 7.2). Following digestion, oocytes were rinsed extensively and
then maintained in ND98 culture solution (98 mmol 1"! NaCl, 2 mmol 1!
KCl, 1.8 mmol I"! CaCl,, 1 mmol I"! MgCl, and 5 mmol I"' HEPES, pH 7.2)
supplemented with 2.5 mmol 1! sodium pyruvate, 100 U ml ™! penicillin, and
100 pg ml ! streptomycin (Life Technologies, Carlsbad, CA, USA).

Base recording solution consisted of 98 mmol I"! NaOH, 2 mmol I'! KCl,
Smmoll™' HEPES and was adjusted to the desired pH value with
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methanesulfonic acid. CaCl, and MgCl, were added to the base solution to the
desired concentration. For MmEagl G-V measurements, K™ concentration
was increased to 50 mmoll™!, and Na' concentration was reduced to
50 mmol I"!. Two-electrode voltage clamp (TEVC) recordings were carried
out using a CA-1B amplifier (Dagan, Minneapolis, MN, USA) at room
temperature (22-24°C). Glass capillary electrodes were filled with 3 M KCl
(0.4-1MQ), and bath clamp circuitry was connected by a 1moll™
NaCl-agarose bridge. Data collection and analysis were performed with the
pClamp 10 acquisition suite (Molecular Devices, Sunnyvale, CA, USA).
Currents were sampled at 10 KHz and filtered at 2 KHz. G—V curves were
measured from isochronal tail currents recorded at —40 mV for NvEag,
HsElkl and HsElk3, —60 mV for NvElk and —70 mV for NvErgl. For
MmEagl, the reversal potential was empirically determined and used to
compute the electrochemical driving force at each voltage step. G-V curves
were derived by normalizing steady state current at the end of the 1 s step to
the driving force. Data were fit in Origin 8.1 (OriginLab, Northampton, MA,
USA) with a single Boltzmann distribution: f{7)=(4,—A4,)/(1+e" 3%+ 4,,
where Vs is the half-maximal activation voltage, s is the slope factor, and 4,
and 4, are the lower and upper bounds, respectively. Reported V5, and slope
factor values are the means + s.e.m. of individual fits. Data points from
individual cells were normalized before averaging, and Boltzmann fits shown
were generated with arithmetic means of Vs, and s values of measurements
from individual cells. Statistical comparisons between datasets were made
using a two-tailed #-test.
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Fig. S1. Probe sequences for in situ hybridization.
Download Figure S1

>NvERg1
TCACCGAACCTTCAGCCTGTAATACAACAAGGAAAGAGAGAGAAAGTTGCCCAGGTTATGTCTTTAGG
AGCGGATGTACT
ACCTGAATATAAGCTGCAAGCTCCTAACATCCATCCCTGGACTATTTTACATTACTCAGTGTTCAAAG
CATTTTGGGACT
GGCTCATTCTCTTCCTCGTCATTTACACGGCCATCGTCACTCCTTATATGGCGTCCTTTATCCTCACA
CGTGACAAAATG
CGGGACGAACTGAATAAAGACCCCGAAACTCGGCGGGATTATGGTAGCGGAGCGCGCGAGGTGTATAG
TGATCCTCTAGT
TATTCTAGATTATCTTGTGGACGTAATGTTTATTGTGGACATCTTTATTAATTTCCGGACCACATTTG
TGGACAGTAACG
ATGAGGTGGTGTCGCACCCTTGCAGGATCGCGGTTCATTATTTTAAGACTTGGTTTGTGATCGACCTG
ATGGCCGCTATC
CCATTTGAGCTTCTAATCATGGTTGGCAATACTGATGAGACCACGACGCTGATTGGTTTACTGAAGAC
AGCCCGCCTACT
TCGCCTTGTGCGGGTTGCGCGTAAGCTAGATCATTACTCGGAGTATGGCATGGCAGTGCTCTGTCTCC
TGATGTGTTCAT
TTGCGCTCTTGGCTCATTGGTTAGCCTGTATCTGGTACGCAATAGGCAATCTGGAGCGACAGCGAACC
AATAGCACCCAT
GGGTGGCTAGACGTCTTAGCAGAGCAAATTCACCGGCCCTTTGATGAGAAGGAGGTTGATAGCGGTCC
CGATATAGAGTC
CAAGTACATCACAGCACTGTACTTCACGTTAAGCAGCCTGACAAGCGTAGGCTTTGGGAACGTCTCTC
CCAACACCAACG
CAGAAAAGATCTTCTCCATTTGCGTCATGCTTATCGGGTCTCTGTTCTATGCCGCGATTTTCGGGAAC
GTTGCGGCTATC
ATCGCCCGACTCTACTCGAACACAGCTCGATACCATGCGCAGATGCAGAGAGTGCGTGAATTTATCCG
CTTCCACCAGAT
CCCTAACCCTCTGAGACAGCGCATCGAAGACTACTCACACCATATATGGTCTTATACCAACGGCATCG
ACATGGACCAGG
TATTAGGGGGGTTTCCAGAGTGTCTTCAAGCAGACATATGTCTGCACTTGAATGCCAATGTACTGACC
ACATATCGAGCA
TTCACCTCTGCGAGTCAAGGCTGCCTCCGCTCCCTGGCGCTCAAACTGCGAACTACACACCTCCCCCC
TGGGGACTTTAT
CATCTACCAAGGTGACGAGATCAGTCACCTCTACTTTCTCGTGAGAGGGACTGTTGAGGTGCTCAAAG
ATGACACCATCA
TGGCAATACTAGGAAAGGGGGATAGCTTCGGCGAAAACTTCGGCCTTTCGCCAAACCGCCCTCCTGGG
AACTCACACGTC
AGCATCCGGGCCCTCACGTACTGCGATCTTCGGGCTATATCGCGTGACGACCTTGTGAATACCATGCG
CATGTACCCGAA
TTTTCAGCAGACGTTCAACCAAGATTTAGAGATTACATATCTGTTAAGGGAACGCGAAGGAGCAGGCA
GTACCAAGGAGC

T

>NvErg2
atgacaagtttgaaggataaagtcttgacgtttctcttggaggaaaatatggtgATGGCGGCCTTCAA
GAGATGGCGGGC
ACGATACAAGAGATATAAGCTGCAAATCCCCCCTCAAATGCGGAATCGCATAATTCTCCACTACGGAT
TATTCAAGATAA
CATGGGACTGGTTGATAATGGTTTTAGTGCTTTACACAGCCGTCGAAGTACCCTTTGTGTCAGCCTTT
ATCATGTCTCAG
GCTGACTTAAATAAAAGACTGAAACATCCTAATGTGACCGGGAACACATTCGAGCGAATGAAGAAGTT
GTACCCGGACGC
CTACCCCCTACTGCTGGTTGACACGTGTATAGACGTGATCTTCATGCTCGATATCGTGCTGAACTTTC
GCACGACGTACG
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TAAAGGAGGGCGAGGTGTTGATTACCAACCCTTGCAAGATAGGCATCCATTATCTGCGGTCGTACTTT
ATCGTCGACTTC
GTGGCGGCAATACCATGGGAACTGTTGCTGGACCTCAATGCGGACGAGAATACTACTCTTTTCAGTCT
TCTCAAGACGGC
AAGGTTACTACGGCTGTTTCGGGCAGCGCGAAAACTGGATCGAAACTACGAATACATGACGTCATTAC
TATTTTTGATGT
TGATGTTTTTCATGCTGGTCGCTCATTGGATGGCTTGTATCTGGTACATGATTGGTTTCTCAGAGCAG
AAGCATAAACAG
ACGTCCTGGCTCAGTATCCTAGCGACCGAGAGCAATAAACACTTCCACCCAACTGACCCCTGGAGCGG
CCCCTACCTACC
GTCACGATACCTAACGTCATTATATTACGTTATGACCTTATGCACTACTGTCGGGTTCGGAAATGTTT
CGGCAAATACCG
ACGGCGAGAGGATATTCACGATATGTGGCATGCTACTCGGAGCGGTGATGTACGCCGGCATCTTTGGT
AACGTGACTGCC

ATCATTCACGGCCAGTACTCTAGCAACTTCCGGTACCGC

>NVEAgQ
ATGCCAGCAGGCAGACGAGGCCTCGTTGTACCTCAGAACACTTTTCTGGAGAACATCGTACGACGGTC
CAATGGCCTTCA
TCCCAATTTTATCCTGGGTAACGCCCAGATCCTTGGCAATCCTATTGTGTACGCGTCCGATGGCTTTT
GCAAGCTGACTG
GATTCTCACGAAGCGAGGTGATGAAGAAGAGCTCTGACTGCACCTTCCTTCACGGCGAGCACACAAGC
AACGAGTCGATG
AAGGAGATCCACGATGCACTGATCAATAAACAGGCGCTACAGTTAGAGATCATCATCTACAAGAAGGA
CGGCTTGGCAAT
GTGGGTACTGCTGCATATCGGACCAATCGTCAACGAGAAGGGGGAGGTTGTGCTGTTCCTGATGACCA
TCAAGGATATCA
CCGAATACAAGGACCCAATCCCAGGCACAGatcaagGCGGCGCCAAAGGATGGGCTCGCCTAAACAAG
TCCCTCACAAGA
CATAAGACCGTACTGGTTGCGTTCAAGCAGAAGTCTGCGTCGCAGAAGAATGCGCAACAGATCACACA
CCTGATGTCACT
CAATGATGACATCATCCCTCAGTACAAGCAGGAGATACCGGAGACACCCCCTCGTGTCATCCTACACT
ACAACACGTTCA
AAACTTCCTGGGACTGGGTCATCCTGATTCTGACGCTCTACACAACAGTTTCCGTGCCTTTTATGGTT
TGCTTCGCGTAC
AATAGCGAACCCCTAAACATTCTCGACATGATAGTGGATTGGCTGTTCATAGCCGACATTGTGTTGAA
CTTCCACACCAC
ATACGTGGGTAAAGATGGCGAGATAATCGATGATCCCCGCCTCATCCGATTGAATTATCTGAAAACGT
GGTTCGTCCTTG
ACTTGGTATCCTCTCTTCCTTACGGCGTTCTTTATTTTATCCCAAAATCCGAAATGGAACAAACGgag
ATTGCAAACCTT
TTGAGCTTCCTTCGTGTCTTTCGTCTTCTTCGTCTAGGCCGCGTCGCGCGCAAAATCGACAAATATTT
AGAGTACGGCGC
TTCCACATTCTTCCTCCTTATGCTCTCATTTTGTCTCGTTGCGCATTGGATGGCCTGCATGTTTTACG
TCATTGCGACTA
AATATGATAAATATGATGTACACTGCTGGCTTTACATACTTGCTGATCAAATTGGCATGCAGTATAAG
AAGAACGGCAAC
TCCACAGAATATGACTATACTAATACAGGGCCTACCATTGCTGCCCGTTATGTGTCTGCGTTGTATTA
CACACTTACAAG
TCTCACGACAATCGGATTCGGGAATATATCCCCTAACACAACGGCGGAAAAGCTGTTTGGATGCGTTA
CCATGCTGCTAG
GATCGATTTTGTTCTCGCTGATTTTTGGGCAAGTGTCGGCGATCCTGCAGCAGTCCCAAAAGAACACT
GCTAAATATCAC
TCAATCATCGATAACATGCGGCAGTTCAGCAAGCTGTATAAGCTACCGTCCGTGTTAGCTGATAGAAT
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TATAGACTACTT
CATGTCAACTTGGGCGAGTAACAAGGGCATAGATACAGATGAGGTGCTCAAGTACTGCCCCAAGGACT
TACAGGCGGACA
TCTGTGTACATCTGAACCGCGTAGTCCTGGAGAATAATTTAGCCTTTCGCGACGCACCAATGGGCGTC
AAGCGTGCCATC
GCAAGGAATTTCTGGATCTGTCACGTGGCACCTAACGATCGAATCATTCATCACGGGGAAAGCCTGGA
CGTTTTGTATTT
CATCGCACGGGGCTCACTCGAGGTCAAGCAGGGGGAAGCCGTTGTTGGGTTGCTAGGCGAAGGTGACG
TATTTGGCGATA
ACGTGTGCAATGAGCCCACGGTTGGCCAATCAGCGGTCGATGTACATGCGCTGACCTACTGTGACCTA
CACTGCATTCAG

AGAGACGCTCTGCTTGAAGTGCTC

>NVE 1k
GGGTTCTTAGTGCAATTACTCAAGTGTGGTCGCCTATTGCGCCTGTTTCGCGTCGTCCGAAAGCTTCA
CCGGTATACGGA
ATACAGCACAGTGTTACTCACGCTATTAATGTTAGCCTTTGCGATGGTCGCCCACTGGCTGGCATGTA
TCTGGTATGTGA
TTGGTCTAGAAGAAGTTAGCCACAACTCCACCATTAGCTGGCTTTACCAGTTTGGCGAGACTATTCAG
ATGCCTTTTATC
GCATTCTCCCCGGACACAGGACCGGACGAGGGCTCTGCTTACGTCACTGCGCTCTACTTCATTCTCAC
AAGTATGACGAC
TGTCGGTTTCGGCAACGTGTCGGCTAACACCCGAGCTGAAAAGGCGTTCGCGGTTGTCGTCATGTTAA
TAGGAGCATTGA
TGCACGCTGCTATCTTTGGCAACGTTGCTGCGATCATTCAGAAGCTATATGCAAACCGAGTGCGTTAT
CATTCCCGCTCT
AACGAGATCAAGCAGTTCATTCGGGTTCACCACATCGAGGCAGATCTTGCTAATAGGCTCGAGGACTG
TTTTCACACCAC
ATGGTCGCTCTCAGGAGGAGTCGATACACGAGAGATATTGACGACGTTTCCGTACGAGCTCCAGGCTG
ACGTCTGTATGC
ATCTCTACCGAGGACTTCTCGATCTCCCGGTGTTTTCTCAAGCCCCGCGCGGCCTATTCCGGATGGTC
TCGCTCAAGGTC
AGCCCGGTCTATATCGGTCCTGGAGAATACCTGCTTACACAGAATGACGTCATCAACAGCATATATTA
CATCGCCAGCGG
GTCCATGGAGGTTCTTCAGGGCGAATCGGTTGCTGCAATATTAGGGAAAGGAGACTTATTTGGAGAGG
ACATATCTCGCA
AGTCACCGATTCGCCGATCCAATGGTGACGTCAGGGCGCTGACGTACTGTGACGTGTATTACATCACA
CGTGACAAGCTA
CAGGAGGTGATGCACCTATATCCAGACTTCAGTTACAAGTTCAGCGAGAAGCTGGAGCTCACATACGA

Table S1. Coding and amino acid sequences for Mnemiopsis leidyi EAG and Nematostella vectensis
EAG.

Download Table S1

Table S2. Amino acid sequence data.
Download Table S2
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