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Abstract
Voltage-gated K+ channels are important regulators of neuronal excitability. Bilaterians
have eight functionally distinct Voltage-gated K+ channel subfamilies: Shaker, Shab,
Shaw, Shal, KCNQ, Eag, Erg and Elk. These subfamilies are defined by sequence
conservation, functional properties as well as subfamily-specific assembly. Genome
searches revealed metazoan-specificity of these gene families and the presence of
prototypic voltage-gated K+ channels in a common ancestor of ctenophores (comb jellies)
and parahoxozoans (bilaterians, cnidarians and placozoans). Establishment of the gene
subfamilies, however happened later in a parahoxozoan ancestor. Analysis of voltagegated K+ channels in a cnidarians species Nematostella vectensis (sea anemone) unveiled
conservation in functional properties with bilaterian homologs. Phosphoinositide (most
notably PIP2) regulation of ion channels is universal in eukaryotes. PIP2 modulates
Shaker, KCNQ and Erg channels in distinct manners, while PIP2 regulation of Elk
channels has not been reported. I showed that PIP2 modulates the human Elk1 channel in
a bimodal fashion: It inhibits voltage activation but also enhances open state stabilization
through mode shift. Mutational analysis and structural modeling localized three basic
residues on the N-terminal cap domain, S4-5 linker and S6 terminal as putative binding
residues for PIP2. Comparison with Shaker and HCN channels hints at a common
mechanism by which PIP2 modulates voltage gating in channels.
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Chapter 1
Background and Introduction
My dissertation will explore the molecular and functional evolution of voltage-gate K+
channel families and their regulation by membrane phosphoinositides. In this chapter I
will introduce the contexts of my research and give some literature background. I will
also discuss the open questions and significances of the current research.
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1.1 Voltage-gated K+ channels: structure, function and evolution
1.1.1 Ion channels are essential for cellular function
All living cells take advantage of lipid membranes to set boundaries for
themselves and to compartmentalize their contents. The lipid bilayer is semi-permeable to
water, but prevents charged molecules such as ions and proteins from freely diffusing
across, creating a well-isolated intracellular environment for biological processes to take
place. However, if the cell membrane allows no exchange of ions between the cell and
the environment, one can expect the cytoplasm would soon become a dull and inanimate
place. In reality there are transmembrane ion channel and ion transporter proteins that
allow selective diffusion or transport of ions, mainly Na+, K+, Cl- and Ca2+ across the
lipid membrane, enabling the cell to customize ionic contents of the cytosol to
physiological needs. The concentration difference of these charged ions across the
membrane also creates electrochemical gradients, which can serve as an energy source
for processes such as membrane transport and cell motility. Rapid release of ions down
their electrochemical gradients through ion channels can also initiate complex activities
such as muscle contraction and neuronal action potentials.
Ion channel proteins form hydrophilic pores in the lipid membrane for selected
ions to passively diffuse down their electrochemical gradients, with a highly efficient rate
of passage (up to 108 ions per second in contrast to 103 ions per second for the fastest ion
transporters). This makes ion channels especially important for processes involving rapid
changes in local ionic concentration and transmembrane voltage. Gating (opening and
closing) of ion channels requires conformational changes with energy conferred by either
change in transmembrane voltage, ligand binding, or temperature and mechanical forces.
Ion channels are found in all domains of life and display a stunning diversity. The human
genome contains at least 235 ion channel genes with a third being potassium channels,
hinting at wide-ranging roles of ion channels in physiology. It is now known that ion
channels are crucial for epithelial transport, muscle contraction, neuronal excitability and
signal transduction, hormone secretion and many other processes (Cannon, 2007; Kim,
2014). Channelopathies, namely dysfunction of ion channels due to inherited mutations
or acquired factors, contribute to a variety of human diseases affecting major systems in
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the body. Examples include cardiac arrhythmias, epilepsies, deafness, cystic fibrosis,
paralysis and diabetes (Bernard and Shevell, 2008; Hatta et al., 2002; Kim, 2014). Certain
toxins and addictive substances that threaten human health also have ion channels as their
targets. Consequently therapeutic drugs are frequently designed to modulate channel
activity, and a good understanding of channel functions and gating mechanisms will be of
great value to improving human health.

1.1.2 Structure, origin and function of voltage-gated K+ channels
Voltage-gated ion channels play essential roles in cells that encode electrical
signals, such as neurons, myocytes and other excitable cells. In response to changes in
membrane potential these channels selectively allow or block the passage of certain ions
through the membrane, leading to further changes in membrane potential. Careful
orchestration of different types of voltage-gated ion channels is vital in producing proper
electrical signal transmission in the nervous system. Voltage-gated sodium (Nav) and
potassium (Kv) channels are involved in generating and modulating action potentials (Fig.
1-1), the elementary signal in neurotransmission, while voltage-gated calcium (Cav)
channels mediate muscle contraction and neurotransmitter release.
All voltage-gated cation channels share common structural motifs in their poreforming α subunits, with each α subunit core motif consisting of a four transmembrane
voltage sensor domain (VSD, S1-S4) linked to a two transmembrane ion-selective pore
domain (PD, S5-S6) (Fig. 1-2B). Each channel contains four of the VSD-PD motifs (Fig.
1-2A), either linked in tandem as in Cav and Nav channels or assembled from four
individual subunits as in Kv channels. Interestingly the VSD and PD are functionally
independent structural motifs that exist on their own: The PD motif itself can act as
channel forming subunits in some prokaryotic channels and eukaryotic inward rectifier
K+ (Kir) channels. The VSD motif has been found to couple to a phosphoinositide
phosphatase in chordates, forming a voltage-sensitive phosphatase (VSP) that potentially
regulates sperm development (Murata et al., 2005). The VSD itself can also function as a
voltage-gated proton channel, where protons “hop” through transmembrane helices
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instead of passing through a channel pore (Sasaki et al., 2006). The VSD-PD coupling
dates back to prokaryotes, while VSD proteins without the PD are so far only found in
deuterostome animals (Okamura, 2007). It is therefore not yet clear whether the VSD
motif could have evolved independently and later fused with the PD. Alternatively other
VSD containing proteins could have derived from the more ancient VSD-PD channel
subunits.

Figure 1-1. Anatomy of an action potential. Red curve describes the change in
membrane voltage (Vm, vertical scale) with time (horizontal scale) during an action
potential. Opening of Nav channels by membrane depolarization above the threshold
potential leads to Na+ influx and further depolarizes the Vm, resulting in a quick upshoot
to around +30 mV. Subsequent activation of Shaker family Kv channels by
depolarization leads to K+ outflow, and together with Nav channel inactivation this
results in repolarization and hyperpolarization of Vm. EAG and KCNQ family Kv
channels are open at sub-threshold voltages and generally modulates membrane
excitability. The kinetic properties of Nav and Kv channels determine the shape and
length of an action potential, which may vary between cell types and organisms.
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Figure 1-2. Structural diagram and evolutionary history of voltage-gated cation
channels. (A) A voltage-gated cation channel consists of four copies of the α subunit
core motif coming together to form the ion conducting pore. Transmembrane domains
and cytoplasmic domains are shown as cylinders and clouds, respectively. One α subunit
core motif is described in more detail in (B). (B) Transmembrane helices are shown as
rectangles (S1 to S6 from left to right). S1-S4 form the voltage-sensing domain (VSD)
and S5-S6 form the pore domain (PD). Plus signs on S4 indicate positively charged
residues important for voltage sensing. N- and C-terminal cytoplasmic domains vary
depending on the channel family and are not depicted in detail here. Grey dotted lines
indicate approximate boundaries of plasma membrane. (C) Evolutionary relationship
between major groups of the voltage-gated cation channel superfamily. Adapted from
Jegla et al., Comb Chem High Throughput Screen, 12(1):2-23 (2009). Red branches
represent K+ selective (Kv) channel families and blue branches represent channels with
permeability or selectivity to other cations. Colored blocks in the background depict time
periods during which the indicated organisms evolved and branchings of the channel tree
occurred. The VSD-PD core motif is already established in prokaryotes. Bacterial Kv
channels are thought to help maintain a very negative membrane potential (Armstrong,
2003).
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Possession of similar structural motifs implies kinship between Kv, Nav and Cav
channels. Indeed, sequence analysis suggests that Cav and Nav channels very likely
evolved from prokaryotic Kv channels through two rounds of gene duplication (Strong et
al., 1993). Kv channels diversified by gaining different intracellular N- and C-terminal
structural/functional domains and some have lost K+ selectivity or even voltage
sensitivity, such as hyperpolarization-activated cyclic nucleotide-gated (HCN) and cyclic
nucleotide-gated (CNG) channels (Fig. 1-2C), which have important roles in electrical
rhythmicity and sensory transduction, respectively. In all voltage-sensitive cation
channels, voltage-dependent gating is achieved through a common principle: Positively
charged residues on the 4th helix (S4) of VSD sense transmembrane electric field and
moves outward or inward in response to depolarization or hyperpolarization of membrane
potential, respectively. The mechanical energy generated by movement of the VSD is
thought to be transduced to the PD to open and close the ion conducting pore. The exact
mechanism of the electrochemical coupling between VSD and PD is not fully elucidated
and likely vary between different channel families (Blunck and Batulan, 2012; Choveau
et al., 2012; Lorinczi et al., 2015). Besides voltage, channel gating can also be modulated
by cytoplasmic domains, auxiliary subunits and membrane lipids, which likely all come
into play in physiological scenarios.
In bilaterians (animals with bilateral symmetry), Kv channels can be segregated
into three major groups based on structural features and phylogenetic relationships: the
Shaker superfamily (Kv1-6 and Kv8-9), the KCNQ family (Kv7) and the Ether-a-go-go
(EAG) superfamily (Kv10-12) (Fig. 1-2C). Shaker family channels are further divided
into four subfamilies (Shaker, Shab, Shaw and Shal) and are characterized by an Nterminal T1 domain that mediates subfamily-specific assembly (Kreusch et al., 1998;
Shen and Pfaffinger, 1995); KCNQ family channels evolved from Shaker lineage and use
a conserved C-terminal coiled-coil domain for assembly (Schwake et al., 2006); The
EAG superfamily consists of three subfamilies: Eag, Erg and Elk. Channels are
distinguished by a C-terminal cyclic nucleotide-binding homology domain (CNBHD) and
an N-terminal EAG domain, which consists of a proximal Per-Arndt-Sim (PAS) domain
and a distal cap domain (Ganetzky et al., 1999; Morais Cabral et al., 1998). The CNBHD
is homologous to the cyclic nucleotide-binding domain in CNG and HCN channels,
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although sensitivity to cyclic nucleotides has been lost in EAG channels (Brelidze et al.,
2009; Robertson et al., 1996).
Kv channels display an enormous diversity in biophysical properties of currents
due to the large number of genes as well as numerous possible configurations of intrafamily heterotetrameric assembly. Alternative splicing and association with auxiliary
subunits also adds to the current complexity. Generally speaking, the Shaker superfamily
channels have relatively high activation threshold but fast activation kinetics and can give
rise to A-type currents with fast inactivation or delayed-rectifier currents with slow or no
inactivation. These two types of K+ currents shape action potentials in their early and late
phases, respectively (Fedida and Hesketh, 2001). Depending on the subcellular
localization, Shaker superfamily channels may serve to repolarize axonal action
potentials (Baker and Salkoff, 1990; Tanouye and Ferrus, 1985), set spike threshold and
inter-spike interval (Carrasquillo et al., 2012), sustain repeated firing (Du et al., 2000;
Lien and Jonas, 2003; Wang et al., 1998c) or modulate somatodendritic excitability
(Antonucci et al., 2001; Menegola et al., 2008). KCNQ and EAG family channels, on the
other hand, have relatively slow voltage-activation and more hyperpolarized activation
threshold. This makes them regulators of resting membrane potential and electrical
excitability. KCNQ2/3 channel underlie the slowly opening/closing “M-current” in
sympathetic neurons that regulates subthreshold excitability (Wang et al., 1998a) and
KCNQ1 in association with auxiliary subunit KCNE1 controls cardiac action potential
duration (Barhanin et al., 1996; Sanguinetti et al., 1996). EAG family channels have not
been extensively studied compared to Shaker and KCNQ channels, but evidences suggest
these channels exert significant influence on neuronal excitability and dysfunction or loss
of function in genes from all three subfamilies can lead to hyperexcitability (Hardman
and Forsythe, 2009; Hirdes et al., 2009; Yang et al., 2013; Zhang et al., 2010b).
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1.1.3 Evolution of the nervous system and voltage-gated ion channels
The nervous system evolved around 600 million years ago along the appearance
of animals. Investigating nervous system organization and function in different species
helps us understand universal principles underlying neuronal signaling as well as unique
adaptations that lead to specialized functions. Practically, knowing which aspects of
nervous system function are conserved between human and other animals allows us to
develop appropriate model systems for different questions in the study of neurobiology.
It’s widely agreed that nervous systems started out diffused and later evolved
centralization (Fig. 1-3). Centralized nervous system (CNS) is evidenced to have arisen in
bilaterians (Denes et al., 2007; Holland et al., 2013; Mineta et al., 2003). Cnidarians, a
sister group of bilaterians that includes sea anemones, jellyfishes and hydra, are long
considered to be the most basal lineage of animals that possess a nervous system in the
form of a diffused nerve net (DNN) (Anctil, 2009; Watanabe et al., 2009). Ctenophores,
or comb jellies also have a nerve net (Tamm and Tamm, 1995) and are often grouped
with cnidarians due to superficial similarities with jellyfish. Two other lineages of earlydiverging animals, sponges and placozoans have very few cell types and do not possess
neurons. The order of divergence among these four basal animal lineages has always
been controversial and historically relied on anatomical and functional comparisons and
dating of fossil records. It was frequently assumed that complexity builds up as evolution
progresses, therefore more simple organisms would have diverged earlier on the tree of
life. For example, sponges and placozoans who do not have a nervous system are thought
to be more ancient than ctenophores and cnidarians. However, as Dunn et al. pointed out,
our study of animal biology has mostly focused on bilaterians and our knowledge on
complex traits in bilaterians may bias us to look for homologous traits in non-bilaterians
while missing unique complex traits in these animals (Dunn et al., 2015). In other words,
we have probably been greatly underestimating non-bilaterian complexity, which will
affect the accuracy in constructing the animal evolution tree. Recently the availability of
genomic data for animals across taxons has facilitated more comprehensive molecular
phylogenetic analysis of animal evolution history, and the sponge/placozoan first
hypothesis has been challenged by two independent studies that placed ctenophores at the
base of the animal tree (Moroz et al., 2014; Ryan et al., 2013), before the divergence of
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sponges. However, concerns for phylogenetic artifacts have been raised against these
results (Jekely et al., 2015; Marlow and Arendt, 2014) and for now the exact branching
order between sponges and ctenophores remain unresolved (Fig. 1-3). On the other hand
placozoans, cnidarians and bilaterians are shown to have diverged later and are united as
“parahoxozoa” defined by having homeodomain Hox/Parahox genes (Ryan et al., 2010).

Figure 1-3. A simplified phylogeny of animal evolution. Red lines represent major
animal lineages and black line indicates the closest sister group of animals: unicellular
eukaryotes called choanoflagellates. Estimated times of divergence based on relaxed
molecular clock analyses calibrated to fossil records are given at branch points (Berney
and Pawlowski, 2006; Douzery et al., 2004; Peterson et al., 2004). The order of
divergence between ctenophores and sponges is still under debate (blue arrows). Animals
belonging to the Parahoxozoa superphylum are shaded in grey. Animal lineages with a
nervous system are highlighted with pictures of representative species. DNN – diffused
nerve net; CNS – centralized nervous system.
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The implication of the ctenophore-first hypothesis is that either the nervous
system was in place before ctenophores branched out and was lost in the sponge and
placozoan lineages, or ctenophores evolved their nervous system independently from
cnidarians and bilaterians while sponges and placozoans never had a nervous system. To
say which of the two scenarios is more likely one need to review what is essential to
make a neuronal network. First a neuron needs to have electrical excitability – this
requires expression of an appropriate set of ion channels; then a neuron has to form
synapses with other neurons – this enables fast signaling between cells and requires
specific pre- and post-synaptic structures and neurotransmitters; finally neuronal fate and
patterning genes are necessary for orchestrating the development of the whole nervous
system. Tracing the origin and complexity of each of these characteristics in early animal
lineages will help to elucidate the origin(s) of neurons. I will briefly discuss what we
know about neurodevelopment and synapse function in this context and then come back
to focus on analyzing the history of electrical excitability.
The first nervous systems have different composition from those we are familiar
with. For example glial cells, housekeeper of the nervous system, were not found outside
bilaterians and seem to accompany the centralization of nervous system (Hartline, 2011).
Myelination that significantly promoted the speed and efficiency of signal transduction in
axons appeared only in vertebrates (Gould et al., 2008). As for the neuronal network
itself, on the molecular level cnidarians already possess most of the genes associated with
neurodevelopment, chemical neurotransmission and electrical signaling in bilaterians
(Anctil, 2009; Chapman et al., 2010; Kass-Simon and Pierobon, 2007; Putnam et al.,
2007). Ctenophores and sponges show less conservation with cnidarians and bilaterians
in their genome content, but still contain many orthologs of transcription factors
important for parahoxozoan neurodevelopment, such as bHLH, lhx and sox genes, and
ctenophores also share the majority of post-synaptic genes found in parahoxozoans (Ryan
et al., 2013). Although lacking synaptic structures, the sponge Amphimedon
queenslandica contain genes for a set of proteins homologous to those found on postsynaptic scaffolds (Sakarya et al., 2007). Glutamate-induced contractions mediated by
metabotropic receptors has also been reported in sponges (Ellwanger et al., 2007),
suggesting that the machineries for detecting and responding to environmental signals
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have already began to emerge before sponges diverge. Catecholamine-mediated
neurotransmission appear to be lacking in ctenophores, but glutamate, GABA and
acetylcholine-based transmissions have been found in their nervous systems (Marlow and
Arendt, 2014).
Ctenophores also contain lineage-specific expansions of genes involved in
chemical neurotransmission. For example, multiple ctenophore species have an
expansion of ionotropic glutamate receptor (iGluR) genes that form a sister group to
human iGluRs, but none of them are direct orthologs to AMPA or NMDA receptors
(Moroz et al., 2014; Ryan et al., 2013). Also unique to ctenophores is a large number of
putative neuropeptides not homologous to other metazoan lineages. Correspondingly they
have more than a hundred G-protein coupled receptors (GPCRs), suggesting
interneuronal signaling could be largely peptidergic. Similar findings in other gene
families suggest ctenophore divergence happened prior to the emergence of some key
genes found in the bilaterian nervous system and ctenophores apparently have also made
their own innovations towards building a neuronal network. Nevertheless, ctenophores
share a large set of parahoxozoan neural genes that appear sufficient to make a simple
nervous system. On the other hand, the presence of most these genes in animals without a
nervous system makes it hard to say so conclusively.
Action potentials underlie neuronal signaling in animals, but can also be found in
certain plants and protozoans (Eckert and Brehm, 1979; Stankovic and Davies, 1997;
Wildon et al., 1992). Some sponges also propagate voltage impulses through their body
(Leys and Mackie, 1997; Leys et al., 1999). However instead of using synapses,
intercellular signal transduction in plants is mediated by electrical coupling (similar to
gap junctions in animal muscles), and conduction in sponges is through a continuous
cytoplasm called “syncytium”. Furthermore, the depolarizing inward current is generated
by Ca2+ influx in these scenarios, unlike the classical Na+-dependent action potentials in
neurons (Goldin, 2002; Leys et al., 1999). Consequently the conduction speeds of action
potentials in these organisms are very slow: no more than a few centimeters per second in
contrast to tens of meters per second in vertebrate and some invertebrate neurons.
Ctenophores have both voltage-gated Ca2+ (Cav) channels and voltage-gated Na+ (Nav)
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channels and their action potentials appear to involve both (Bilbaut et al., 1989;
Liebeskind et al., 2011). In medusozoan cnidarians Nav-based inward currents have
become the major depolarizing drive in action potentials (Anderson and Schwab, 1983;
Spencer and Satterlie, 1981), although anthozoan cnidarians still rely largely on Ca2+
conductance, possibly because the Nav channels identified in anthozoans have pore motif
sequences that favor Ca2+ selectivity over Na+ (Holman and Anderson, 1991; Liebeskind
et al., 2011). Interestingly, Nav channels have arisen from Cav channels already in
choanoflagellates, even before multicellular animals came to be (Liebeskind et al., 2011).
It is yet unknown what roles Nav channels play in choanoflagellates, but their early
origin argues that their absence in sponges represent a lineage-specific loss.
Repolarization of ctenophore action potential is mediated by both voltageactivated and Ca2+-activated outward K+ currents (Bilbaut et al., 1989). Cnidarians also
display these two types of K+ conductances during action potential (Anderson and
Schwab, 1983; Holman and Anderson, 1991). As for sponges it is not yet clear whether
any K+ currents contribute to action potential repolarization (Leys et al., 1999). The
presence and diversity of voltage-gated K+ channels have not been examined in
choanoflagellates, although they have been identified in other single-cell eukaryotes and
prokaryotes (Eckert and Brehm, 1979; Kuo et al., 2005; Saimi et al., 1988), suggesting
early evolutionary origin. One may then ask: how many different voltage-gated K+
channels with distinct characteristics are needed for a neuron to accomplish its job?
Bilaterians generally have 8 families of voltage-gated K+ channels, and in humans that
gives as many as 40 genes, twice the number of Cav and Nav channels combined. Is this
huge diversity of channel genes already present in the first neurons? Since we are not
able to go back in time and study the ancestral nervous system directly, the best way to
answer this question is to look at early-diverging animals like cnidarians and ctenophores,
and see how much conservation is there between their voltage-gated K+ channels and
those of bilaterians.
A subset of voltage-gated K+ channels in cnidarians have been cloned and studied
in heterologous expression systems (Jegla et al., 1995; Jegla et al., 2012; Martinson et al.,
2014), and comparison with bilaterian channels revealed both conserved features within
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channel families and lineage-specific diversifications. This indicates that evolution of
some of the key families of voltage-gated K+ channels already took place in common
ancestors of cnidarians and bilaterians. The existence and diversity of voltage-gated K+
channels in ctenophores has not yet been explored, but newly published genome and
transcriptome data has enabled us to take the first step towards solving this mystery. In
Chapter 2 and Chapter 3 I will present two studies I contributed to that searched for the
evolutionary origins of voltage-gated K+ channel gene families in cnidarians and
ctenophores.

1.1.4 Co-evolution of ion channels and the plasma membrane
Nested in the lipid bilayer, ion channels come into frequent contact with different
types of membrane lipids, including sterols, phospholipids and glycolipids. The
mammalian cell membrane contains >2000 lipid molecule species (Barenholz, 2002).
Lipid-channel interaction in part determines channel structure and movements of channel
parts during gating may change lipid-protein interactions which in turn regulate channel
gating (Martfeld et al., 2015). Changes in lipid composition may also affect a channel’s
electrostatic environment and thus indirectly modulate channel activity through changing
membrane potential (Kasimova et al., 2014). From an evolutionary perspective, it is
important to understand that ion channels co-evolved with the composition of cell
membranes. For example, many eukaryotic channels have their prokaryotic homologs,
yet prokaryotic and eukaryotic membranes have quite different compositions: Bacteria
membrane typically contain mostly phosphatidylethanolamines (PE), a zwitterion and
negatively charged phosphatidylglycerols (PG) and cardiolipin (CL) (Epand et al., 2007;
van Dalen et al., 2002). Some typical eukaryotic membrane phospholipids such as
phosphatidylcholine (PC), phosphatidylserine (PS) and phosphatidylinositol (PI) are
found only rarely in a fraction of bacteria species (Sohlenkamp et al., 2003). Also sterols
and phosphoinositides, well known regulators of ion channel activity are present only in
eukaryotic membranes (D'Avanzo et al., 2010b; Levitan et al., 2014; Majewska, 2007).
Experiments in liposomes with defined composition suggest ion channel structure and
activity are influenced by ratios of major lipid species on the membrane (Powl et al.,
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2005; Valiyaveetil et al., 2002; van Dalen et al., 2002), a global effect conferred by
properties of hydrophobic acyl chains and charged head groups of lipids. In contrast,
some channels also require particular low-abundance lipid species as a cofactor or
modulator, a more local and specific effect probably mediated through direct binding.
Although lipid composition may change through evolution, some common principles
may apply. For example, the negatively charged head group of phospholipids can serve to
coordinate the positively charged arginines in channels’ voltage sensors, contributing to
their energetic stability in the membrane (Schmidt et al., 2006).
A good example for lipid-channel co-evolution can be found in the inward
rectifier potassium (Kir) family channels, where the appearance of a negatively charged
phosphoinositide, PIP2 in eukaryotic membranes has driven specific changes in protein
sequence to preserve channel function: Eukaryotic Kirs have extra basic residues in the
linker region between transmembrane and cytoplasmic domains that destabilize channel
open state in the absence of PIP2, while PIP2 binding to these residues induces domain
interaction to open the channel. Bacteria Kir (KirBacs) channels have a shorter linker that
favors domain interaction and channel opening, while PIP2 binding actually disrupts this
interaction and closes the channel (D'Avanzo et al., 2010b; Enkvetchakul et al., 2005).
This demonstrates one important force on the evolution of ion channel structure and
highlights the need to understand ion channel function in the context of lipid modulation.
In the next section I will give an introduction to my research on phosphoinositide
regulation of an EAG family voltage-gated K+ channel.
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1. 2 Phosphoinositide regulation of voltage-gated K+ channels
1.2.1 Introduction to phosphoinositides
Phosphoinositides are low-abundance phospholipids with a myo-inositol head
group. They are found on the cytosolic leaflets of plasma membrane as well as
subcellular membranes of all eukaryotic cells. All seven phosphoinositides are derived
from phosphoinositol (PI) through reversible phosphorylation on the 3-, 4-, and 5positions of the inositol ring (Fig. 1-4A) and they undergo rapid interconvertion through
specific

lipid

kinases

and

phosphatases.

Despite

their

scarcity,

different

phosphoinositides have distinctive distributions on the cellular membranes and therefore
serve as important markers of specific membrane compartments (Di Paolo and De
Camilli, 2006). They are thus able to localize certain cytosolic and membrane proteins to
particular patches of membrane and their negatively charged head groups allow them to
modulate activities of proteins through direct interactions (Suh and Hille, 2008).
PtdIns(4,5)P2, often referred to as PIP2, is predominantly found on the inner
leaflet of the plasma membrane. Even though it represents less than 1% of membrane
phospholipids with an effective concentration of around 10 μM (McLaughlin et al., 2002),
its abundance is still the highest among poly-phosphoinositides, 20 to 100 times that of
PtdIns(3,4,5)P3 (PIP3), the best-known lipid second messenger (Hilgemann, 2007). Major
metabolic pathways of PIP2 are summarized in Figure 1-4B. PIP2 is mainly synthesized
from PI(4)P through phosphorylation at the inositol 5-position (van den Bout and
Divecha, 2009). Class I phosphoinositide 3-kinase (PI3K) converts PIP2 to PIP3 upon
activation by receptor tyrosine kinases and G protein-coupled receptors (GPCRs). PIP2 is
also well known as the target of phospholipase C (PLC) cleavage upon Gαq type GPCR
activation, producing two classical second messengers, diacylglycerol (DAG) and
inositol 1,4,5-trisphosphate (IP3). This pathway underlies cellular signaling responses to
many neurotransmitters including acetylcholine, serotonin, glutamate and some
catecholamines. However, recent studies begin to reveal a signaling role of PIP 2 itself
through interacting with various proteins, among which are many ion channels.
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A

Figure 1-4. Phosphoinositide structure and PIP2 metabolism. (A) Adapted from Suh
and Hille, Current Opinion in Neurobiology, 15:370-378 (2005). Left: general structural
backbone of phosphoinositides. Phosphorylation on the R3, R4 and/or R5 positions on
the inositol ring can give rise to seven phosphoinositide species (box on the right). *The
most abundant PtdIns(4,5)P2 is commonly abbreviated as PIP2. (B) Immediate metabolic
pathways for PIP2. PIP2 can be synthesized from mono-phosphoinositides by soluble
kinases and this process can be reversed by membrane-bound phosphatases. PIP2 can also
serve as the substrate for synthesis of PIP3 upon stimulation by growth factors. Finally
activation of Gαq type G protein-coupled receptors leads to phospholipase C (PLC)mediated cleavage of PIP2, generating signaling metabolites.
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1.2.2 PIP2 modulation of ion channel activities
How does one know PIP2 modulates the activity of a particular ion channel?
Initial evidence came from studies using excised inside-out membrane patches, where
channel current decay or changes in gating kinetics were observed after patch excision,
and could be restored by applying exogenous PIP 2 or Mg/ATP to the cytoplasmic side of
the membrane (Hilgemann and Ball, 1996; Loussouarn et al., 2003). The reasoning was
that in excised patches without normal cytoplasm PIP2 gets dephosphorylated by lipid
phosphatases, while ATP is not available to fuel PIP2 synthesis by lipid kinases, leading
to net PIP2 depletion in the membrane. This notion was later confirmed by manipulating
PIP2 level in intact cells using enzymes that synthesize or destroy PIP2, and inhibitors of
these enzymes (Murata and Okamura, 2007; Suh and Hille, 2002; Zhang et al., 2003).
The next obvious question is whether PIP2 modulates ion channels through direct binding
or indirect pathways. Several studies on inward rectifier potassium (Kir) channels tested
the direct binding hypothesis by reconstitution of purified channel proteins into
liposomes with a defined composition, and the consensus was that PIP2 can directly
regulate Kir channels, independent of other molecules or pathways (Cheng et al., 2011;
D'Avanzo et al., 2010a; Leal-Pinto et al., 2010). Further support came from mutations of
basic residues on channels that reduced PIP2 effect (Huang et al., 1998; Lopes et al., 2002;
Park et al., 2005; Soom et al., 2001), supposedly by disrupting the electrostatic
interactions between these positively charged residues and negatively charged PIP 2 head
group. While the direct modulator role of PIP2 is being confirmed for more and more
channels with simplified experimental systems, one also needs to consider its indirect
effects when analyzing channels in native tissues. For instance, PIP2 depletion through
PLC-mediated cleavage produces second messengers that can lead to additional
modulation of ion channels (Kang et al., 2006; Keselman et al., 2007; Matavel and Lopes,
2009).
Recent reports from the MacKinnon group provided structural evidences for
direct PIP2 binding to two different inward rectifier potassium channels, Kir2.2 and
Kir3.2 (Hansen et al., 2011; Whorton and MacKinnon, 2011). In these channels PIP2 is
an obligatory cofactor that couples activated cytoplasmic domain to the transmembrane
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pore gate domain. Crystal structures reveled two PIP2-interacting regions on the channel:
one in the transmembrane domain that interact non-specifically with phospholipid
backbones, and one at the interface between transmembrane and cytoplasmic domains
that binds specifically with phosphatidylinositol head group. The latter binding site
consists of multiple conserved basic residues that coordinate negatively charged
phosphate groups on the PIP2 head group. The majority of PIP2-interacting residues are
found on the intracellular ends of the two transmembrane helices, or on a short linker
region connecting the transmembrane domain and intracellular domains (Fig. 1-5)
(Whorton and MacKinnon, 2011). This has important implications for the still elusive
PIP2 interacting surface in voltage-gated K+ channels, since Kir channels share the K+selective filter and pore-forming helices with their voltage-sensitive relatives (Kv
channels), and crystal structures reveal high similarities in the pore domain between the
two channel families (Gonzalez et al., 2012; Sansom et al., 2002). The gate region (S4-5
linker and S6 terminal) in voltage-gated K+ channels therefore becomes a candidate for
PIP2 interaction.
Other phosphoinositides, in particular the relatively abundant PI(4)P and PIP3,
have also been shown to modulate ion channel activities (Brady et al., 2006; Cao et al.,
2013; D'Avanzo et al., 2010a; Le Blanc et al., 2004; Rohacs et al., 1999; Zolles et al.,
2006). While their effects on some channels are similar to that of PIP2, there are cases
when they regulate channels in different, and even opposite fashions. The number of
phosphate groups on the inositol ring, and thus the charge and shape of the inositol head
group, is an important determinant of binding affinity and specificity. Whether this
regulation have physiological meaning is still not clear. PI(4)P has similar abundance as
PIP2 in the entire cell (Falkenburger et al., 2010), but is predominantly found in the Golgi
complex (Di Paolo and De Camilli, 2006), raising the possibility that it regulates channel
trafficking. PIP3, on the other hand is concentrated at the plasma membrane as PIP 2,
although at much lower abundance. Tight regulation of PIP3 synthesis and breakdown
may limit its regulation of channel activity to specific occasions such as growth factor
stimulation. To this day PIP2 has been the most frequently studied phosphoinositide in
terms of ion channel regulation, largely owing to its strong presence on the plasma
membrane.
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Adapted from Whorton and MacKinnon, Cell, 147(1):199–208 (2011)
Figure 1-5. PIP2 binding site in Kir3.2 (GIRK2) crystal structure. Left: The whole
channel is shown in grey with black lines indicating the boundaries of plasma membrane.
DiC8-PIP2 molecules are shown in yellow and red (two out of four are shown) and the
region in black box are shown in close-up on the right. Right: Main PIP2-coordinating
residues (shown as sticks). The dioctanoyl carbon tail of PIP2 is not shown in full.
Elements are colored as follows: carbon - yellow; oxygen - red; nitrogen - blue;
phosphorus - orange.
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1.2.3 PIP2 modulation of voltage-gated K+ channels
As previously mentioned voltage-gated K+ channels are a functionally diverse
group, and not surprisingly their activities are modulated by PIP2 in varied ways, which I
will review in this section. Before getting to voltage-gated K+ channels, it is worthwhile
to briefly mention how other voltage-sensitive ion channels respond to PIP2 as their close
evolutionary relationship may imply conserved mechanisms. Voltage-gated Ca2+ (Cav)
channels have analogous VSD and PD domains as Kv channels and are PIP2-modulated
(Gamper et al., 2004; Suh et al., 2010; Wu et al., 2002). In Cav2.1 this modulation is
composed of two counteracting effects: stabilization of channel activity against rundown
as well as inhibition of voltage-dependent activation (Fig. 1-6) (Wu et al., 2002).
Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are a close relative
of the EAG family voltage-gated K+ channels that have lost K+ selectivity. Their VSD is
coupled to the PD differently than in Kv and Cav channels such that they are opened by
membrane hyperpolarization instead of depolarization. Interestingly, PIP2 has been found
to promote voltage-dependent activation in HCN channels (Flynn and Zagotta, 2011;
Pian et al., 2006; Zolles et al., 2006), which means PIP2 shifts channel voltage
dependence in the same (depolarizing) direction as in Cav channels. In a sea urchin HCN
(SpIH), PIP2 also show an additional inhibition effect when the cyclic nucleotide-binding
domain is partially activated, which is mediated by a C-linker region that connects the
CNBD to the channel pore (Flynn and Zagotta, 2011). The PIP2 effect on HCN voltage
dependence however does not depend on the C-linker or CNBD and has been speculated
to involve the transmembrane VSD and PD regions.
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Figure 1-6. PIP2 affects voltage-dependent gating of Cav2.1, Shaker and HCN
channels in a similar fashion. Simulated conductance-voltage (GV) curves for the
indicated channels in the absence and presence of PIP2. For Cav2.1 and Shaker
depolarization leads to channel opening and therefore increases in conductance measured
(left). In contrast HCN channel is opened by hyperpolarization and therefore its GV
curves are flipped the other way (right). In both cases, PIP2 shifts the GV curve in the
depolarizing direction (red dashes). This effect is inhibitory for Cav2.1 and Shaker but
facilitatory for HCN.
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Recently two independent studies on Shaker family voltage-gated K+ channels
reported dual effect of PIP2 on channel gating (Abderemane-Ali et al., 2012; RodriguezMenchaca et al., 2012a). Both showed that PIP2 increases current amplitude on one hand,
and on the other hand inhibits voltage activation, i.e. shifting activation voltage
dependence to more depolarized voltages (Fig. 1-6). This latter effect is in accordance
with what has been observed for Cav and HCN channels mentioned earlier, suggesting
potential conserved PIP2 regulating mechanism through the VSD. Mutation experiments
and molecular dynamic simulations point to positively charged residues on the S4-5
linker and S6 terminal as possible PIP2 interaction sites (Abderemane-Ali et al., 2012;
Rodriguez-Menchaca et al., 2012a), agreeing with earlier predictions based on Kir crystal
structures. As for the PIP2 enhancement of current amplitude, both studies noticed that it
has lower sensitivity to PIP2 than the voltage dependence effect, hinting at a separate site
of PIP2 interaction. Although no channel region has yet been demonstrated responsible
for this effect, Abderemane-Ali et al. showed that PIP2 can possibly achieve it by altering
channel inactivation kinetics, consistent with an earlier study on Shaker family channels
(Oliver et al., 2004). The hypothesis is that PIP2 interacts with the cytoplasmic “ball
domain” responsible for inactivation and holds it in place, such that it can no longer serve
to block the channel pore.
It needs to be noted that not all Shaker family channels tested show modulation by
PIP2. A recent study used a voltage-sensitive phosphatase (Dr-VSP) to deplete PIP2 in
tsA-201 cells expressing different channels, and found that six out of eight Shaker family
channels did not respond to PIP2 depletion (Kruse et al., 2012). While this result revealed
interesting new insights, part of it seemingly contradicts earlier reports (Hilgemann et al.,
2001; Oliver et al., 2004). This discrepancy can be explained to some extent by the
difference in experimental configuration (excised patch versus whole-cell) and the degree
of PIP2 depletion, but it also emphasizes the importance to determine the physiologically
relevant range of PIP2 concentration for affecting channel activity.
KCNQ family channels, which mediate neuronal M-current as well as cardiac
delayed-rectifying K+ current, require PIP2 as an obligatory cofactor for channel activity
(Loussouarn et al., 2003; Suh and Hille, 2002; Zhang et al., 2003). Here PIP2 exclusively
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potentiates channel activation and do not seem to have an inhibition effect on voltage
activation. Using voltage clamp fluorometry, it has been shown that VSD movement in
KCNQ1 is insensitive to PIP2 (Zaydman et al., 2013). However, PIP2 is required for
coupling VSD activation to PD opening, since interactions between S4-5 linker and S6
are especially weak in KCNQ compared to other voltage-gated K+ channels (Kasimova et
al., 2015; Zaydman et al., 2013). Mutations of multiple basic residues at the VSD-PD
interface (including S2-3 linker, S4-5 linker and S6 terminal) have been shown to affect
PIP2-dependent activation (reviewed in (Zaydman and Cui, 2014)), consistent with the
coupling hypothesis. The mechanism by which PIP2 modulates KCNQ channels is
reminiscent of the Kir-PIP2 interaction. In both cases, PIP2 is necessary to couple the
conformation change in a modular sensor domain to the pore domain. It appears that
negatively charged head group and inner leaflet positioning of PIP2 made it an ideal
coupling agent for positively charged protein surfaces near the intracellular side of the
plasma membrane. Since the lineage of Kir channels already separated from that of the
Kv channels in prokaryotes, even before cells began to make phosphoinositides, this
arrangement has apparently arisen multiple times in ion channel evolution and represents
a convergent mechanism in PIP2 modulation of ion channels.
Having reviewed PIP2 modulation in several different families of voltagesensitive ion channels, one can see its effects can be both widely conserved and channelspecific. Positively charged residues at juxtamembranous regions have been repeatedly
found accountable for PIP2 interaction in various channels. Even though some predictions
may be made on how PIP2 may modulate an untested channel based on sequence analysis,
empirical data is still needed to ascertain the hypotheses. Now that we have some
understanding on how PIP2 regulates Shaker and KCNQ family channels, data on EAG
family channels is lagging behind. This piece of the puzzle will need to be in place for us
to have a more complete picture of PIP2 modulation of voltage-gated K+ channels.
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1.2.4

Using Elk1 to study PIP2 modulation of EAG family voltage-gated K+

channels
The ether-à-go-go (EAG) superfamily genes encode voltage-gated K+ channels
and are subdivided into three subfamilies, namely Eag, Erg and Elk. These channels open
at near-threshold membrane potentials and have a great influence on neuronal excitability
(Saganich et al., 2001). As mentioned earlier EAG family channels are unique among the
Kv superfamily in having an N-terminal PAS-cap domain and a C-terminal CNBHD
domain. The physiological roles of these domains remain mysterious but the two domains
have been shown to interact, affecting activation kinetics in Eag channels while
modulating deactivation rate in Erg channels (Al-Owais et al., 2009; de la Pena et al.,
2013; Gustina and Trudeau, 2011; Haitin et al., 2013; Li et al., 2014; Stevens et al., 2009).
Although similar in structure, these channels display different biophysical properties and
supposedly serve distinctive roles in vivo (Bauer and Schwarz, 2001; Ganetzky et al.,
1999). All EAG family channels have been shown to be expressed in the mammalian
CNS and many show overlapping expression pattern with KCNQ channels, another
family of sub-threshold activating voltage-gated K+ channels (Engeland et al., 1998;
Martin et al., 2008; Papa et al., 2003; Saganich et al., 2001; Zou et al., 2003). Since it’s
well established that PIP2 dependence plays a critical part in KCNQ function and
hydrolysis of PIP2 in neurons through G-protein Gαq signaling dampens KCNQ activity
(Brown et al., 2007; Delmas and Brown, 2005; Zaydman and Cui, 2014), it’s important to
understand how EAG family channels that are potentially present in the same neurons
respond to this change in membrane PIP2 abundance.
Herg1 (human Erg1) received a lot of attention in the past two decades as it
mediates the IKr in cardiac myocytes and mutations in Herg1 cause a type of cardiac
arrhythmia called the long QT syndrome (Sanguinetti et al., 1995a; Trudeau et al., 1995).
Until now, Herg1 is the only EAG family channel of which PIP2 modulation has been
studied. Under both whole-cell and excised patch recording conditions PIP2 is found to
promote Herg1 activity, through increasing maximal channel current and slowing
deactivation (Rodriguez et al., 2010) or speeding channel activation while slowing
inactivation kinetics (Bian et al., 2001). The distinct effects of PIP2 on Herg1 biophysical
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parameters seen in the two studies were presumably due to different experimental
configurations, but the consensus is that PIP2 positively modulate Herg1 activity, and is
probably not an obligatory cofactor for channel activity. As for the PIP 2 binding site on
Herg1, so far it’s been pointed by only one study to be localized to a stretch of positively
charged residues in the cytoplasmic C-terminus (Bian et al., 2004). Surprisingly, these
residues are not conserved within the EAG family, raising the question of whether PIP2
modulates other EAG family channels. It remains possible that mutational experiments in
the aforementioned study disrupted cytoplasmic channel gating modules and indirectly
affected PIP2 modulation. If so, where PIP2 binds on Herg1 is still an unresolved question.
Elk1 (aka Kv12.1), a member of the Elk subfamily, is primarily expressed in the
mammalian CNS (Engeland et al., 1998; Zou et al., 2003). Elk1 expression in the brain
show significant overlap with its family member Elk2, which plays a critical role in
controlling hippocampal excitability (Zhang et al., 2010b). Elk1 current properties in
native tissues have not been investigated so far, but in vitro expression experiments
showed that Elk1 activates slowly and at sub-threshold voltages (-90 mV and above), and
almost show no current inactivation (Zou et al., 2003). Lack of inactivation and relatively
high expression level in oocytes compared to other Elk family channels (unpublished
observation) makes Elk1 practically best suited for oocyte patch clamp experiments. In
Chapter 4 I report a study on modulation of Elk1 gating by phosphoinositides (in
particular PIP2), which unveils a bi-modal regulation mechanism that involves both EAG
family-specific domains and gating machineries common to all voltage-gated cation
channels. The finding broadens our view on PIP2 regulation of voltage-gated K+ channels
and beseeches further research in physiological contexts.
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1. 3 Summary
Ion channels have come a long way in evolution and serve diverse functions in all
domains of life. Voltage-gated ion channels are fundamental to electrical signaling, so
understanding their evolution and regulation will help us comprehend how the most
remarkable product of evolution - the nervous system - came to be and how it grew so
stunningly complex over time. Voltage-gated K+ (Kv) channels show especially high
diversity in bilaterian animals, but it is unclear whether the first animals with a nervous
system needed all this complexity to function. Part of the current study aims to trace the
evolutionary history of Kv channels back to the beginning of animal evolution and
attempts to relate diversifications of these channels with major advances in nervous
system evolution. Another part of this study aims to identify the mechanism behind
activity regulation of an EAG family Kv channel by phosphoinositides, a group of
membrane phospholipids with important roles in eukaryotic cell physiology. Differential
modulation of different ion channels by phosphoinositides likely expands the capacity of
neurons to carry out a wide variety of signaling repertoires.
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Chapter 2
Ether-a-go-go family Voltage-Gated K+ Channels evolved in an
ancestral

metazoan

and

functionally

diversified

in

a

Cnidarian/Bilaterian Ancestor
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2.1 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 NvElk) also share high functional conservation with mammalian channels.
NvEag, like bilaterian Eag channels, has rapid kinetics, while NvElk 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 Mg2+ in Eag channels and Ca2+ in Erg channels is reduced in Nematostella due to
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 highdivalent 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.
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2.2 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-ago-go (EAG) family K+ channels 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 (Elk2) in mice reduces sub-threshold K+
current and lowers action potential threshold in hippocampal pyramidal neurons (Zhang
et al., 2010b). Both knockout of Kv12.2 (Elk2) in mice and a gain-of-function in Kv10.2
(Eag2) in humans cause seizures (Yang et al., 2013; Zhang et al., 2010b), and knockout
of Eag1 in mouse causes generalized hyperexcitability (Ufartes et al., 2013). Similarly,
pharmacologic block of Erg channels enhances the excitability of neurons in several brain
regions (Hardman and Forsythe, 2009; Hirdes et al., 2005; Hirdes et al., 2009; Ji et al.,
2012; Niculescu et al., 2013). A role for Erg and Eag channels in the regulation of
neuromuscular excitation appears conserved in Drosophila and C. elegans (Collins and
Koelle, 2013; Garcia and Sternberg, 2003; LeBoeuf and Garcia, 2012; Srinivasan et al.,
2012; Titus et al., 1997), but Elk channel function 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 6
transmembrane domain voltage-gated K+ channel core, followed by a cytoplasmic gating
domain homologous to cyclic-nucleotide binding domains (CNBHD) (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
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al., 2009; Brelidze et al., 2012). The EAG gene family is comprised of three separate
subfamilies classified by high intra-family sequence conservation. They are the Ether-ago-go (Eag), Ether-a-go-go related gene (Erg) and Ether-a-go-go-like K+ channel (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 that suggest they evolved to
serve separate physiological roles. Evidence that the Eag, Elk and Erg subfamilies are
functionally independent includes the finding that while voltage-gated K+ channels are
tetrameric, co-assembly of subunits from distinct subfamilies does not occur (Wimmers
et al., 2001a; Zou et al., 2003). We have previously expressed Nematostella (sea anemone)
Erg channel paralogs and demonstrated that an inactivating IKr-like phenotype of
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 Erg1 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, characterized by
delayed cardiac action potential repolarization (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
Mg2+ sensitivity of activation kinetics (Terlau et al., 1996). Mg2+ 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 (HCN) and cyclic-nucleotide-gated cation
channels (CNG). Erg channel kinetics are sensitive to both Mg2+ and Ca2+ (Fernandez et
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al., 2005; Jo et al., 1999), while Elk channels are insensitive to these ions but inhibited by
Zn2+ (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 examined 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, suggesting the channels are important to a wide variety of
physiological processes. These results suggest the functional diversification of subthreshold EAG family K+ channels continued after the evolution of the first nervous
systems, but was largely complete before the cnidarian/bilaterian divergence.
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2.3 Materials and Methods
2.3.1 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 MlEAG1 and MlEAG2 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 MlEAG1 and MlEAG2. Full length clones of each gene
were assembled using ligation and/or overlap PCR, inserted into the pOX expression
vector (Jegla and Salkoff, 1997a) for expression in Xenopus oocytes, and sequence
confirmed. Clones matching the coding sequences reported in Supplemental File 2-1
(available online at http://jeb.biologists.org/content/suppl/2015/02/12/218.4.526.DC1)
were used in expression studies.

2.3.2 Phylogenetic analysis
Amino acid sequence alignments for phylogenetic analysis were generated using
ClustalW as implemented in MEGA5 (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
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replicates of 4 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
Figure 2-1.

2.3.3 In Situ Hybridization
Animals were raised to appropriate stages in 1/3X sea water at 25oC and then
fixed as described in (Wolenski et al., 2013). Nematostella EAG family sequences used
for in situ hybridization are given in Supplemental File 2-1 (available online at
http://jeb.biologists.org/content/suppl/2015/02/12/218.4.526.DC1) and were cloned into
to 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 situs
were performed as described in (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).

2.3.4 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 d at 18°C in
ND96 culture solution before recording. Xenopus laevis ovaries were purchased from
Nasco (Fort Atkinson, WI, USA) and Xenopus I (Dexter, MI, USA), and oocytes were
enzymatically defolliculated with 1 mg/ml type II collagenase (Sigma-Aldrich, St. Louis,
MO, USA) in Ca2+-free ND98 solution (98 mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM
Hepes, pH 7.2). Following digestion, oocytes were rinsed extensively and then
maintained in ND98 culture solution (98 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM
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MgCl2, and 5 mM HEPES, pH 7.2) supplemented with 2.5 mM Na-pyruvate, 100 U/ml
penicillin, and 100 µg/ml streptomycin (Life Technologies, Carlsbad, CA, USA).
Base recording solution consisted of (in mM) 98 NaOH, 2 KCl, 5 HEPES and was
adjusted to the desired pH value with methanesulfonic acid. CaCl2 and MgCl2 were added
to the base solution to the desired concentration. For MmEag1 GV measurements, K+
concentration was increased to 50 mM, and Na+ concentration was reduced to 50 mM.
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 (0.4-1 MΩ), and bath clamp circuitry was
connected by a 1 M 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. GV curves were measured from
isochronal tail currents recorded at −40 mV for NvEag, HsElk1 and HsElk3, -60 mV for
NvElk, and -70 mV for NvErg1. For MmEag1, the reversal potential was empirically
determined and used to compute the electrochemical driving force at each voltage step.
GV curves were derived by normalizing steady state current at the end of the 1 second
step to the driving force. Data were fit in Origin 8.1 (OriginLab, Northampton, MA, USA)
with a single Boltzmann distribution: f(V)=(A1−A2)/(1+e(V−V50)/s)+A2, where V50 is the
half-maximal activation voltage, s is the slope factor, and A1 and A2 are the lower and
upper bounds, respectively. Reported V50 and slope factor values are the mean ± 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 V50 and s values of
measurements from individual cells. Statistical comparisons between datasets were made
using two-tailed T-test.
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2.4 Results
2.4.1 Phylogenetic analysis of 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 genomes 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), 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 represent most closely
related outgroup to the metazoans (Fairclough et al., 2013; King et al., 2008). We
previously used this strategy to identify 5 Erg family channels from Nematostella and 2
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/voltage-gated K+ channel core/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 and amino
acid translations are provided in Supplemental File 2-1 (available online at
http://jeb.biologists.org/content/suppl/2015/02/12/218.4.526.DC1). We built a Bayesian
inference phylogeny of metazoan EAG family proteins, including the sequences from
Nematostella, Trichoplax and Mnemiopsis (Fig. 2-1). We found that our putative
Nematostella and Trichoplax Eag and Elk family members group strongly within each of
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these subfamilies (Fig. 2-1). The two Mnemiopsis EAG genes form an out-group to the
Eag, Elk and Erg subfamilies (Fig. 2-1, 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 8 diverse sponge transcriptomes (Riesgo et al., 2014). Because we
find 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 suggests that diversification of the Eag, Elk and Erg subfamilies
occurred after the emergence of sponges and ctenophores, but prior to the divergence of
placozoans, cnidarians and bilaterians.
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Figure 2-1. 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 one, indicating a
strong support for the phylogeny. All sequences used in the phylogeny are provided in
Supplemental File 2-1 with database links to sequence resources (available online at
http://jeb.biologists.org/content/suppl/2015/02/12/218.4.526.DC1). 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); Ml, Mnemiopsis leidyi (ctenophore), Mm, Mus musculus
(mouse), Nv, Nematostella vectensis (sea anemone); and Ta, Trichoplax adhaerens
(placozoan).
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2.4.2

Analyzing mRNA expression patterns for EAG genes in Nematostella

vectensis
To determine which cell types might express EAG family members in nonbilaterian animals we performed mRNA in situ hybridization against the Nematostella
EAG family genes NvEag, NvElk, NvErg1 and NvErg2 (Fig. 2-2). Nveag expression was
first detected in a salt and pepper pattern within the ectoderm of the planula larva (Fig. 22A, arrowheads). Ectodermal salt and pepper patterns in Nematostella larva likely
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. 2-2A’, arrowheads) suggesting that Nveag is
expressed specifically in cnidocytes. Expression adjacent to cnidocysts was found
throughout larval and polyp stages (Fig. 2-2A-D). We detected Nveag in the cnidocyte
rich tentacle tips (Fig. 2-2B-C) in the body column (Fig. 2-2B), and adjacent to
cnidocytes in ectoderm at the aboral end of juvenile polyps (Fig. 2-2D, 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 expression of Nveag is most strongly expressed in a distinct
temporal window of cnidocyte development, such has been described for other cnidocyte
specific genes (Zenkert el al., 2011).
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Figure 2-2. In situ hybridization analysis of Nematostella EAG family channel
expression patterns. (A-M) All images are shown 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 in A, B, E-L, and M = 100 microns.
Scale bars in A’, C, D, and L’ = 10 microns. (A-D) Nveag expression. Nveag expression
is expressed in an ectodermal salt and pepper pattern in planula larva (A). 60X
magnification shows 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). 60X magnification
of the tentacle tips reveal Nveag staining in tentacles is also associated with cnidocyst
capsules (C). 60X magnification of the polyp body wall shows that cnidocyst-associated
expression is ectodermal (D, arrowheads). (E-G) Nvelk expression is absent in planulae
and during the early stages of polyp formation (E), but is turned on to high levels in polyp
tentacles (F,G) and around the oral region (G). Some cells in the polyp body wall
ectoderm also express Nvelk (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 and L’).
The expression appears slightly more concentrated around the mesentery structures (L).
At juvenile polyp stages punctate Nverg2 remains in the ectoderm, while endodermal
expression becomes ubiquitous with individual cells enriched for Nverg2 (M).
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Expression of Nvelk was not observed until polyp stages (Fig. 2-2E-G).
Expression highly concentrated in the tentacles, tentacle tips and head regions (Fig. 2F,G).
If development of the mRNA probe is allowed to continue, it becomes clear that
individual ectodermal cells in the body column express Nvelk (Fig. 2-2G, 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 Nvelk-positive cell types and a more
detailed examination will be required to determine the relationship between Nvelk
expression and cell types within the tentacles. We conclude that Nvelk 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. Nverg1
staining is first detected in a punctate pattern in the planula (Fig. 2-2H). The number of
cells and distribution of cells beginning to express Nverg1 varies between individuals
during planula stages. However, by juvenile polyp stages the expression appears
ubiquitous in the endodermal tissue. (Fig. 2-2I,J). Thus it is unclear if all endodermal
cells express Nverg1 or just a majority of them. Expression of the Nverg2 mRNA in the
planula also is detected in a punctate pattern, but cells can be observed in both the
endoderm and ectoderm (Fig 2-2K, 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. 2-2L-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. In
juvenile polyps many animals had ubiquitous endodermal expression with a punctate
distribution of cells enriched for Nverg2 in the endoderm, as well as maintained
expression of Nverg2 in individual cells in the ectoderm (Fig. 2-2M). The overlap in
expression between NvErg1 and NvErg2 raises the possibility that some cell 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
the cell type-specific expression.
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2.4.3 Functional analysis of NvEag and NvElk
We functionally expressed NvEag and NvElk 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 Eag1
(MmEag1, Kv10.1) are compared in Figure 2-3A. The currents have similar fast
activation and deactivation kinetics, lack inactivation and have almost superimposable
voltage activation (GV) curves which show substantial channel activity at typical subthreshold voltage ranges (Figure 2-3B). V50 and slope values for the single Boltzmann
distribution fits of the voltage activation data shown in Figure 2-3B are reported in Table
2-1. 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).

Figure 2-3. Comparison of NvEag and MmEag1 voltage activation properties. (A)
NvEag and MmEag1 current traces at pH 7 elicited by 1 s voltage steps from -100 mV to
40 mV (in 20 mV increments) from a holding voltage of -100 mV. (B) Normalized GV
curves for NvEag and MmEag1 at pH 7. Error bars show s.e.m. (n = 6-11) and smooth
curves show fits with a single Boltzmann distribution (parameters in Table 2-1).
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Table 2-1. Boltzmann fit parameters from GV curves of EAG channel voltage activation.
pH 6
Channel
NvEag
0 mM Mg
NvEag
5 mM Mg
NvEag G302D
0 mM Mg
NvEag G302D
5 mM Mg
MmEag1
0 mM Mg
MmEag1
5 mM Mg
NvErg1
0.1 mM Ca
NvErg1
1 mM Ca/Mg
NvErg1 E478D
0.1 mM Ca
NvErg1 E478D
1 mM Ca/Mg
NvElk
1 mM Ca/Mg
HsElk1
1 mM Ca/Mg
HsElk3
1 mM Ca/Mg

n

V50 (mV)

pH 7

pH 8

s

V50 (mV)

s

V50 (mV)

s

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

11

8.2 ± 0.9

14.3 ± 0.6

-14.8 ± 0.9

11.7 ± 0.3

-23.6 ± 1.1

11.8 ± 0.5

11

4.4 ± 1.6

13.7 ± 0.4

-32.4 ± 0.9

11.8 ± 0.4

-44.4 ± 1.1

13.1 ± 0.3

8

9.7 ± 1.1

12.6 ± 0.4

2.4 ± 1.7

14.8 ± 0.5

2.0 ± 1.4

16.1 ± 0.6

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

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

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

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

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

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

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

6

ND

ND

-54.9 ± 0.9

13.4 ± 0.2

ND

ND

12

ND

ND

-84.0 ± 1.2

16.5 ± 0.6

ND

ND

n, number of measurements. If multiple values, the number of measurements at pH 6, 7 and 8, respectively
V50, half activation voltage of the Boltzmann distribution (mV); mean ± s.e.m.
s, slope factor of the Boltzmann distribution (mV); mean ± s.e.m.
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We next examined the Mg2+-dependence of voltage-activation because activation
of bilaterian Eag channels is significantly slowed by extracellular Mg2+ (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 (Figure 2-4A,B) (Silverman et al., 2000). We
reasoned that if NvEag was similarly inhibited by low mM concentrations of Mg2+, 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 (Figure
4B). Neutralization of this charge in Drosophila Eag eliminates Mg2+ sensitivity
(Silverman et al., 2000), and the activation rate of NvEag was much less sensitive to 5
mM Mg2+ than was the activation rate of MmEag1 (Figure 2-5A,C). We quantified the
effect of Mg2+ on voltage activation by measuring the shift in V50 of a single Boltzmann
distribution fit to GV data, as shown in Figure 2-5B and 2-5D. Boltzmann fit parameters
for all data in Figure 2-5 are reported in Table 2-1. Because protons compete with
divalent cations at the acidic residue binding site and also inhibit the voltage-activation of
EAG superfamily channels (Kazmierczak et al., 2013; Terlau et al., 1996), we examined
the shift in V50 caused by 5 mM Mg2+ in pH 8 to maximize Mg2+ sensitivity, and
compared it to the V50 shift caused by 5 mM Mg2+ in pH 6, where site-specific Mg2+
sensitivity should be greatly reduced (Figure 2-5H). At pH 8, 5 mM Mg2+ caused a 31.6 ±
2.8 mV shift in the GV curve of MmEag1, and the shift was significantly reduced (P <
0.001) to 8.9 ± 2.5 mV at pH 6. For NvEag, the V50 shift caused by 5 mM Mg2+ was
significantly reduced more than 2-fold with respect to MmEag1 to 14.3 ± 2.0 mV at pH 8
(P < 0.001), but was not significantly different from the MmEag1 shift at pH 6 (6.2 ± 1.6
mV). These results indicate that NvEag has reduced Mg2+ 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 Mg2+
concentrations in order to avoid non-specific surface charge effects on our measurements.
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Figure 2-4. 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 (left 4 transmembrane domains) is
depicted with the S4 helix that 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 binding.

56

57

Figure 2-5. Mg2+ 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 mM Mg2+ (black) or 5 mM Mg2+ (red). (B)
NvEag Voltage-activation curves at pH 8 (red) and pH 6 (blue) for NvEag in 0 mM Mg2+
(solid lines and symbols) or 5 mM Mg2+ (dashed lines and open symbols). Curves show
fits with a single Boltzmann distribution (parameters in Table 2-1). 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 V50 shifts for NvEag, MmEag1 and
NvEag G302D with and without 5 mM Mg2+. Shifts were calculated as the differences in
average V50 values at pH 8 and pH 6. (H) Comparison of 5 mM Mg2+-induced V50 shifts
for NvEag, MmEag1 and NvEag G302D at pH 8 and pH 6 calculated from comparison of
V50 values determined at 0 mM Mg2+ and 5 mM Mg2+. Data points in B,D,F-H show
mean and error bars show s.e.m. (n = 6-11).
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Restoration of the S3 EAG-specific acidic residue in NvEag (G302D) greatly
enhanced Mg2+ sensitivity (Figure 2-5E,F); The V50 shift caused by 5 mM Mg2+ at pH 8
increased significantly (P < 0.001) to 46.4 ± 1.8 mV, while it remained essentially
unchanged in pH 6 at 5.2 ± 2.0 mV (Figure 2-5H). 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 V50 from pH 8 to pH 6 at 0 mM Mg2+ (39.9 ± 2.1 mV)
was significantly smaller (P < 0.001) than that observed for MmEag1 (64.0 ± 2.4 mV)
(Figure 2-5G), and the shift had relatively low Mg2+ sensitivity: 5 mM Mg2+ only reduced
the pH 8-pH 6 V50 shift to 31.7 ± 1.4 mV. In NvEag G302D, the pH 8-pH 6 V50 shift in 0
mM Mg2+ increased to 48.8 ± 2.0 mV (P < 0.01), and became highly sensitive to Mg2+,
indicating enhanced competition between Mg2+ and protons for the voltage sensor
binding site. The pH 8-pH 6 V50 shift was reduced to just 7.6 ± 1.8 mV in 5 mM Mg2+
(Figure 2-5G). These results suggest that neutralization of the EAG-specific acidic
residue in S3 is largely responsible for NvEag’s reduced Mg2+-sensitivity. The
neutralization does reduce inhibition of activation by extracellular protons, but pH
sensitivity nevertheless remains high.
We examined the pH and divalent sensitivity of NvErg1 activation because
voltage activation of human Erg1 is also inhibited by binding of protons and Ca2+ and
Mg2+ 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 Ca2+, but increases dramatically if Ca2+ is reduced to μM
levels (Kazmierczak et al., 2013). NvErg1 has a charge preserving Asp to Glu
substitution at the EAG S3 acidic site (Figure 2-4B). We reasoned that this could alter
divalent sensitivity since charge preserving mutations at the EAG-specific acidic residues
can alter divalent sensitivity of Eag and Elk channels (Silverman et al., 2000; Zhang et al.,
2009). GV curves for NvErg1 are shown for pH 6 and 8 in Figure 2-6A at both 1 mM
Ca2+/1 mM Mg2+ and 100 μM Ca2+. Human Erg1 shows a pH 8-pH 6 V50 shift of over 40
mV at 100 μM Ca2+, but less than 15 mV at 1 mM Ca2+, demonstrating high affinity
block of voltage sensor proton binding site by Ca2+ (Kazmierczak et al., 2013). NvErg1
has a pH 8-pH 6 V50 shift of 61.4 ± 2.2 mV in 100 μM Ca2+, but maintains a relatively
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large 37.2 ± 2.4 mV shift in 1 mM Ca2+/1 mM Mg2+, suggesting a reduced divalent
sensitivity (Figure 2-6C). Restoration of the EAG-specific S3 Asp residue in NvErg1
E478D significantly reduces the pH 8-pH 6 V50 shift in 1 mM Ca2+/1 mM Mg2+ to 12.4 ±
2.7 mV (P < 0.001), suggesting an increase in divalent sensitivity (Figure 2-6B,C). At
100 μM Ca2+, 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 Ca2+ concentrations, we were not
able to determine whether NvErg1 E478D has reduced pH sensitivity relative to WT, or
whether the proton binding site is still significantly occupied by Ca2+ at 100 μM. We also
did not separately examine sensitivity to Ca2+ and Mg2+. These results indicate that
replacement of the consensus Asp at the S3 Eag-specific charge position in both NvErg1
and NvEag serves to reduce divalent 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 NvErgs 2-4
(Martinson et al., 2014), and Eag and Erg orthologs from Acropora digitifera (Shinzato et
al., 2011b) contain the same substitutions as Nematostella. The EAG family channels
from multiple ctenophores (Moroz et al., 2014; Ryan et al., 2013), typified by MlEAG1
and MlEAG2 presented here, also substitute Gln or Glu for the Asp (Figure 2-4B).
Trichoplax adhaerens Erg and Eag channels also contain the Glu substitution
(Supplemental

File

2-1,

available

http://jeb.biologists.org/content/suppl/2015/02/12/218.4.526.DC1).

online
Thus

the

at
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 Mg2+ and/or
Ca2+ inhibition of voltage gating.

60

Figure 2-6. NvErg1 exhibits reduced divalent sensitivity. Normalized GV curves for
NvErg1 WT (A) and NvErg1 E478D (B) at pH 8 (red) and pH 6 (blue) with either 100
µM Ca2+ (solid lines and symbols) or 1 mM Ca2+/1 mM Mg2+ (dashed lines and open
symbols). (C) Comparison of pH 8 to pH 6 V50 shifts for NvErg1 WT and NvErg1
E478D at 100 µM Ca2+ and 1 mM Ca2+/1 mM Mg2+. Shifts were calculated as the
differences in average V50 values at pH 8 and pH 6. Data points show mean ± s.e.m. (n =
6-11), and smooth curves show fits with a single Boltzmann distribution (parameters in
Table 2-1).
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We next functionally expressed NvElk 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.,
2010b). NvElk currents recorded from voltage-clamped Xenopus oocytes are compared to
human Elk1 (HsElk1) and Elk3 (HsElk3) currents in Figure 2-7A, and GV curves are
shown for pH 7 in Figure 2-7B. The signature feature of NvElk is its extremely
hyperpolarized voltage-activation range. We determined a -101.9 ± 1.9 mV V50 for
NvElk 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 GV
curve (V50 at pH 7 of -84.0 ± 1.2 mV). These results suggest that hyperpolarized voltageactivation 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 NvElk is highly sensitive to extracellular pH, with a pH 8-pH
6 V50 shift of 80.3 ± 4.0 mV in 1 mM Ca2+/1 mM Mg2+ (Figure 2-7C). We did not
examine the divalent sensitivity of NvElk because Elk channels are insensitive to Mg2+
and Ca2+ due in part to a conserved substitution of the S2 EAG-specific Asp with Glu
(Zhang et al., 2009). An analogous substitution in Drosophila Eag eliminates Mg2+
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., 2010b), is absent
in NvElk, suggesting that in contrast to Erg, inactivation may not be an ancestral feature
of Elk channels.
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Figure 2-7. Comparison of NvElk and mammalian Elk currents. (A) Current traces
recorded from Xenopus oocytes expressing NvElk (black), HsElk3 (red) and HsElk1
(blue) at pH 7 in response to a series of 1 s voltage steps from a holding potential of -100
mV. The voltage steps range from -160 mV to 20 mV for NvElk and from -120 mV to 20
mV for both HsElk3 and HsElk1 in 20 mV increments. Tail currents were taken at -60
mV for NvElk and at -40 mV for HsElk3 and HsElk1. (B) Normalized GV curves for
NvElk, HsElk3 and HsElk1 at pH 7. Data were measured from isochronal tail currents
following 1 s steps to the indicated voltages. (C) Normalized GV curves for NvElk 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 2-1).
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Figure 2-8. 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 3 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 (brown), Elk (Blue) and Erg (green) 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).

64

2.5 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 the
cnidarian/placozoans/bilaterian 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 2 ctenophore genomes and 5 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 Figure 2-8. 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 likely 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.
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
cyclic nucleotide-binding domain (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 the 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. Cyclicnucleotide-gated cation channels (CNG) 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 nucleotidebinding 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 (Per-ArntSim)-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
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Cabral et al., 1998; Wang et al., 1998b). 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 cyclic nucleotide-binding homology
domain (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 MlEAG1
and MlEAG2 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 Eag channels such as
MmEag1, 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
suggested that this rapid gating is ancestral. The hallmark of bilaterian Elk channels is a
hyperpolarized GV 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., 2010b).
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, Erg1 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 NvErg1, 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
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mouse (Collins and Koelle, 2013; Hardman and Forsythe, 2009; Hirdes et al., 2009;
LeBoeuf and Garcia, 2012; Titus et al., 1997). Sub-threshold activation appears 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, voltageactivation 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, as 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 Mg2+
and Ca2+ sensitivity. Both types of channel substitute the characteristic EAG Asp in S3
with either Gly (NvEag) or Glu (NvErg1-5). These mutations reduce divalent block and
therefore may enhance sub-threshold activation in sea water, but they do not eliminate pH
sensitivity. Since 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.
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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 likely play important roles in action
potential repolarization and patterning (Bouchard et al., 2006; Jegla et al., 1995; Jegla
and Salkoff, 1997a; 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 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. Since 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 subthreshold excitability of neurons. Nverg2 and Nvelk 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., 2010b), 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 situs require multiple days to development. This is
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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 Nvelk.
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 NvErg1 and NvErg4 show sub-threshold activation, and that
the inactivating IKr phenotype of cardiac Erg channels in vertebrates that enables
repolarization of broad action potentials is present in NvErg1 and is likely the ancestral
Erg channel phenotype (Martinson et al., 2014). Here we find that NvErg1 and NvErg2
are broadly expressed in endoderm, and that NvErg2 is also expressed in a punctate
pattern that we speculate is consistent with a neuronal distribution. While cnidarian
myoepithelial cells are endodermal, we were not able to conclusively determine that Erg
channels are expressed primarily Nematostella myoeptithelium. The functional properties
of NvErg2 have not yet been examined, and we did not look at the mRNA distribution of
NvErg3-5.
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
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observations suggest that the major mechanisms for controlling neuronal excitability
predate the cnidarian/bilaterian divergence. This cnidarian/bilaterian channel set provides
a diverse, adaptable set of conductances that enables a broad range of neuronal activity
patterns and physiological responses.
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ancestral parahoxozoans
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3.1 Abstract
We examined the origins and functional evolution of the Shaker and KCNQ
families of voltage-gated K+ channels to better understand how neuronal excitability
evolved. In bilaterians, the Shaker family consists of four functionally distinct gene
families (Shaker, Shab, Shal and Shaw) that share a subunit structure consisting of a
voltage-gated K+ channel motif coupled to a cytoplasmic domain that mediates
subfamily-exclusive assembly (T1). We traced the origin of this unique Shaker subunit
structure to a common ancestor of ctenophores and parahoxozoans (cnidarians,
bilaterians and placozoans). Thus the Shaker family is metazoan specific but is likely to
have evolved in a basal metazoan. Phylogenetic analysis suggested that the Shaker
subfamily could predate the divergence of ctenophores and parahoxozoans, but that the
Shab, Shal and Shaw subfamilies are parahoxozoan-specific. In support of this, putative
ctenophore Shaker subfamily channel subunits co-assembled with cnidarian and mouse
Shaker subunits, but not with cnidarian Shab, Shal or Shaw subunits. The KCNQ family,
which has a distinct subunit structure, also appears solely within the parahoxozoan
lineage. Functional analysis indicated that the characteristic properties of Shaker, Shab,
Shal, Shaw and KCNQ currents evolved prior to the divergence of cnidarians and
bilaterians. These results show that a major diversification of voltage-gated K+ channels
occurred in ancestral parahoxozoans, and imply that many fundamental mechanisms for
the regulation of action potential propagation evolved at this time. Our results further
suggest that there are likely to be substantial differences in the regulation of neuronal
excitability between ctenophores and parahoxozoans.
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3.2 Introduction
Voltage-gated K+ channels are highly conserved among bilaterian metazoans and
play a central role in the regulation of excitation in neurons and muscle. Understanding
the functional evolution of these channels may therefore provide important insights into
how neuromuscular excitation evolved within the Metazoa. Three major gene families,
Shaker, KCNQ and Ether-a-go-go (EAG) encode all voltage-gated K+ channels in
bilaterians (Jegla et al., 2009; Yu and Catterall, 2004). In this study we examine the
functional evolution and origins of the Shaker and KCNQ gene families. Shaker family
channels can be definitively identified by a unique subunit structure that includes both a
voltage-gated K+ channel core and a family-specific cytoplasmic domain within the Nterminus known as the T1 domain. T1 mediates assembly of Shaker family subunits into
functional tetrameric channels (Kreusch et al., 1998; Shen and Pfaffinger, 1995). KCNQ
channels are also tetrameric but lack a T1 domain and use a distinct coiled-coil assembly
domain in the C-terminus (Howard et al., 2007; Schwake et al., 2006). KCNQ channels
can be identified by the presence of this family-specific assembly motif and high amino
acid conservation within the K+ channel core. Both channel families are found in
cnidarians (Jegla and Salkoff, 1994; Jegla et al., 2009), and thus predate the divergence of
cnidarians and bilaterians, but their ultimate evolutionary origins have not yet been
defined.
Shaker family K+ channels serve diverse roles in the regulation of neuronal firing
and can be divided into four gene subfamilies based on function and sequence homology:
Shaker, Shab, Shal and Shaw (Salkoff et al., 1992; Wei et al., 1996). The T1 assembly
domain is only compatible between subunits from the same gene subfamily (Shen and
Pfaffinger, 1995; Xu et al., 1995), and thus serves to keep the subfamilies functionally
segregated. Shaker subfamily channels activate rapidly near action potential threshold
and range from rapidly inactivating to non-inactivating. Multiple roles for Shaker
channels in neurons and muscles have been described, but their most unique and
fundamental role may be that of axonal action potential repolarization. Shaker channels
are clustered to the axon initial segment and Nodes of Ranvier in vertebrate neurons
(Ogawa et al., 2008; Ogawa et al., 2010; Wang et al., 1993) and underlie the delayed
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rectifier in Squid giant axons (Rosenthal et al., 1996). The Shaker subfamily is diverse in
cnidarians (Jegla et al., 1995; Jegla et al., 2012), and the starlet sea anemone
Nematostella vectensis has functional orthologs of most identified Shaker current types
observed in bilaterians (Jegla et al., 2012).
The Shab and Shal gene subfamilies encode somatodendritic delayed rectifiers
and A-currents, respectively (Carrasquillo and Nerbonne, 2014; Misonou et al., 2005;
Tsunoda and Salkoff, 1995a; Tsunoda and Salkoff, 1995b). Shab channels are important
for maintaining sustained firing (Du et al., 2000; Guan et al., 2013), while the Kv4-based
A-current modulates spike threshold and frequency (Carrasquillo and Nerbonne, 2014).
Shab and Shal channels are present in cnidarians, but cnidarian Shab channels have not
been functionally characterized, and the only cnidarian Shal channels expressed to date
display atypical voltage-dependence and kinetics when compared to bilaterian channels
(Jegla and Salkoff, 1997b). Shaw channels are rapid, high threshold channels specialized
for sustaining fast firing in vertebrates (Lien and Jonas, 2003; Wang et al., 1998c), but
have a low activation threshold and may contribute to resting potential in Drosophila
(Hodge et al., 2005; Tsunoda and Salkoff, 1995b; Wei et al., 1990). A C. elegans Shaw
has slow kinetics but a high activation threshold (Johnstone et al., 1997), and a single
expressed cnidarian Shaw channel has the opposite: a low activation threshold but
relatively fast kinetics (Sand et al., 2011). Thus the ancestral properties and function of
Shaw channels is not yet understood. Further functional characterization of cnidarian
Shab, Shal and Shaw channels would provide a better understanding of the evolutionary
status of the Shaker family in early parahoxozoans.
KCNQ family channels underlie the M-current in vertebrate neurons (Wang et al.,
1998a) that regulates sub-threshold excitability (Peters et al., 2005). The M-current
provides a fundamental mechanism for regulation of firing threshold through the Gq Gprotein pathway because KCNQ channels require phosphatidylinositol 4,5-bisphosphate
(PIP2) for activation (Brown and Passmore, 2009; Delmas and Brown, 2005). PIP2
hydrolysis and subsequent KCNQ channel closure initiated by Gq-coupled receptors
produces slow EPSPs, during which the probability of firing is greatly increased (Brown
and Passmore, 2009; Delmas and Brown, 2005). The key functional adaptations of
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KCNQ channels for this physiological role that can be observed in vitro are 1) a
requirement for PIP2 to couple voltage-sensor activation to pore opening (Zaydman et al.,
2013; Zaydman and Cui, 2014), and 2) a hyperpolarized voltage-activation curve that
allows channels to open below typical action potential thresholds. Both key features are
found in vertebrate (Kubisch et al., 1999; Wang et al., 1998a; Wickenden et al., 2001;
Zaydman and Cui, 2014; Zhang et al., 2003), Drosophila (Wen et al., 2005) and C.
elegans (Wei et al., 2005) KCNQ channels, suggesting they may have been present in
KCNQ channels in a bilaterian ancestor. Evolution of the M-current likely represented a
major advance in the ability to modulate the activity of neuronal circuits, but it is not yet
clear when PIP2-dependent KCNQ channels first evolved.
Here we examine the origins and functional evolution of the Shaker and KCNQ
gene families. If we assume the evolution of neuronal signaling provided a major
selective pressure for the functional diversification of voltage-gated K+ channels, then we
can hypothesize that the appearance of these gene families might accompany the
emergence of the first nervous systems or a major event in nervous system evolution.
Recent phylogenies which place the divergence of ctenophores near the root of the
metazoan tree suggest that the first nervous systems, or at least the capacity to make
neurons, may have been present in a basal metazoan ancestor (Dunn et al., 2008; Moroz
et al., 2014; Ryan et al., 2013) (Fig. S3-1). One hypothesis then is that much of the
diversity of metazoan voltage-gated channels should be shared between ctenophores and
parahoxozoans (cnidarians, bilaterians and placozoans (Ryan et al., 2010)). However,
genome analysis indicates that many “typical” neuronal genes are missing in ctenophores
and the sponges lack a nervous system, leading to the suggestion that extant nervous
systems may have evolved independently in ctenophores and parahoxozoans (Moroz et
al., 2014; Ryan, 2014). Thus a second hypothesis is that important steps in voltage-gated
K+ channel evolution might have occurred separately in ctenophores and parahoxozoans.
We tested these hypotheses by carefully examining the phylogenetic distribution and
functional evolution of Shaker and KCNQ family K+ channels. Our results support a
model in which major innovations in neuromuscular excitability occurred specifically
within the parahoxozoan lineage.
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3.3 Materials and Methods
3.3.1 Gene Identification, cloning and phylogenetic analysis.
Cnidarian and Mnemiopsis Shaker and KCNQ family K+ channel genes described
in this study were identified and compiled through comprehensive BLAST (Altschul et
al., 1997) searches of genome drafts, transcriptomes and gene predictions of Mnemiopsis
leidyi (Ryan et al., 2013) and Nematostella vectensis (Putnam et al., 2007), and for
KCNQ only, Hydra magnipapillata (Chapman et al., 2010), and Acropora digitifera
(Shinzato et al., 2011a) and Orbicella faveolata. Multiple bilaterian members of each
channel type were used as query sequences and reciprocal BLAST searches of identified
sequences against bilaterian databases were used to classify the sequences prior to
phylogenetic analysis. Most queries identified all voltage-gated K+, Na+ and Ca2+
channels, but reciprocal searches sorted target sequences by gene family and were be
used to refine gene predictions when necessary.
Alignments for phylogenetic analysis were produced using the Muscle Algorithm
as implemented in MEGA 6 (Tamura et al., 2013), and regions of low length
conservation were trimmed prior to phylogenetic analysis. Shaker family alignments
included the N-terminal T1 domain and S1-S6 voltage-gated K+ channel core. KCNQ
alignments contained the channel core and KCNQ-specific coiled-coil region of the Cterminus. Sequences used for phylogenetic analysis are provided in Dataset S1 (Shaker)
and Dataset S2 (KCNQ) (see http://www.pnas.org/content/112/9/E1010.long?tab=ds).
Bayesian inference phylogenies of channel proteins were constructed using Mr. Bayes
(Ronquist et al., 2012). Analyses were run under a mixed model for 1 million generations
with 2 runs of 4 chains. The first 25% of the analysis was discarded as a burn in phase
and the displayed phylogenies are the consensus. The convergence diagnostic PSRF was
1.000 for Shaker and 0.999 for KCNQ, indicating appropriate convergence of
independent runs. Minimum evolution, Maximum Likelihood and SSN analyses are
described in Supplemental Methods.
Nematostella and Mnemiopsis channel genes were cloned using standard RT-PCR
techniques from total RNA samples from whole adult animals. Briefly, 500 ng-2 μg of
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total RNA was reverse transcribed using oligo dT, and gene specific primers were used to
amplify coding regions. When necessary, overlap extension PCR was used to assemble
full length coding regions from overlapping fragments. Coding regions were cloned into
the pOX vector (Jegla and Salkoff, 1997b) for expression in Xenopus oocytes and
sequence confirmed. Consensus DNA coding sequences are reported in Dataset S3 (see
http://www.pnas.org/content/112/9/E1010.long?tab=ds), and only clones matching these
sequences were used for expression analysis.

3.3.2 Electrophysiology
Xenopus laevis ovaries were obtained from Xenopus I. Mature oocytes were
enzymatically defolliculated with type II collagenase (Sigma-Aldrich) at 1 mg/ml in
Ca2+-free ND98 solution (98 mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM HEPES, pH
7.2). Following digestion, oocytes were maintained in ND98 culture solution (98 mM
NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 2.5 mM Na-pyruvate, 100 U/ml
penicillin, and 100 µg/ml streptomycin and 5 mM HEPES, pH 7.2). Capped, polyadenylated cRNA transcripts were generated from linearized expression plasmids using
T3 mMessage mMachine kit and Poly-A tailing kit (Life Technologies). LiCl
precipitation was used to purify transcripts and pellets were resuspended in nuclease-free
water supplemented with RNase inhibitor. Transcripts were injected in 50 nl volumes
into mature oocytes, which were incubated at 18°C in ND98 culture solution for 1-3 days
prior to recording.
Two-electrode voltage clamp (TEVC) recordings were carried out at room
temperature (22–24°C) using a Dagan CA-1B amplifier and data were collected and
analyzed with the pClamp 10 acquisition suite (Molecular Devices, Sunnyvale, CA).
Recordings were performed under constant perfusion (98 mM NaOH, 2 mM KCl, 1 mM
CaCl2, 1 mM MgCl2, and 5 mM HEPES, pH 7.0). Electrodes (0.4-1 MΩ) were filled with
3 M KCl and bath clamp circuitry was isolated with a 1 M NaCl/agarose bridge. Currents
were sampled at 10 kHz and filtered at 2 kHz. Hardware capacitance and leak
compensation was used in some recordings.
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Data were fit and plotted in Origin 8.1 (OriginLab, Northhampton, MA). Single
Boltzmann distributions were fit using the equation f(V)=A2+(A1−A2)/(1+e(V−V50)/s), where
V50 is the half-maximal activation voltage, s is the slope factor, and A1 and A2 are the
lower and upper asymptotes, respectively. Double Boltzmann distributions were fit using
the equation f(V)=y0+A[p/(1+e(v-x01)/s1)+(1-p)/(1+e(v-x02)/s2)], where y0 is the current offset,
A is the amplitude span, p is the fraction of current component in the more hyperpolarized
voltage range. Data points show averages of normalized values for individual cells.
Arithmetic means of V50 and s values from individual measurements were used to
generate the Boltzmann fits shown in figures. Recovery time course for NvShal channels
was fit with two exponentials using the equation f(t) = A1*exp(-x/t1) + A2*exp(-x/t2) +
y0 (x, time interval of recovery; t1 and t2, time constants of recovery; A1 and A2;
amplitudes of the recovering components; y0, current offset). Peak current amplitudes
measured from test pulses were normalized to the peak current amplitude of the first
pulse. Data points are averages of measurements from individual cells, and fits shown
were generated with arithmetic means of fit parameters.
Statistical comparisons between datasets were carried out using two-tailed T-test.
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3.4 Results
3.4.1 Phylogenetic analysis of the Shaker family
To determine the evolutionary origin of the Shaker family, we used a BLAST
(Altschul et al., 1997) search strategy to identify potential Shaker family genes in
choanoflagellates, ctenophores and sponge with bilaterian and cnidarian Shaker, Shab,
Shal and Shaw proteins as queries. We defined Shaker family channels as 1) including a
T1 domain, and 2) having best matches to known Shaker family channels within the
voltage-gated K+ channel core motif in reciprocal blast searches against bilaterian and
cnidarian sequences. Shaker family channels were not present in genome drafts and gene
predictions from two choanoflagellates, Salpingoeca rosetta and Monosiga brevicollis
(Fairclough et al., 2013; King et al., 2008). Because choanoflagellates are believed to
represent the closest extant relatives of metazoans, this is a strong indication that the
Shaker family is metazoan-specific. In support of this view, voltage-gated K+ channels
cloned from prokaryotes (Lee et al., 2005), plants (Schachtman et al., 1992; Sentenac et
al., 1992) and fungi (Ketchum et al., 1995) lack the T1 domain and Shaker-specific
homology.
We next searched for Shaker family channels in sponges and ctenophores because
current views of metazoan phylogeny place ctenophores or sponges as the most basally
branching extant phyla (Dunn et al., 2008; Moroz et al., 2014; Ryan et al., 2013). We
were unable to find Shaker channels in the genome of the sponge Amphimedon
queenslandica (Srivastava et al., 2010), or in 7/8 sponge species transcriptomes (Riesgo
et al., 2014). However, 3 ESTs from the Corticium candelabrum transcriptome could be
assembled into two non-overlapping fragments with specifically high homology to the
Shaker subfamily, one covering T1-S1 and one covering S3-to the C-terminus (Fig. S3-2).
In contrast, we identified 49 Shaker family genes in the draft genome and transcriptome
of the ctenophore Mnemiopsis leidyi (Ryan et al., 2013). Amino acid predictions for
channel proteins encoded by these genes are included in Dataset S1 (see
http://www.pnas.org/content/112/9/E1010.long?tab=ds). Multiple Shaker family channels
were also present in the genome draft of a second ctenophore, Pleurobachia bachei and 4
ctenophore transcriptomes (Pleurobachia plus 3 additional species) (Moroz et al., 2014).
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However, we did not assemble Shaker channel sets from these species because many
Pleurobachia gene predictions and transcriptome sequences were fragmentary. As a
whole these results indicate that the Shaker family originated in basal metazoans. The
reason for the apparent absence of Shaker family channels in many sponges is currently
unclear, but could point to loss of the family within various sponge lineages.
To determine the evolutionary relationship between ctenophore and parahoxozoan
Shaker family channels, we constructed a Bayesian inference phylogeny (Fig. 3-1) based
on alignment of the T1 and voltage-gated K+ channel core motifs. We excluded 7
ctenophore channels and the Corticium candelabrum fragments because of large
sequence gaps in these motifs. Each of the 7 excluded ctenophore channels had highest
homology to other Mnemiopsis sequences in BLAST comparisons. The phylogeny splits
Mnemiopsis Shaker family channels into two clades, one separate from the parahoxozoan
channels and one within the parahoxozoan Shaker subfamily (Fig. 3-1). The phylogeny
therefore supports a model in which the Shaker subfamily evolved prior to the divergence
of ctenophores and parahoxozoans, and that Shab, Shal and Shaw later evolved from
Shaker specifically within the parahoxozoan lineage. All top hits identified in BLAST
searches of Pleurobrachia bachei (Moroz et al., 2014) using Shab, Shal and Shaw
channels best matched identified Mnemiopsis Shaker family sequences when used as
queries in reciprocal BLAST searches. Therefore, both ctenophores species appear to
lack Shab, Shal and Shaw channels. We rebuilt and tested the phylogeny using both
Minimum Evolution and Maximum Likelihood methods to further assess these findings.
Minimum Evolution supports the same topology as Bayesian Inference (Fig. S3-3).
Maximum Likelihood supports the late evolution of Shab, Shal and Shaw and a close
relationship between one ctenophore channel clade and the Shaker subfamily, but is
unable to resolve the branching pattern (Fig. S3-3) between them. Sequence Similarity
Network (SSN) analysis also agrees with the Bayesian inference topology (Fig. S3-4).
These sequence analyses therefore converge on a model in which the Shaker subfamily
evolved prior to the Shab, Shal and Shaw subfamilies and possibly before the
ctenophore/parahoxozoan divergence.
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Figure 3-1. Bayesian inference phylogeny of the metazoan Shaker K+ channel family.
Major metazoan clades are identified by color according to the legend at the upper left;
the Shaker, Shab, Shal and Shaw subfamilies are marked at the right margin and protein
names are given at branch termini. Species prefixes in the protein names in alphabetical
order are C.ele (Caenorhabditis elegans, nematode), D.mel (Drosophila melanogaster,
fruit fly), H.sap (Homo sapiens, human), M.lei (Mnemiopsis leidyi, ctenophore), N.vec
(Nematostella vectensis, sea anemone), S.pur (Stronglyocentrotus purpuratus, sea urchin),
and T.adh (Trichoplax adhaerens, placozoan). Green asterisks mark channels
functionally expressed in this study. Sequences used in phylogeny construction are
provided in Dataset S1 (see http://www.pnas.org/content/112/9/E1010.long?tab=ds). The
scale bar indicates number of substitutions/site and posterior probabilities are given at
branch nodes. Unlabeled nodes had posterior probabilities ≥ 0.97.
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3.4.2 Functional analysis of Nematostella Shaker channels
Nematostella Shaker channels have been extensively characterized and
demonstrate functional conservation between hydrozoans, anthozoans and bilaterians
(Bouchard et al., 2006; Jegla et al., 1995; Jegla et al., 2012).To better understand the
functional evolution of the Shaker family, we first functionally expressed Nematostella
Shab, Shaw and Shal channels in Xenopus oocytes. Cnidarian Shab channels have not
previously been expressed. Nematostella Shab (NvShab) currents are compared to the
mouse Shab channel Kv2.1 in Fig. 3-2A. They encode highly similar delayed rectifier
channels, although conductance-voltage and steady-state inactivation relationships (Fig.
3-2B,C) reveal a modest hyperpolarized shift in the voltage-dependence of NvShab. V50
and slope values for the single Boltzmann fits of voltage-activation and steady-state
inactivation curves are included in Table 3-1. These classic delayed rectifier properties
coupled with partial steady-state inactivation are shared among vertebrate, Drosophila
(Wei et al., 1990) and Nematostella Shab currents. In contrast, an Aplysia Shab channel
inactivates within a few hundred milliseconds (Quattrocki et al., 1994) and a nematode
Shab family channel EXP-2 encodes a rapidly-inactivating, IKr-like current (Davis et al.,
1999). Both lophotrochozoans and nematodes have large Shab subfamily gene
expansions (Jegla et al., 2012) that remain functionally uncharacterized, so the full
diversity of Shab currents in these species is not currently known. Our results suggest that
the delayed rectifier Shab phenotype was present prior to the cnidarian/bilaterian
divergence and probably represents the ancestral functional phenotype of the gene
subfamily.
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Figure 3-2. NvShab encodes a typical Shab family delayed rectifier. (A) Examples of
NvShab and mouse Kv2.1 current traces elicited by 400 ms voltage steps from -50 mV to
50 mV in 20 mV increments (holding at -100 mV, tail at -50 mV). (B) Normalized
conductance-voltage (GV) relationships measured from isochronal tail currents following
400 ms voltage steps to the indicated voltages. (C) Steady-state inactivation measured
from peak current during test pulse to 10 mV following 4.5 s pre-pulses to the indicated
voltages (holding at -100 mV). Curves in (B) and (C) show single Boltzmann distribution
fits (parameters in Table 3-1), error bars show s.e.m., n = 7-8.
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Table 3-1. Boltzmann fit parameters for Shaker and KCNQ channel family GV and
SSI inactivation curves.
GV

n

V50 (mV)

s (mV)

NvShab

7

-13.4 ± 1.4

12.8 ± 0.6

MmKv2.1

8

-1.0 ± 1.6

14.3 ± 0.4

NvShaw1

6

-10.6 ± 5.0

22.1 ± 1.0

NvShaw1 + R1

8

75.0 ± 1.8

27.2 ± 1.1

NvShaw1 + R2 (1st, fraction 0.09 ± 0.02)

9

10.9 ± 0.5

6.6 ± 0.6

NvShaw1 + R2 (2nd)

9

82.1 ± 1.8

17.6 ± 0.2

NvShal1

11

18.2 ± 1.2

15.3 ± 0.6

NvShal1 + R1

8

-11.2 ± 1.7

14.6 ± 0.4

NvShal1 + R2

12

-12.7 ± 1.5

16.2 ± 0.3

NvShal1 + R3

7

-3.0 ± 2.2

15.2 ± 0.6

NvKCNQ

10

-36.6 ± 1.6

8.6 ± 0.2

HsKCNQ2/3

14

-13.6 ± 1.5

20.6 ± 0.6

SSI

n

V50 (mV)

s (mV)

NvShab

7

-34.9 ± 0.5

5.1 ± 0.2

MmKv2.1

7

-8.8 ± 0.7

8.6 ± 0.5

NvShal1

9

-33.1 ± 0.8

6.9 ± 0.3

NvShal1 + R1

6

-20.0 ± 0.8

11.6 ± 0.7

NvShal1 + R2

8

-71.7 ± 1.2

7.8 ± 0.1

NvShal1 + R3

9

-63.6 ± 1.3

13.1 ± 0.3

n, number of samples; V50, half-maximal activation voltage; s, slope factor.
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We next characterized the functional properties of several NvShaw channels. The
Nematostella Shaw subfamily comprises 11 Genes (Fig. 3-1). We first expressed one of
two highly conserved (with respect to bilaterians) channels at the base of the
Nematostella expansion, NvShaw1. Like NvShab, NvShaw1 expressed functional
homomeric channels in Xenopus oocytes; currents had a lower activation threshold and
shallower voltage-dependence compared to NvShab (Fig. 3-3A,C, Table 3-1). NvShaw1
currents are similar to Drosophila Shaw (Wei et al., 1990) and a Shaw channel from the
hydrozoan Polyorchis penicillatus (Sand et al., 2011). We failed to obtain functional
homomeric channels when we expressed two additional Shaw channels from the heart of
the Nematostella gene expansion (Fig. 3-3A); we postulated that these two channels,
which we named NvShawR1 and NvShawR2, may encode regulatory subunits that only
assemble into functional heteromeric channels. 11 of 17 expressed Nematostella Shaker
channels have this regulatory phenotype (Jegla et al., 2012). Co-expression of NvShawR1
and NvShawR2 with NvShaw1 indeed produced novel heteromeric currents with slower
activation kinetics and a strongly depolarized activation threshold when compared to
NvShaw1 alone (Fig. 3-3B,C, Table 3-1). The NvShaw1+NvShawR2 voltage activation
curve was best fit by a double Boltzmann, suggesting the presence of two functionallydistinct heteromers which presumably differ by stoichiometry. These heteromeric
currents are similar to the C. elegans Shaw gene egl-36 (Johnstone et al., 1997), but differ
from high-threshold vertebrate Shaw currents by their slower kinetics and shallow
voltage-dependence. The regulatory subunit phenotype has been found in vertebrate Shab
channels (Ottschytsch et al., 2002; Post et al., 1996), hydrozoan Shal channels (Jegla and
Salkoff, 1997b) and Nematostella Shaker channels (Jegla et al., 2012), but has not
previously been described for the Shaw subfamily.
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Figure 3-3. Functional properties of homomeric and heteromeric Nematostella Shaw
channels. (A) Current traces elicited from oocytes injected with NvShaw1, NvShawR1
and NvShawR2 by 400 ms voltage steps from -60 mV to 60 mV in 20 mV increments
(holding at -100 mV, tail at -50 mV). (B) Superimposed current traces from oocytes
injected

with

NvShaw1

alone

(grey),

or

NvShaw1+NvShawR1

(left)

and

NvShaw1+NvShawR2 (right). Traces were normalized to peak current at 60 mV for
comparison. (C) Normalized GV curves of homomeric and heteromeric Nematostella
Shaw channels. Data were taken from isochronal tail currents following 400 ms voltage
steps for NvShaw1, and from peak current adjusted for driving force (assuming a -100
mV reversal potential) for heteromeric currents. Curves show single (NvShaw1 and
NvShaw1+R1) or double (NvShaw1+R2) Boltzmann fits (parameters reported in Table
3-1, error bars show s.e.m., n = 6-9). NvShaw1 was injected at a 1:10 RNA ratio relative
to NvShawR1 and NvShawR2 to produce a predominantly heteromeric current for
comparison.
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The Nematostella Shal subfamily has a single highly conserved gene (relative to
bilaterians), NvShal1, which is an ortholog of the hydrozoan (Polyorchis) channel jShal1,
and a Nematostella-specific expansion of 11 genes (Fig. 3-1 and (Jegla et al., 2012)). The
Polyorchis Shal regulatory subunit jShalγ1 is closely related to the Nematostella Shal
expansion (Jegla et al., 2012), suggesting that these genes may also encode subunits with
a regulatory phenotype. NvShal1 expressed in Xenopus oocytes produce the classical
transient A-type current, but with a high activation threshold (Fig. 3-4A,B). Bilaterian
Shal channels typically begin to activate around -40 to -50 mV, and jShal1 activation can
be observed as low as -80 mV (Jegla and Salkoff, 1997b). However, C. elegans Shal has
a similarly depolarized activation threshold (Fawcett et al., 2006). While Shal currents
vary in activation threshold, all Shal channels described to date have the classic A-current
property of closed state inactivation which results in largely non-overlapping steady state
inactivation and voltage-activation curves (Bahring and Covarrubias, 2011). Thus the
Shal-based A-current is most active in neurons when the membrane has been
hyperpolarized prior to a depolarization (Carrasquillo and Nerbonne, 2014). NvShal1
shares this characteristic separation of voltage-activation and steady-state inactivation
(Fig. 3-4B). In contrast, the partial steady state inactivation of delayed rectifier Shab
channels overlaps the voltage activation curve (Fig. 3-2C). We cloned and expressed
three Shal genes from the Nematostella expansion, NvShalR1-R3, and confirmed that
each has the regulatory phenotype. NvShalR1-3 did not produce outward K+ currents
when expressed alone (Fig. 3-4C), but formed heteromeric channels with novel properties
when co-expressed with NvShal1 (Fig. 3-4D-F). NvShalR1 hyperpolarized the GV curve
and converted the phenotype of NvShal1 to that of a Shab-like delayed rectifier:
inactivation was greatly reduced during short steps (Fig. 3-4D) and partial steady state
inactivation shifted to the Shab pattern of overlap with the voltage-activation curve (Fig.
3-4E, Table 3-1). This is the first example to our knowledge of a Shal channel that lacks
an A-current phenotype. In contrast, NvShalR2 and NvShalR3 altered the inactivation
rate observed in current traces (Fig. 3-4D) and hyperpolarized both the GV and steady
state inactivation curves (Fig. 3-4E, Table 3-1), but preserved the classic A-current
phenotype. NvShalR2 and NvShalR3 also slow the rate of recovery from inactivation
(Fig. 3-4F). These results indicate that the large Nematostella Shal subfamily encodes a
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variety of A-currents, and that at least one heteromeric Shal current (NvShal1+NvShalR1)
instead contributes to delayed rectifier diversity, typically the domain of the Shab
subfamily.
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Figure 3-4. Functional properties of homomeric and heteromeric Nematostella Shal
channels. (A) Current traces from an oocyte expressing NvShal1 elicited by 1 s voltage
steps (-60 mV to 60 mV in 20 mV increments, holding at -100 mV and tail at -50 mV).
(B) Normalized GV (black) and steady-state inactivation (grey) relationships for NvShal1.
GV was measured from peak current during depolarizing steps and adjusted for driving
force (assuming -100 mV reversal potential). Steady state inactivation was measured
from peak current at +40 mV following 4.5 s steps to the indicated voltages. (C) No K+
currents could be elicited from oocytes injected with NvShalR1-3; voltage protocols are
the same as in (A). (D) Current traces elicited by the same voltage protocols from oocytes
injected with NvShal1+NvShalR1-3 (1:10 RNA ratio). (E) Normalized GV (black) and
steady-state inactivation (grey) relationships for heteromeric Nematostella Shal currents,
measured and fit as in (B). The dashed lines are Boltzmann fits of data from homomeric
NvShal1 currents shown in (B). Data in B and E show average values and error bars
indicate s.e.m. (n = 6-12); curves in B and E show single Boltzmann fits (V50 and slope
values reported in Table 3-1). (F) Time course of recovery from inactivation for NvShal1,
NvShal1+NvShalR2 and NvShal1+NvShalR3. Recovery was determined using a double
1s +40 mV pulse protocol: data show fraction of current recovered in a second
depolarizing pulse after a repolarizing step to -100 mV of the indicated duration. Curves
show a double exponential fit of the data. Time constants (τ) for NvShal1 were 7.8 ± 1.2
(0.68 ± 0.03 fractional amplitude) and 36.5 ± 6.3 (n = 10, ± s.e.m.). Time constants for
NvShal1+NvShalR2 were 74.4 ± 4.5 (0.60 ± 0.02 fractional amplitude) and 350.5 ± 30.5
(n = 14), and time constants for NvShal1+NvShalR3 were 98.0 ± 9.4 (0.25 ± 0.01
fractional amplitude) and 1030.9 ± 119.2 (n = 8).
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3.4.3 Functional analysis of Mnemiopsis Shaker channels
We next cloned two of the potential Mnemiopsis Shaker subfamily channels,
MlShak1 and MlShak2, in order to examine their functional phenotypes in vitro.
However, neither of the two channels produced functional voltage-gated potassium
currents when expressed alone or in combination in Xenopus oocytes (Fig. 3-5A). We
reasoned that the channels we chose to express could be regulatory subunits, but
identifying viable heteromeric combinations of subunits among 49 Mnemiopsis Shaker
family genes with no a priori knowledge of mixing rules was a daunting proposition. We
therefore, focused on functionally testing their putative Shaker subfamily identity
suggested by phylogenetic analysis. If MlShak1 and MlShak2 are Shaker subfamily
genes, then they should specifically co-assemble with parahoxozoan Shaker subfamily
channels. We therefore co-expressed them with Nematostella (NvShak3) and mouse
(MmKv1.2) Shaker channels. RNAs were mixed at a 10:1 ratio in favor of Mnemiopsis
subunits to bias formation of heteromers. Both ctenophore channels introduced a novel
slowly activating component into NvShak3 currents and slowed channel deactivation (Fig.
3-5B), indicating that functional heteromers were formed. Currents were also
significantly reduced by MlShak1 co-expression (Fig. 3-5D), suggesting either a smaller
single channel conductance for heteromers, or that not all assembled channel
stoichiometries were functional. When the ctenophore channels were co-expressed with
mouse Kv1.2, this dominant negative suppression was the major phenotype; currents
were reduced by ~ 90% (Fig. 3-5C,E). We did not closely examine the small residual
currents for evidence of functional heteromer formation; dominant negative suppression
is commonly used as evidence for co-assembly of K+ channel subunits (Tang et al., 1998;
Wimmers et al., 2001b; Zou et al., 2003).
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Figure 3-5. Ctenophore Shaker family subunits co-assemble with Nematostella and
mouse Shaker subfamily subunits. (A) No outward K+ currents were detected in
oocytes expressing the Mnemiopsis leidyi Shaker family channels MlShak1 and MlShak2
either alone or in combination (1:1 RNA ratio) (1 s voltage steps from -60 mV to 60 mV
in 20 mV increments, holding at -100 mV). (B,C) Current traces showing the
Nematostella Shaker subfamily channel NvShak3 (B) and the mouse Shaker subfamily
channel Kv1.2 (MmKv1.2, C) expressed alone or together with either MlShak1 or
MlShak2 (1:10 RNA ratio). Currents were elicited by 400 ms voltage steps from -60 mV
to 60 mV in 20 mV increments (holding at -100 mV, tail at 0 mV for NvShak3 and -50
mV for MmKv1.2). Grey traces in (B) show NvShak3 current at 60 mV normalized to the
heteromeric channel peak current at 60 mV to illustrate changes in current shape; note the
pronounced slowing of deactivation (arrows). (D,E) Comparison of average peak outward
current amplitudes recorded at 60 mV for NvShak3 (D) and MmKv1.2 (E) alone and in
combination with MlShak1 and MlShak2. Error bars show s.e.m. and n is indicated on
the graphs. Asterisks indicate significant difference in amplitude from NvShak3 or
MmKv1.2: *, p < 0.05; ***, p < 0.001 (two-tailed T-test).
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Figure 3-6. Ctenophore Shaker family subunits do not co-assemble with
Nematostella Shab, Shal or Shaw channels. (A) Current traces are compared for
NvShab (grey) and NvShab+MlShak1 (left, black) and NvShab+MlShak2 (right, black).
Currents were elicited by 1s steps ranging from -60 to 60 mV in 20 mV increments and
normalized to the amplitude at 60 mV. No differences in current shape were observed. (B)
Peak outward current amplitudes at 60 mV are shown for NvShab, NvShab+MlShak1
and NvShab+MlShak2 (average of the indicated number of measurements, error bars
show s.e.m.). No significant differences in current amplitude were observed in two-tailed
t-test comparisons (n.s.). (C-F) Identical analyses are shown for NvShaw1 and NvShal1.
NvShab, NvShaw1 and NvShal1 were co-expressed with MlShak1 and MlShak2 at a
1:10 RNA ratio.
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We further tested whether co-assembly with MlShak1 and MlShak2 was specific
to the Shaker subfamily by co-expressing the channels with NvShab, NvShal1, and
NvShaw1. We did not observe novel components in the currents when these channels
were mixed with MlShak1 and MlShak2 at RNA concentrations that specifically altered
NvShak3 and MmKv1.2 currents (Fig. 3-6A,C,E). Furthermore, we did not observe
dominant negative suppression of currents during these co-expression experiments (Fig.
3-6B,D,F). These results therefore indicate that functional and dominant negative
assembly with MlShak1 and MlShak2 is limited to Shaker subfamily and thus support the
hypothesis that MlShak1 and MlShak2 are Shaker subfamily channels.

3.4.4 Phylogenetic analysis of the KCNQ family
We examined the origins and functional evolution of the KCNQ gene family,
starting with a similar BLAST search strategy. We defined KCNQ genes as containing
the C-terminal coiled-coil assembly domains and having greater homology to KCNQ
channels in voltage-gated K+ channel core in reciprocal BLAST searches against
bilaterian sequences. We did not find KCNQ family genes outside the parahoxozoan
lineage: there were no KCNQ family genes in 2 choanoflagellate genomes (Fairclough et
al., 2013; King et al., 2008), 2 ctenophore genomes and 5 ctenophore transcriptomes
(Moroz et al., 2014; Ryan et al., 2013), or 1 sponge genome and 8 sponge transcriptomes
(Riesgo et al., 2014; Srivastava et al., 2010). Furthermore, we were unable to find KCNQ
channels in the placozoan Trichoplax adhaerens (Srivastava et al., 2008), a
parahoxozoan. However, KCNQ channels can be found in all cnidarian and bilaterian
genomes we have examined. Anthozoans Nematostella vectensis, Acropora digitifera and
Orbicella faveolata had a single KCNQ channel, while the hydrozoan Hydra
magnipapillata (Chapman et al., 2010) had 6 KCNQ channels. Phylogenetic analysis
indicated that two distinct clades of KCNQ channels are present in bilaterians, and that
all cnidarian KCNQ channels fall outside these clades (Fig. 3-7). The phylogeny supports
a model in which a cnidarian/bilaterian ancestor had a single KCNQ channel which was
then duplicated in an ancestral bilaterian after divergence from cnidarians. Members of
both bilaterian KCNQ clades display the characteristic PIP2-dependence of the channel
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family (Zaydman and Cui, 2014), suggesting that this defining feature evolved prior to
the duplication of KCNQ in bilaterians.
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Figure 3-7. Bayesian inference phylogeny of the metazoan KCNQ voltage-gated K+
channel family. Color indicates major phylogenetic groups of metazoans and dashed
gray lines separate bilaterian KCNQ1-like, bilaterian KCNQ2-like and cnidarian KCNQ
sequences. channel names include the following species prefixes: A.dig (Acropora
digitifera, coral), A.gam (Anopheles gambiae, mosquito), C.ele (Caenorhabditis elegans,
nematode), C.tel (Capitella teleta, polychaete), C.int (Ciona intestinalis, tunicate), C.gig
(Crassostrea gigas, oyster), D.mel (Drosophila melanogaster, fruit fly), H.mag (Hydra
magnipapillata, hydra), L.gig (Lottia gigantea, limpet), M.mus (Mus musculus, mouse),
N.vec (Nematostella vectensis, sea anemone), O.fav (Orbicella faveolata, coral), and
S.pur (Stronglyocentrotus purpuratus, sea urchin). Green asterisks mark channels we
functionally compared. Sequences used in phylogeny construction are provided in
Dataset S2 (see http://www.pnas.org/content/112/9/E1010.long?tab=ds). A scale bar
indicates substitutions/site and posterior probabilities < 0.97 are given at branch nodes.
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3.4.5 Functional analysis of Nematostella KCNQ channel
We functionally expressed Nematostella KCNQ (NvKCNQ) and compared it to
human KCNQ2/KCNQ3 heteromers, a major M-channel found in vivo in vertebrate
nervous systems (Wang et al., 1998a). NvKCNQ activates more slowly than HsKCNQ2/3
and has a flatter conductance-voltage curve (Fig. 3-8A,B), but retains the low threshold
activation which is believed to allow KCNQ channels to control excitation threshold.
NvKCNQ reaches half maximal activation (V50) around -13.6 ± 1.5 mV (n = 14),
significantly more positive than HsKCNQ2/3 channels (V50 = -36.6 ± 1.6 mV, n = 10),
but activation of both channels can be observed at voltages below -40 mV (Fig. 3-8A,B).
We co-expressed a voltage-sensitive phosphoinositide phosphatase from Ciona
intestinalis,

VSP,

with

NvKCNQ

in

order

to

test

PIP2-dependence.

VSP

dephosphorylates PIP2 into PI4P when activated by membrane depolarization, and can
reduce PIP2 levels in the oocyte membrane (Murata and Okamura, 2007). If NvKCNQ
requires PIP2 for activation, a decrease in current should be observed during repeated
depolarization in the presence of VSP. NvKCNQ currents reduced in magnitude during
repeated steps to 0 mV from a holding potential of -100 mV when co-expressed with
VSP, but not in controls (Fig. 3-8C,D). HsKCNQ2/3 currents were similarly reduced in
repeated 2s steps to +40 mV specifically when co-expressed with VSP (Figure 3-8E,F).
We did not observe a significant effect of VSP on HsKCNQ2/3 at 0 mV (where less VSP
activation occurs), and a single sweep to +40 mV was sufficient to eliminate NvKCNQ
currents. Both results suggest NvKCNQ has a lower affinity for PIP2, and a smaller
decrease in PIP2 abundance may be sufficient to eliminate activation. Co-expression of
NvKCNQ with PI(4)P5-kinase (PIP5K), which catalyzes PIP2 production from PI4P
(Loijens et al., 1996), increased peak NvKCNQ current size during 2 s voltage step to 40
mV (1 day post-injection) from 0.43 ± 0.09 μA (n = 8) in controls to 0.98 ± 0.16 μA (n =
10). This indicates that NvKCNQ is not PIP2-saturated at resting Xenopus oocyte PIP2
concentration. The VSP and PIP5K co-expression experiments together demonstrate
PIP2-dependence for NvKCNQ. Thus PIP2-dependent gating of KCNQ channels evolved
prior to the cnidarian/bilaterian divergence.
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Figure 3-8. Nematostella KCNQ encodes a sub-threshold PIP2-sensitive voltagegated K+ channel. (A) Current traces from oocytes expressing Nematostella (NvKCNQ,
left) or human (HsKCNQ2/3, right) KCNQ family channels. Currents were elicited by 2 s
voltage steps from -120 mV to 60 mV in 20 mV increments (holding at -100 mV; tails at
-50 mV). HsKCNQ2 and HsKCNQ3 were injected at a 1:1 ratio. (B) Normalized GV
curves for NvKCNQ and HsKCNQ2/3 measured from isochronal tail currents at -50 mV
following 2 s voltage steps to the indicated voltages. Curves show fits to a single
Boltzmann distribution; V50 and slope values are reported in Table 3-1. (C) Example
NvKCNQ current traces recorded in response to a series of 15 2 s voltage sweeps to 0
mV for NvKCNQ expressed alone (left) or co-expressed with the Ciona VSP to
progressively deplete PIP2 (right). (D) Peak current sizes observed in sweep 3 and sweep
10 relative to the peak current sizes of the first sweep. Error bars show s.e.m., n =9
(control); 11 (VSP). *** denotes significance at p < 0.001 (t-test). (E,F) Experiments
were repeated for HsKCNQ2/3; voltage steps were taken to 40 mV, n = 10 (control) and
15 (VSP).
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The structural basis of PIP2 sensitivity in KCNQ channels has been studied using
mammalian channels. Two separate binding sites for PIP2 have been proposed: one that
couples the voltage sensor to the activation gate and includes positively charged residues
in the intracellular linkers of the voltage sensor and near the S6 activation gate of the pore
(Zaydman et al., 2013), and one that implicates positively charged residues in the distal
C-terminus (Hernandez et al., 2008). Sequence alignments of 13 KCNQ sequences from
eight species, including NvKCNQ, show high conservation of putative PIP2-binding
residues of the voltage sensor/activation gate site (Fig. S3-5). In contrast, we observed no
significant alignment of the proposed C-terminus binding site between KCNQ channels
from distant species. We therefore suggest that the major evolutionarily-conserved site
for PIP2 modulation of KCNQ channels resides at the voltage-sensor/activation gate
interface. It is possible that the proposed C-terminus binding site found in some
vertebrate KCNQ channels (Hernandez et al., 2008) may contribute to their high PIP2
affinity.
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3.5 Discussion
Our new results combined with previous studies (Bouchard et al., 2006; Jegla et
al., 1995; Jegla and Salkoff, 1997b; Jegla et al., 2012; Sand et al., 2011) show that the
functional and molecular diversification of Shaker and KCNQ families of voltage-gated
K+ channels was largely complete before the divergence of cnidarians and bilaterians.
Furthermore, Erg K+ channels, which constitute one of three bilaterian Ether-a-go-go
gene subfamilies, are also highly conserved on functional level between cnidarians and
vertebrates (Martinson et al., 2014). The other two Ether-a-go-go subfamilies, Elk and
Eag, have been identified in Nematostella (Jegla et al., 2009). Thus 8 major classes of
voltage-gated K+ channel are conserved between cnidarians and bilaterians, and the
characteristic functional properties of 6 (Shaker, Shab, Shal, Shaw, KCNQ and Erg) have
now been shown to have evolved prior to the cnidarian/bilaterian divergence. Further
support for an early diversification of voltage-gated K+ channels within parahoxozoans is
the fact that Shaker, Shab, Shaw, and Erg channels can also be found in the placozoan
Trichoplax adhaerens (Srivastava et al., 2008). Bilaterians are unique only in sharing two
distinct KCNQ lineages; both KCNQ channel types are PIP2-dependent (Wei et al., 2005;
Zaydman and Cui, 2014) and lineage-specific functional properties have not yet been
described. Thus ancestral parahoxozoans had a set of functionally diverse voltage-gated
K+ channels that was sufficiently adaptable to regulate excitability in the highly diverse
nervous systems of extant cnidarians and bilaterians. The evolution of voltage-gated Ca2+
channels tells a similar story; parahoxozoans share L-type, T-type and N/P/Q/R-type
channels, but ctenophores only have an N/P/Q/R-type channel (Moran and Zakon, 2014).
Nematostella has single Shab and KCNQ genes, but contains large and
functionally diverse expansions of the Shaker, Shal and Shaw subfamilies. Interestingly,
many of the genes in these expansions encode regulatory subunits that only function in
heteromeric channels. The large Shab family expansion in vertebrates also contains
regulatory subunits (Ottschytsch et al., 2002; Post et al., 1996). The regulatory subunit
phenotype has therefore evolved independently in all four gene subfamilies of the Shaker
family during metazoan evolution. These gene expansions provide increased functional
diversity to specific subfamilies within various metazoan phylogenetic groups.
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Nevertheless, each of the voltage-gated K+ channel types we have examined has
characteristic functional properties that have been highly conserved throughout
parahoxozoan evolution. These include the delayed rectifier phenotype of Shab channels,
the A-current phenotype of Shal channels, the rapid activation and steep voltagedependence of Shaker channels (Jegla et al., 2012), the low activation threshold and PIP2dependence of KCNQ channels and the IKr phenotype of Erg channels (Ottschytsch et al.,
2002). The ancestral properties of Shaw channels are less clear, but our studies show a
high degree of similarity between ecdysozoan and cnidarian Shaw currents. The steeply
voltage-dependent and rapidly activating high threshold Shaw currents of vertebrates may
therefore represent a recent adaption specialized for rapid firing (Lien and Jonas, 2003;
Wang et al., 1998c).
Our results also demonstrate that many of the voltage-gated K+ channels that
regulate excitability in bilaterian nervous systems are absent in the basal metazoan
ancestor of ctenophores, sponges and parahoxozoans. Shab, Shal, Shaw and KCNQ
channels are all found exclusively within the parahoxozoan lineage. Shaker subfamily
channels in contrast are older and may have been present in a common ancestor of
ctenophores and parahoxozoans, as well as at least one sponge lineage based on
transcriptome sequences. We show evidence that two Mnemiopsis Shaker family
channels from a clade that is closely associated with the parahoxozoan Shaker subfamily
in phylogenies co-assemble with Shaker subfamily channels from Nematostella and
mouse. The ability for subunits to co-assemble is considered a defining property of gene
subfamilies (Covarrubias et al., 1991) within the Shaker family. Our results therefore
suggest that the Shaker subfamily emerged prior to the ctenophore/parahoxozoan
divergence. Functional characterization of pure Mnemiopsis Shaker channels, which we
were unable to obtain in this study, would resolve whether there is close conservation of
biophysical properties between the ctenophore and parahoxozoan Shaker subfamilies.
The high conservation of functional phenotype within K+ gene families over long
evolutionary distances suggests that at least some important aspects of the parahoxozoan
voltage-gated K+ current diversity will be missing in ctenophores. However, our results
do not necessarily mean that the complexity of electrical signaling is “simple” in the
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ctenophore nervous systems. Mnemiopsis leidyi has 49 Shaker family genes, more than
we have observed in any other species, and these fall into two distinct clades. One
possibility is that the clades represent functionally distinct gene subfamilies. However,
because we have so far been unable to express ctenophore channels, we do not yet know
the extent of their functional diversity. It is entirely possible that some of the diversity
provided by parahoxozoan-specific Shaker K+ channel subfamilies could be provided by
functional diversification within the large Mnemiopsis gene expansions. Future crossspecies comparisons of ctenophore Shaker family channels will be needed to determine
how the diversity we observed in Mnemiopsis evolved within the ctenophore lineage.
What is clear from our findings is that if ctenophore voltage-gated K+ channels are
functionally diverse, that diversity evolved separately.
The selective pressure that drove evolutionary diversification of voltage-gated K+
channels in ancestral parahoxozoans has not yet been determined. If the hypothesis that
the nervous system evolved separately in ctenophores and parahoxozoans is true (Moroz
et al., 2014; Ryan, 2014), then it may have been the de novo evolution of neurons and
muscle within the parahoxozoan lineage that provided a selective pressure for the
diversification of electrical signaling mechanisms. But if nervous systems were present in
the ctenophore/parahoxozoan ancestor, what might have driven the evolution of so many
new channel types in parahoxozoans? We can only speculate because the evolution of
nervous system structure and function is still poorly understood. Parahoxozoan-specific
channels (Shab, Shal, Shaw, and KCNQ) specifically regulate firing threshold or complex
action potential patterning, while Shaker channels, which our study suggests are shared
by ctenophores and parahoxozoans, play a critical role in axonal action potential
propagation. It is therefore tempting to speculate that voltage-gated K+ channel evolution
in basal metazoans was driven by the evolution of action potential propagation, while
parahoxozoan-specific K+ channel diversification accompanied more complex patterning
of signaling within networks. However, further characterization of cnidarian and
ctenophore channels, neurons and circuits on functional level will be needed to better
understand how the evolution of voltage-gated K+ channels fits into the broader picture of
the evolution of neuronal function.
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3.6 Supplemental Figures and Legends

Figure S3-1. Schematic metazoan phylogenies based on genomic analysis of ctenophores. (A) Phylogeny favored by Ryan et al.,
2013 (Ryan et al., 2013) based on Mnemiopsis leidyi genome analysis. The metazoan lineage is shown in red and the parahoxozoan
lineage is highlighted with a grey background. Choanoflagellates, a close sister group of metazoans are shown as an out group.
Genome analyses suggest that ctenophores evolved from a basal metazoan and may represent the earliest branching extant metazoan
lineage. This arrangement places sponges (which lack a nervous system) between ctenophores and parahoxozoans and raises the
possibility that the nervous system was lost in sponges or evolved separately in ctenophores and parahoxozoans. (B) An alternative
phylogeny placing sponges as the earliest branching extant metazoan and unifying metazoans with nervous systems could not be ruled
out in the Ryan et al., 2013 (Ryan et al., 2013) study.
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Figure S3-2. Comparison of Corticium candelabrum (sponge) sequences to Shaker family genes.

(A) Multiple sequence

alignment of the predicted amino acid sequence from a sponge transcript fragment against mouse Kv1.1 (Shaker), Kv2.1 (Shab),
Kv3.1 (Shaw), Kv4.1 (Shal) and KCNQ2. Residues identical in 4 or more sequences are shaded (blue for positive charge and red for
negative charge). Only the S4-S6 region is shown. (B) Table shows % identity shared between two sponge Shaker-like transcript
contigs and the indicated mouse channels in BLASTP comparison. The 44962 contig covers S3-S6 and the 136456/136457 contigs we
assembled covers T1-S1. Contig identifiers are taken from (Riesgo et al., 2014), the original sponge transcriptome study. Note higher
identity to the Shaker channel Kv1.1 and lower identity to KCNQ2. KCNQ channels are the closest relatives of the Shaker family but
lack T1. These identity values suggest the sponge contigs come from a Shaker family gene with Shaker subfamily affinity.
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Figure S3-3. Comparison of the topologies of Shaker family phylogenies generated Bayesian inference, Minimum Evolution
and Maximum Likelihood. Schematic phylogeny topologies are shown for (A) Bayesian Inference (Fig. 3-1), (B) Minimum
Evolution, and (C-E) Maximum Likelihood phylogenies generated from Mnemiopsis (ctenophore) and parahoxozoan Shaker families.
Phylogenies are collapsed to illustrate the relationships between 6 discrete channel clades identified in the Bayesian Inference
phylogeny: Two ctenophore clades (red) and the parahoxozoan Shaker (Purple), Shab (cyan), Shaw (blue) and Shal (green) clades.
The channels contained within each clade remained constant across phylogenies; except that NvShakR2 was removed for Maximum
Likelihood and Minimum Evolution analyses (see methods). Numbers show support values for each clade and branches between them
(Posterior probability for Bayesian Inference and Bootstrap support for Minimum Evolution and Maximum Likelihood). Bayesian
Inference and Minimum Evolution produce identical topologies. (C) Maximum Likelihood supports late emergence of Shab, Shal and
Shaw, but does not show bootstrap support for the Ctenophore II or Shaker clades and does not group them. (D) Rerunning the
Maximum Likelihood analysis after removing the Ctenophore II clade recovers bootstrap support for a Shaker clade basal to
Shab/Shal/Shaw. (E) Conversely, running the analysis after removal of the parahoxozoan Shaker subfamily restores bootstrap support
for the Ctenophore II clade. Taken as a whole, Maximum Likelihood analysis supports Bayesian Inference and Minimum Evolution
phylogenies by 1) grouping channels in the same 6 major clades, 2) placing the Ctenophore I clade as and outgroup, 3), and supporting
a model in which the Shaker subfamily evolved prior to Shab, Shal and Shaw. However, Maximum Likelihood is not able to resolve
the relationship between ctenophore Shaker family channels and parahoxozoan Shaker subfamily.
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Figure S3-4. Sequence Similarity Networks (SSN) analysis supports inclusion of a
subset of ctenophore Shaker family channels in the Shaker gene subfamily. (A).
Representation of the phylogeny presented in Figure 3-1, colored to help interpretation of
2D and 3D representation. Colored dots are used to indicate the Shaker subfamily
(parahoxozoan, cyan; Mnemiopsis, blue), the Shab subfamily (purple), the Shaw
subfamily (red), the Shal subfamily (green), and an outgroup of Mnemiopsis channels
(orange). Nematostella sequences have a small black outline, Trichoplax sequence are
double outlined, and the expressed Mnemiopsis channels MlShak1 and MlShak2 have a
large black outline. (B,C) The same set of channels shown as sequence similarity network
in two 3D views with pairwise distance between the dots directly proportional to
Evolutionary Distance between the sequences. It allows straightforward interpretation of
spatial proximity and clustering. Channels are labeled as in (A), lines show connections
from the phylogeny, and transparent surfaces are used to highlight gene subfamilies. The
phylogenetic connectivity was not used in calculations of spatial positions. Note a few of
the most divergent sequences lie outside the surfaces, but connect to the network through
the appropriate subfamily. (D) 2D representation of the network to allow simultaneous
visualization of all nodes without occlusion, while still maintaining the same direct
spatial relationships.
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Figure S3-5. Amino acid sequence alignment demonstrates conservation of the
voltage sensor/activation gate PIP2 binding site in KCNQ family channels.
Alignments are shown for the intracellular linkers between the S2 and S3 transmembrane
domains (top) and the S4 and S5 transmembrane domains (middle), and the cytoplasmic
region immediately downstream of the S6 activation gate (bottom). Sequence names (left
margin) are identical to those used in the KCNQ phylogeny in Fig. 3-7. Residues
conserved in at least 7/13 sequences are shaded black; conserved basic residues are
shaded blue. Residues required for normal PIP2-dependent activation of at least one
vertebrate KCNQ channel are starred and outlined in red. These residues are highly
conserved across the KCNQ gene family, including NvKCNQ (red name).
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Chapter 4
Bimodal regulation of an Elk subfamily K+ channel by
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4.1 Abstract
Phosphatidylinositol 4,5-bisphosphate (PIP2) regulates Shaker K+ channels and
voltage-gated calcium channels in a bimodal fashion by inhibiting voltage-activation
while stabilizing open channels. Bimodal regulation is conserved in hyperopolarizationactivated HCN channels, but voltage-activation is enhanced while open channels are
destabilized. The proposed sites of PIP2 regulation in these channels include the voltagesensor domain (VSD) and conserved regions of the proximal cytoplasmic C-terminus.
We examined PIP2 regulation of the Elk subfamily potassium channel human Elk1 in
order to establish whether bimodal regulation is conserved within the Ether-a-go-go
(EAG) K+ channel family. Open state stabilization by PIP2 has been observed in human
Erg1, but the proposed site of regulation in the distal C-terminus is not conserved among
EAG family channels. We show that Elk1 is bimodally regulated by PIP2 which strongly
inhibits of voltage-activation but also enhances mode shift stabilization of the open state.
Removal of PIP2 has the net effect of enhancing channel activation. R347 in the S45
Linker between the VSD and pore and R479 near the S6 activation gate are required for
PIP2 to inhibit voltage-activation. PIP2-dependent enhancement of mode shift is also
dependent on these residues, suggesting a general role in PIP2-dependent gating. Mode
shift in Elk1 requires the N-terminal eag domain (PAS domain + PAS-cap). PIP2dependent enhancement of mode shift depends on a conserved basic residue (K5) in the
PAS-cap. Homology modeling of the Elk1 structure suggests that PIP2 can be
accomodated at the VSD/gate/C-linker interface in the vicinity of R347, R479 and K5.
Our data shows that PIP2 can regulate VSD/Pore coupling in EAG family channels, as
has been proposed for Shaker and HCN. PIP2 regulation appears fundamentally different
for Elk and KCNQ channels, suggesting that while both channel types can regulate action
potential threshold in neurons, they are not functionally redundant.
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4.2 Introduction
Phosphatidylinositol 4,5-bisphosphate, or PIP2 is a regulator of of a wide variety
of ion channels, including evolutionarily diverse members of the voltage-gated cation
channel superfamily (Hilgemann et al., 2001; Rodriguez-Menchaca et al., 2012b; Zhou
and Logothetis, 2013). PIP2 is found in the inner membrane leaflet, and its negatively
charged headgroup is thus ideally positioned to interact with the gating machinery of
voltage-gated ion channels. This machinery includes the activation gate of the channel
pore and the linker (S45L) which couples the voltage sensor domain (VSD) to that gate
(Long et al., 2005). Indeed, in KCNQ channels, PIP2 is required to couple voltage sensor
movement to pore opening and interacts with positively charged residues in the S45L and
post-S6 near where the activation gate lies (Zaydman et al., 2013). In contrast, the Shaker
channel Kv1.2 is dually modulated: PIP2 inhibits voltage activation, but also increases
maximal currents, suggesting open state stabilization (Rodriguez-Menchaca et al., 2012a).
Interactions between the S45L of Kv1.2 and PIP2 inhibit voltage activation by restricting
outward movement of the voltage sensor (Rodriguez-Menchaca et al., 2012a), but sites
involved in PIP2-dependent enhancement have not been identified. However, voltagegated Ca2+ channels show the same dual modulation by PIP2 (Wu et al., 2002), and a
residue at the intracellular face of the domain III S6 has been shown to regulate PIP2dependent current enhancement (Zhen et al., 2006).
Bimodal modulation of gating by PIP2 has also been observed for the
hyperpolarization-gated cation channel (HCN) SpIH (Flynn and Zagotta, 2011), which
belongs to a separate superfamily of voltage-gated cation channels that share a
cytoplasmic cyclic nucleotide binding domain (CNBD). This CNBD superfamily
includes HCN channels, cyclic nucleotide-gated channels (CNGs) and Ether-a-go-go
(EAG) family voltage-gated K+ channels (Jegla et al., 2009; Yu and Catterall, 2004). In
SpIH, PIP2 depolarizes the voltage activation range as in Shaker (Flynn and Zagotta,
2011), but because SpIH is opened by hyperpolarization, this enhances rather than
inhibits activation in the physiological range. The site of action was localized to the
transmembrane channel core, but specific residues were not identified. PIP2 also reduces
maximal SpIH current and this opposing inhibitory effect depends on positively-charged
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residues in the C-linker which connects the cytoplasmic CNBD to the activation gate
(Flynn and Zagotta, 2011). The C-linker has been shown to play a critical role in gating
of HCN and CNG channels (Craven and Zagotta, 2006; Decher et al., 2004). CNG
channels are also inhibited by phosphatidylinositol 3,4,5-bisphosphate or PIP3 (Bright et
al., 2007; Womack et al., 2000; Zhainazarov et al., 2004), although identified sites of
action appear to be in the proximal N-terminus and distal C-terminus outside the
conserved channel core domains (Brady et al., 2006; Dai et al., 2013).
Much less is known about PIP2-dependent modulation of EAG family K+
channels. These channels can be identified by a unique subunit structure and separate
into three gene subfamilies Eag (Kv10), Erg (Kv11) and Elk (Kv12) based on sequence
conservation (Ganetzky et al., 1999; Warmke and Ganetzky, 1994). The EAG family is
ancient, but metazoan-specific. The EAG subunit structure appears to have arisen in basal
metazoans, and the Eag, Erg and Elk subfamilies first appeared and functionally
differentiated in a common ancestor of cnidarians and bilaterians (Li et al., 2015b;
Martinson et al., 2014). Virtually all data on PIP2 modulation of EAG channel family
comes from a single gene, the human Erg subfamily channel Erg1 (herg1, Kv11.1),
which underlies the IKr current critical to cardiac action potential repolarization (Keating
and Sanguinetti, 2001; Sanguinetti et al., 1995b; Trudeau et al., 1995). Application of
exogenous PIP2 enhances herg1 activation (Bian et al., 2001; Bian et al., 2004), and
depletion of native PIP2 causes a small reduction in herg1 currents (Kruse and Hille,
2013). The effect of PIP2 on Eag and Elk subfamily channel gating has not yet been
described and bimodal modulation by PIP2 has not been observed for the EAG family.
The EAG channel family subunit domain structure consists of a typical voltagegated K+ channel core, a C-linker/Cyclic nucleotide-binding homology domain (CNBHD)
structurally equivalent to the C-linker/CNBD gating domain of HCN and CNG channels
(Brelidze et al., 2012), and a unique N-terminal eag domain consisting of a Per-ArndtSim (PAS) domain (Morais Cabral et al., 1998) and an EAG channel-specific PAS-Cap
(Gustina and Trudeau, 2012). The CNBHD recieves its designation as a homology
domain because while structurally similar to CNBD, it appears self-liganded in crystal
structures (Brelidze et al., 2012; Brelidze et al., 2013) and EAG family channels do not
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appear to respond to application of intracellular cyclic nucleotides (Brelidze et al., 2009;
Brelidze et al., 2012). The eag domain docks on the CNBHD (Gianulis et al., 2013;
Haitin et al., 2013), and in herg1 it stabilizes open channels through mode-shift of the
activated VSD (Alonso-Ron et al., 2008; Goodchild et al., 2015; Hull et al., 2014; Tan et
al., 2012). The characteristic slow deactivation of herg1 is a product of this mode shift,
and deletion of the eag domain or PAS-cap speeds deactivation and reduces mode shift
(Alonso-Ron et al., 2008; Goodchild et al., 2015; Hull et al., 2014; Morais Cabral et al.,
1998; Muskett et al., 2011; Tan et al., 2012; Wang et al., 1998b). The proximal Nterminal of the PAS-Cap of herg1 is highly conserved and forms an amphipathic helix by
NMR; neutralization of conserved positive charges within the helix speeds deactivation
(Muskett et al., 2011). The location of the proximal PAS-Cap is not resolved in EAG
family crystals (Haitin et al., 2013; Morais Cabral et al., 1998), but it has been proposed
to interact directly with the channel core (Wang et al., 1998b) or alternatively with the
CNBHD (Haitin et al., 2013). Interestingly, the proposed site of PIP2 interaction with
herg1 is a cluster of positive charges in the C-terminus downstream of the CNBHD (Bian
et al., 2004) in an area that is poorly conserved even within the Erg channel subfamily,
and thus it is not clear how PIP2 might regulate other EAG family channels.
We examined PIP2 regulation of the human Elk family channel Elk1 (HsElk1,
Kv12.1) in order to gain a broader understanding of how PIP2 influences the activity of
EAG family channels. We also examined the role of the eag domain in Elk channel
gating, to see if it plays a functionally equivalent role to what has been observed for
herg1, or inhibits voltage-activation as has been proposed for the mammalian Eag
subfamily channel Eag1 (Kv10.1) (Terlau et al., 1997). Elk channels, including Elk1,
characteristically have a hyperpolarized voltage-activation range with significant
activation at neuronal resting potentials (Li et al., 2015b; Zou et al., 2003). Elk2, like the
KCNQ-encoded M-current, contributes to sub-threshold K+ current in hippocampal
pyramidal neurons, and genetic or pharmacologic block of either channel causes
hyperexcitability and epilepsy (Peters et al., 2005; Zhang et al., 2010a). Comparing how
Elk and KCNQ channels differ in terms of PIP2 regulation is therefore important for
determining the degree to which these channels are functionally redundant or occupy
separate physiological niches. We chose Elk1 for the current study because it is the only
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mammalian Elk channel that expresses at high enough levels in heterologous systems to
enable excised patch recording for PIP2 application.
The results we present here show that the eag domain of Elk1 is funtionally
equivalent to that of herg1, and that PIP2 regulates Elk1 in a bimodal fashion as has been
observed for Shaker, HCN and calcium channels. PIP2-dependent regulation of Elk1 is
influenced by basic residues in the S45L (R347), near the S6 activation gate (R479), and
in the PAS-Cap of the eag domain (K5).
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4.3 Materials and Methods
4.3.1 Molecular Biology
Human Elk1 (Kv12.1, KCNH8) was amplified from whole brain RNA by
standard RT-PCR techniques and cloned into the pOX plasmid (Jegla and Salkoff, 1997b)
for expression in Xenopus oocytes. The Wild-Type (WT) clone used for these studies
encodes a channel identical in amino acid sequence to the channel protein encoded by
NCBI Reference Sequence NM144633. Mutations and truncations were incorporated via
standard oligo-mediated PCR mutagenesis techniques and sequence verified. CiVSP was
provided by Jianmin Cui in the Department of Biomedical Engineering at Washington
University, St. Louis. Expression plasmids were linearized and used as templates for
capped cRNA synthesis using the T3 mMessage mMachine kit (Life Technologies). RNA
transcripts were purified by LiCl precipitation and rinsing with ice-cold 70% ethanol.
Air-dried pellets were dissolved in appropriate volume of nuclease-free water
supplemented with RNase inhibitor SUPERase-In (Life Technologies) and were stored at
-80 ºC until use.

4.3.2 Xenopus Oocyte Preparation, Injection and Culture
Xenopus ovaries were obtained from either Xenopus I (Ann Arbor, MI) or Nasco
(Fort Atkinson, WI). Oocytes were isolated from the ovaries and de-folliculated with 1
mg/ml Type II collagenase (Sigma Aldrich, St. Louis, MO) in Ca2+-free ND98 (98 mM
NaCl, 2 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, pH 7.2). Snipping the
ovaries with scissors to increase fluid access to the interior and pre-rinsing in Ca2+-free
ND98 increased the speed of ovary digestion and the quality of oocytes obtained.
Following digestion, mature, high quality oocytes were transferred into culture solution
which included the addition of 1.8 mM Ca2+, 2.5 mM Na-pyruvate, 100 U/mL penicillin
and 100 µg/mL streptomycin to the ND98 base solution. Oocytes were cultured in this
solution at 18ºC before and after injection. Oocytes were injected with 50-70 nl of RNA
solution using a Drummond Nanoject II injector and cultured 1-5 days prior to recording.
The amount of RNA injected was adjusted to optimize current size based on empirical
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observations and varied between constructs. Chemical reagents for solutions were
obtained from Sigma-Aldrich (St. Louis, MO).

4.3.3 Patch Clamp Recordings
Oocytes were placed in a hypertonic stripping solution (culture solution
supplemented with 200 mM sucrose) for 3-10 minutes to allow separation of the plasma
membrane from the vitelline envelope. Forceps were used to remove the vitelline
envelopes and oocytes were transferred to the recording dish filled with internal solution
(142 mM K+, 138 mM Methanesulfonate, 4 mM Cl-, 10 mM HEPES, 5 mM EGTA, pH
7.2). Patch pipettes were coated with Sticky Wax (Kerr Dental Laboratory Products,
Orange, CA) to minimize capacitance and had resistance of 0.4-1 MΩ after fire polishing.
The pipette solution contained 142 mM K+, 1 mM Mg+, 0.2 mM Ca2+, 140 mM
Methanesulfonate, 4.4 mM Cl-, 10 mM HEPES, pH 7.2. The Ag-AgCl ground was placed
in 1 M NaCl and connected to the bath with a 1 M NaCl agarose bridge. Junction
potential was cancelled prior to patch formation and pipette capacitance was
compensated. Inside-out patches were immediately moved into a focal stream of internal
solution after excision and maintained under constant perfusion. Data were collected
using a Multiclamp 700A amplifier and the pClamp 9 acquisition suite (Molecular
Devices, Sunnyvale, CA). Data was sampled at 20 kHz and filtered at 1.4 kHz. In some
cases, multiple sweeps were averaged to improve the signal-to-noise ratio.
Phosphatidylinositol-4,5-bisphosphate

C-8

(diC8-PIP2),

Phosphatidylinositol-4-

phosphate C-8 (diC8-PI(4)P) and Phosphatidylinositol-3,4,5-trisphosphate C-8 (diC8PIP3) were purchased from Cayman Chemicals (Ann Arbor, MI); 2.5 mM stock solutions
were made with internal solution and stored at -80 ºC. The phosphoinositides were
diluted to final concentrations with internal solution and were applied directly to the
intracellular face of excised patches through the perfusion stream.
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4.3.4 Data analysis
Conductance-voltage (GV) curves were determined from isochronal tail currents
at -100 mV. Data were fitted with a single Boltzmann distribution in Origin 8.1
(OriginLab, Northampton, MA) using the equation f(V)=(A1−A2)/(1+e(V−V50)/s)+A2, where
V50 represents the midpoint, s is the slope factor, and A1 and A2 represent the upper and
lower asymptotes, respectively. Data from individual patches were normalized and
averaged prior to plotting and the Boltzmann fits shown in figures are simulated using the
arithmetic means of V50 and s values. For measurements of activation time course, the
major phase of current activation (initial 80% of current rise after sigmoidal delay) was
fitted with a single exponential in Clampfit (Molecular Devices, Sunnyvale, CA) using
the equation f(t)=y0+Ae-t/τ, where y0 is the current offset, A is the amplitude and τ is the
time constant. Data for dose-response relationships were fit in Origin 8.1 with the
modified Hill equation with an offset: y=START+(END-START)xn/(kn+xn), where
START and END are the bottom and top of the curve, respectively, k is the PIP 2
concentration producing half maximal effect, and n is the Hill coefficient. Statistical
significances were assessed using two-tailed Student’s t tests.

4.3.5 Structural modeling
Homology modeling of domains
The N-terminal eag domain (PAS + PAS-Cap) was modeled using the solution
structure of the eag domain of the hERG (Kv11.1) potassium channel (2L1M) (Muskett
et al., 2011). The unconserved linker between the eag domain and channel core (amino
acids

137-223)

was

modeled

de-novo

using

3Dpro

server

(http://scratch.proteomics.ics.uci.edu/) (Cheng et al., 2005). The S1-S6 channel core was
built based on the published homology models of Shaker channel in closed and open
conformations (Pathak et al., 2007). We modeled the C-linker and CNBHD domains
based on the HCN2 domains that were crystallized as a tetramer (1Q43) (Zagotta et al.,
2003). The C-linker domain is highly flexible in isolated C-linker/CNBHD structures
(Brelidze et al., 2013); an Elk channel C-linker/CNBHD structure (3UKN) has a dimeric
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C-linker orientation (Brelidze et al., 2012) and could not be docked to the tetrameric
channel core with the C-linker in close appostion to the lipid bilayer. Domains were
aligned with MUSCLE, implemented by Jalview (Waterhouse et al., 2009), and were
built using MODELLER (9v8) (Eswar et al., 2007; Marti-Renom et al., 2000; Sali and
Overington, 1994). We generated 30 initial models or each template and selected the top
candidate model guided by the molecular PDF (molpdf) and Z-DOPE scores.

Assembly of domains
Assembly of homology models into a single structure was done in VMD
(Humphrey et al., 1996), using visual manipulations and custom-written Tcl scripts. The
tetrameric assembly of C-linker and CNBHD domain was joined to the C-terminal end of
S6 helices in a way that optimizes surface match. This placed the C-Linker elbow of one
subunit next to the gate/S45L of the neighboring subunit as supported by cross-linking
studies in SpIH (Kwan et al., 2012). The eag domain was positioned in a tight contact
with modeled CNBHD based on a structure of the eag domain/CNBHD complex of Eag1
(4LLO) (Haitin et al., 2013). The de novo eag/core linker favored placement of the eag
domain from one subunit on the CNBHD of a neighboring subunit, in agreement with
experimental data (Gianulis et al., 2013). The PAS-Cap was re-routed towards S45L so
that K5 is in the vicinity of R347. In the model of the closed state K5 is held there by
polar interactions with Q512 and N518. In the assembled complete structure in the closed
state, the position of TM4 helix was adjusted slightly towards the filter side of the
membrane thus bringing H328, E265, and D314 together in the voltage sensor pocket as
suggested by experimental data on divalent and proton block of voltage-activation
(Kazmierczak et al., 2013; Zhang et al., 2009). The open conformation of the whole
assembly was obtained from the closed state by slow step-wise steering. The secondary
structure of the cytoplasmic domains was set to preserve during the transition, while the
position and orientation of the elements, as well as the fold of the flexible linkers were
free to adjust following the transmembrane domains.
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Placement of the PIP2
PIP2 was modeled with the maximum negative charge of -5. Placement of PIP2
molecules in the closed and open state models was based on several criteria, including
optimal electrostatic interactions with clusters of positive charges, accessibility from the
bulk of membrane lipids, and proximity to residues with PIP2 gating phenotypes. PIP2 did
not appear to be tightly constrained in the models with several placement options and
orientations available. We chose initial placements in best agreement with experimental
data, assuming close proximity between PIP2 and basic residues required for PIP2dependent modulation.

Molecular dynamics simulation with explicit medium
We used molecular dynamics simulations in an explicit medium to relax and test
the stability of the models. Assembled models with PIP2 bound in every monomer were
placed into a pre-equilibrated patch of POPC bilayer. Lipid molecules overlapping with
the protein were removed, bringing total to 508 molecules for the closed conformation
and 496 for the open. All the charged residues were modeled in their estimated default
protonation state based on neutral pH. The systems were solvated with ~64,000 water
molecules. 120 potassium and 132 chlorine atoms were added to compensate the charges
and provide 100 mM KCl concentration. Two of the potassium ions, with water in
between were placed in the filter of each model. The complete systems contained
~304,000 atoms with simulation cell dimensions 145x145x155 (in Å). Assembly of the
simulation cells, analysis and visualization of the results were performed in VMD v1.9.1
(Humphrey et al., 1996).
MD Simulations were performed using NAMD package (Phillips et al., 2005).
The simulations were performed as an NPT ensemble using CHARMM36 (Klauda et al.,
2010; MacKerell et al., 1998) force field parameters and TIP3P water model. Langevin
Dynamics was used to maintain constant pressure (1 atm) and constant temperature
(303.15oK), with flexible simulation cell to allow relaxation of the in-plane area of the
channel. The system was simulated with periodic boundary conditions, and electrostatic
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interactions were handled using particle mesh Ewald method with a real space cutoff
distance of 12 Å and a grid width of 1 Å. Energy Minimization steps were performed
using conjugate gradient method for 10,000 steps. To attain the equilibrium, the system
was subjected to gradual heating until it reached to 303.15oK (30oC), first with the protein
backbone harmonically restrained (1 kcal/mol/Å2 per backbone atom) to the initial
coordinates, while the lipids were allowed to pack around and water to stably solvate the
protein for 5 ns. An additional 5 ns unrestrained simulation was then performed. The
model was further refined with 1 ns of symmetry-restrained annealing, which has been
shown to improve accuracy in homology models of potassium channels, compared to
unrestrained models alone (Anishkin et al., 2010).

132

4.4 Results
4.4.1 Patch Excision alters voltage-dependent gating of Elk1
We first characterized gating changes that occur in Elk1 after excision of inside
out patches from Xenopus oocytes to assess the potential for the existence of PIP2dependent regulation. Patch excision leads to gradual loss of PIP2 from the plasma
membrane, and gating alterations that accompany patch excision therefore can reflect
PIP2-dependence. For instance, run-down of KCNQ channels in inside-out patches can be
reduced by manipulations that slow the loss of PIP2 and can be reversed by application of
a soluble PIP2 analog diC8-PIP2 (analog) to the intracellular face of the patch (Li et al.,
2005; Zaydman et al., 2013). Fig. 4-1A shows Elk1 currents in symmetrical K+ evoked
by voltage ramps before patch excision and several minutes after patch excision when
currents had stabilized. Two obvious changes (arrows) include the enhanced activation of
Elk1 at hyperpolarized potentials and a dramatic speed-up of deactivation. Channel
activity as measured by peak tail current at -100 mV following the voltage ramp ran up
for several minutes after excision and then remained stable through 15 minutes (Fig. 41B). Example Elk1 current traces recorded in response to 1 s voltage steps from on cell
and excised patches are shown in Fig. 4-1C, and voltage activation (GV) curves
measured from isochronal tail currents are shown in Fig. 4-1D (fit parameters provided in
Table 4-1). Patch excision shifts the V50 of the voltage-activation curve -18.6 ± 1.3 mV
and leads to an increase in the activation rate of Elk1 (Fig. 4-1E), as measured by a
decrease in the time constant of activation (τact) (Fig. 4-1E,F) that occurred over several
minutes in parallel with the run-up of tail current size. Patch excision also increases the
rate of deactivation, as measured by a significant decrease in the fraction of tail current
remaining 60 ms after repolarization from +60 mV to -100 mV (Fig. 4-1G).
Measurements of channel activity in excised patches described later in this study were
taken only after currents elicited by voltage ramps had stabilized.
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Figure 4-1. Patch excision alters voltage-gating of Elk1. (A) Schematic drawing on
cell and excised inside-out recording configurations. Currents recorded in response to a 2
s voltage ramp (-120 mV to +80 mV, -100 mV holding) are shown for the on cell (black)
and excised (red) configurations with high K+ in the pipette. Arrows point to the
increased inward current at hyperpolarized voltages and the rapid deactivation which
gradually occur upon patch excision. (B) Peak tail current amplitude at -100mV (from
ramp recordings as in (A) increases upon excision and stabilizes within 5-10 minutes.
Data (n = 8) were normalized to the first sweep following excision. (C) Elk1 currents
recorded in response to a series of 1 s voltage steps (-120 mV to +60 mV, -100 mV Hold)
on cell and after excision and stabilization. Note the fast activation and deactivation in
the excised recording (arrows). (D) On cell and excised GV curves for Elk1. Data were
measured from isochronal tail currents recorded at -100 mV following 1 s steps to the
indicated voltages (n = 32 and 37, respectively). Curves show single Boltzmann fits of
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the data (V50 and s reported in Table 4-1). (E) Elk1 activation time constants measured at
+60 mV before and after excision. Activation rate speeds up and stabilizes by 6-8
minutes after excision (n = 13); the inset compares normalized current traces recorded at 20 mV (polarity flipped for display purposes). (F) Comparison of on cell (n = 15) and
excised (n = 26) activation time constants at various voltages. (G) Deactivation kinetics
for Elk1 on cell and excised as measured by the fractional tail current amplitude 60 ms
after repolarization to -100 mV (lower value = faster deactivation) (n = 8). The Inset
shows normalized tail currents at -100 mV after 2 s prepulse to +60 mV (Dotted line =
zero current). Data in all panels show mean ± S.E.M.

4.4.2 Elk1 voltage-gating show a robust mode shift that is lost upon patch excision
In Erg1, slow deactivation is caused by time-dependent mode shift of the
activated voltage sensor (Goodchild et al., 2015; Piper et al., 2003; Tan et al., 2012); the
mode-shifted VSD returns to the resting state in a more hyperpolarized voltage range
than the original transition from resting to activated. Mode shift is believed to be caused
by a relaxation of the activated VSD into a more stable conformation subsequent to its
initial activation (Villalba-Galea et al., 2008). We examined mode shift in Elk1 to
determine if it could be responsible for the slow component of deactivation on cell which
is lost upon patch excision. Fig. 4-2A shows families of on cell Elk1 currents recorded in
response to voltage steps from –120 to +60 mV from a holding potential of -100 mV
(standard GV measurement) or with a 1 s prepulse to +60 mV to induce mode shift. The
GV V50 measured from isochronal tail currents recorded at -100 mV shifted from -30.8 ±
1.5 mV to -72.3 ± 1.0 mV when we introduced the prepulse to +60 mV (Fig. 4-2B).
Mode shift reduced from -41.6 ± 1.0 mV to -3.7 ± 0.7 mV after patch excision (Fig. 42B). The magnitude of the slow component in Elk1 tail currents recorded at -100 mV on
cell (but not excised) was highly sensitive to depolarizing step length (Fig. 4-2C-E). We
estimated the time course of mode shift at +60 mV by plotting the increase in tail current
remaining 60 ms after repolarization to -100 mV (Fig. 4-2E). An exponential fit of the
data yielded a time constant of 504 ± 1 ms (n = 34).
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Figure 4-2. Elk1 has a mode shift to voltage-gating that is lost upon patch excision.
(A) Elk1 currents are shown for a series of 1 s voltage steps from a holding potential of 100 mV (left) or after a 1 s step to +60 mV to elicit mode shift (right). GV data were
taken from isochronal tail currents at -100 mV (arrows). (B) GV plots for -100 mV hold
(squares) and +60 mV prepulses (circles) in the on cell (black, n = 18) and excised (red, n
= 19) configurations. Curves are single Boltzmann fits; V50 and s in Table 4-1; mode
shifts (ΔV50 between +60 mV prepulse and -100 mV hold) are reported in Table 4-2. (C)
Voltage protocol for measuring the time course of current mode shift. A series of 10 +60
mV voltage steps at increasingly duration from 200 ms to 2 s were given to activate
channels and induce mode shift as estimated by time course of tail currents recorded at 100 mV after the steps. Upper and lower panels depict the 1st and 10th sweeps,
respectively. (D) Example tail current traces recorded on cell or excised with voltage
protocols shown in (C). Only the first and last sweeps are shown for clarity; the dotted
line shows the zero current level. (E) Tail current time course measured as fractional
amplitude remaining at 60 ms plotted as a function of +60 mV prepulse length (n = 34 on
cell and 39 excised). The curve for on cell data is a single exponential fit with a time
constant of 504 ms. All data points show mean ± S.E.M.
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4.4.3 PIP2 slows activation of Elk1 in excised patches and partially restores mode
shift
We applied PIP2 to excised patches to determine if the gating changes we
observed in Elk1 upon patch excision could be explained by loss of PIP2. We used the diC8 analog of PIP2 for all experiments because of its enhanced solubility relative to native
PIP2. Fig. 4-3A shows ramp and step currents from an excised patch before and after
application of 10 μM diC8-PIP2 (referred to as PIP2 from here on). 10 μM PIP2
depolarized the GV curve measured from a -100 mV resting potential by 21.7 ± 1.1 mV;
the resulting GV curve was similar to what we observed on cell (Fig. 4-3B). 10 μM PIP2
slowed the activation rate of Elk1 relative to excised control conditions (Fig. 4-3C) as
measured by the ratio of the time constant of activation in PIP 2 (τact-PIP2) to the time
constant of activation in control solution (τact-excised) (Fig. 4-3D). Application of 10 μM
PIP2 to excised patches also introduced a slow component into tail currents and
significantly increased mode shift by 16.2 mV from 3.7 ± 0.7 mV to 19.9 ± 1.3 mV (Fig.
4-3E-G).
We calculated the half maximal PIP2 concentration (K1/2) for effects on τact, GV
V50 and mode shift using Hill equation fits of data at various PIP2 concentrations (Fig. 43H-J). The K1/2 values calculated by each method were similar: 12.7 ± 2.2 μM for τact,
9.4 ± 2.7 for GV V50 and 11.3 ± 1.7 μM for mode shift. PIP2 could fully restore the slow
activation of Elk1 observed on cell at a concentration between 10 and 30 μM (Fig. 43D,E). However, the maximal mode shift we observed was with 100 μM PIP2 in excised
patches (Fig. 4-3I) was still significantly less than on cell mode shift, suggesting that PIP2
may not fully account for the large on cell mode shift. These results show that PIP 2
regulates the voltage gating of Elk1 in a bimodal fashion by inhibiting voltage-activation
while enhancing mode shift of the activated VSD.
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Figure 4-3. DiC8-PIP2 slows activation and enhances mode shift in Elk1 in excised
patches. (A) Left panel: Currents recorded in response to a 2 s voltage ramp (-120 mV to
+80 mV, -100 mV holding) before and after application of 10 μM PIP2. Middle and right
panels: currents recorded in response to a series of 1 s voltage steps (-120 mV to +60 mV,
-100 mV holding) before and after application of 10 μM PIP2, respectively. Arrows point
to slowed activation to deactivation in the PIP2 traces. (B) Application of 10 μM PIP2
shifts Elk1 GV in the depolarized direction (n = 37). On cell and excised data are the
same as in Fig. 4-1D. Curves are single Boltzmann fits; V50 and s are reported in Table
4-1. (C) Normalized current traces from an Elk1 patch comparing activation rate at -20
mV on cell, excised and with 10 M PIP2. Traces were reversed in polarity for display.
(D) Change in activation rate upon patch application of 10 μM PIP2 at various voltages
expressed as

act-PIP2/act-ctrl (n = 18 and 33, respectively). (E) Normalized tail currents

recorded at -100 mV after 2 s prepulse to +60 mV before and after application of 10 M
PIP2 (Dotted line = 0 current). (F) Fractional tail current remaining 60 ms after
repolarization to -100 mV in 10 M PIP2 compared to excised and on cell from Fig. 4-2E
(n = 14; curve is a single exponential fit with a time constant of 611 ms). (G) GV curves
determined from isochronal tail currents at -100 mV following 1 s steps to the indicated
voltages for excised controls (red, n = 19) and 10 μM PIP2 (blue, n = 18) from a holding
potential of -100 mV (squares) or with a 1 s prepulse to +60 mV (circles). Mode shift
values in mV are reported in Table 4-2. (H-J) Dose-response relationships for PIP2 as
measured by act-PIP2/act-ctrl (H, n = 5-20), V50 shift (I, n = 14-26) and GV mode shift size
(J, V50 -100 mV hold vs. +60 mV prepulse, n = 4-10). Curves show fits with the Hill
equation and half maximal concentration (K1/2) are indicated. All data are expressed as
mean ± S.E.M.
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4.4.4 Depletion of native PIP2 with CiVSP modulates Elk1 voltage gating.
While a huge diversity of channels are regulated by PIP2 as measured by patch
excision and direct PIP2 application to the intracellular face of patches, only a subset of
channels appear to be regulated by changes in PIP2 concentration in intact cells
(Hilgemann, 2012; Kruse et al., 2012; Kruse and Hille, 2013). In cases where channel
activity requires PIP2, but is not modulated by physiologic changes in PIP 2 concentration,
it has been suggested that constitutive PIP2 binding might be necessary for normal
channel function (Hilgemann et al., 2001; Hilgemann, 2012; Kruse et al., 2012; Suh and
Hille, 2008; Zhou and Logothetis, 2013). We therefore examined whether depletion of
native PIP2 by the phosphoinositide 5-phosphatase CiVSP (Halaszovich et al., 2009;
Murata et al., 2005), which is activated by depolarization, could alter the gating of Elk1
in on cell patches. Repeated depolarization of whole oocytes expressing CiVSP under
two-electrode voltage clamp depletes PIP2 sufficiently to inhibit PIP2-dependent KCNQ
currents (Li et al., 2015a). Oocytes for patches are often damaged during removal of the
vitelline envelope and we bathed the oocytes in high K+ intracellular recording solution,
so it is reasonable to assume that they were sufficiently depolarized for some basal
CiVSP activation and PIP2 depletion prior to patch formation. Indeed, activation of Elk1
currents was already fast in most CiVSP-expressing vs. control patches during the first
depolarizing voltage step applied to the patch. Nevertheless, repeated depolarizing steps
to +60 mV further increased the rate of activation in some patches, a change which was
never observed in control oocytes (Fig. 4-4A). The mean activation time constants for on
cell patches recorded from CiVSP-expressing oocytes in response to increasing voltage
steps was significantly smaller than for control oocytes (Fig. 4-4B). However CiVSP coexpression does not speed up activation as much as patch excision (Fig. 4-4B), possibly
due to incomplete depletion of native PIP2 during the steps or rapid PIP2 resynthesis.
Similarly, the deactivation time course was significantly faster in CiVSP-expressing
oocytes (Fig. 4-4C,D), and mode shift was significantly reduced from -41.6 ± 1.9 mV in
control oocytes to -22.0 ± 1.4 mV in CiVSP-expressing oocytes (Fig. 4-4E). These results
suggest that native PIP2 in oocytes modulates Elk1 the same way as di-C8 PIP2 in excised
patches.
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Figure 4-4. Depletion of native PIP2 with CiVSP alters Elk1 gating kinetics. (A)
Normalized Elk1 current traces recorded at +60 mV on cell patches from an Elk1 control
and Elk1 + CiVSP. Repeated 2 s steps to +60 mV were delivered at 6 s intervals and the
1st, 2nd and 20th sweeps are shown for comparison. (B) Activation time constants at
various voltages determined for Elk1 + CiVSP on cell patches (n = 5) and compared to
Elk1 on cell and excised controls from Fig. 1F. The on cell time constant significantly
decreased at all voltages measured (p < 0.001, t-test) with CiVSP co-expression. (C)
Normalized tail current traces at -100 mV after 2 s prepulse to +60 mV. The first sweep is
shown for each condition and tail shape did not change with further repeated sweeps
(Dotted line = 0 current). (D) Deactivation time course measured as fractional tail current
remaining 60 ms after repolarization to -100 mV after a 2 s prepulse to +60 mV (n = 34,
16, 39 for on cell control, + CiVSP and excised control, respectively; ***p < 0.001, ttest). (E) On cell GV curves for Elk1 controls (black, n = 5) and + CiVSP (red, n = 4)
recorded from the typical -100 mV hold (squares) and with a 1 s +60 mV prepulse
(circles). Curves show single Boltzmann fits and GV mode shift values (circle V50 –
square V50) are reported in Table 3. All data are reported as mean ± S.E.M.
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4.4.5 PIP2 and PIP3 regulate Elk1
We tested the ability of the di-C8 analogs of two other plasma membrane
phosphoinositides, Phosphatidylinositol 4-phosphate (PI(4)P) and phosphatidylinositol
(3,4,5)-trisphosphate (PIP3), to modulate the voltage gating of Elk1. PI(4)P is the
precursor for PIP2 synthesis and is the major metabolite produced from PIP2 by CiVSP
(Halaszovich et al., 2009). PIP3 is typically more than 100-fold less abundant than PIP2 in
cells (Vanhaesebroeck et al., 2001), but strongly modulates CNG channel gating (Brady
et al., 2006; Bright et al., 2007; Zhainazarov et al., 2004). The Elk1 activation rates in 10
μM of each phosphoinositide are compared in Fig. 4-5A,B. PIP3 slowed activation
significantly more than PIP2, while PI(4)P had only a small effect on activation at 10 μM.
The same rank order of effect (PIP3 > PIP2 > PI(4)P) was observed at the 10 μM
concentration for inducing current mode shift (Fig. 4-5C,D). The small effects observed
for PI(4)P relative to PIP2 are consistent with the ability of the phosphoinositide 5phosphatase CiVSP to enhance activation rate and reduce mode shift in Elk1. These data
suggest that phosphoinositide regulation of Elk1 could occur through either PIP2 or PIP3,
although we did not fully explore the affinity and efficacy of PIP3 in this study. We
instead focused on PIP2 modulation for this study to facilitate comparison to the broad
literature on PIP2 regulation of ion channels.
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Figure 4-5. Elk1 modulation by diC8-PI(4)P and diC8-PIP3. (A) Normalized currents
compare Elk1 activation at +20 mV before and after application of the indicated PIP. (B)
Fold changes in activation time constant at -20 mV upon application of 10 M of the
indicated PIP (n = 9, 18, and 10 for PI(4)P, PIP2 and PIP3, respectively). (C) Normalized
tail currents recorded at -100 mV after a 2 s prepulse to +60 mV before and after
application of 10 μM PI(4)P and PIP3 (Dotted line = 0 current). (D) GV mode shift
induced by 10 μM of the indicated PIPs, measured as in Fig. 4-2B. All data show mean ±
S.E.M., n = 32, 9, 18, 9 for control, PI(4)P, PIP2 and PIP3, respectively; *p < 0.05; ***p <
0.001, t-test).

143

4.4.6 The role of the eag domain in mode shift
We next examined which domains of Elk1 might be responsible for the PIP2dependence of voltage-gating. Because the eag domain and conserved basic residues at
the N-terminus of the PAS-cap support mode shift in herg1 (Tan et al., 2012), we deleted
the entire eag domain of Elk1 (2-136), or alternatively neutralized a single conserved
basic residue in the N-terminal PAS-cap (K5Q), to test the role of the Elk1 N-terminus in
mode shift. K5 aligns with a PAS-cap residue (R5) that plays a role in mode shift in Erg1
(Fig. 4-6A). Elk1 2-136 and K5Q currents recorded on cell in response to voltage steps
are shown in Fig. 4-6B,C, and the time course of on cell tail currents recorded after a 1 s
+60 mV pulse are compared to WT in Fig. 4-6D. Elk1 2-136 tail currents were
extremely rapid compared to WT, while K5Q tail currents were intermediate between the
two. Mode shift was almost completely eliminated in Elk1 2-136 (-6.2 ± 3.1 mV, n = 9)
and reduced significantly to -26.7 ± 1.7 mV (p < 0.0001, t-test) for Elk1 K5Q (Fig. 46E,F). The mode shift remaining in K5Q was eliminated following patch excision and 10
M PIP2 was not able to slow deactivation or recover a robust mode shift (Fig. 4-6G,H).
The increase in mode shift in excised patches caused by 10 M PIP2 relative to control
solution (V50) was significantly reduced in K5Q and 2-136 vs. WT (Fig. 4-6I).
Furthermore, the on cell mode shift of Elk1 K5Q was not reduced by co-expression with
CiVSP (Fig. 4-6J), and was identical in magnitude to the mode shift remaining for Elk1
WT following depletion of PIP2 by CiVSP (-21.3 ± 2.0 mV vs. -22.0 ± 1.4 mV, p = 0.76,
n = 8 and 4, respectively). These results indicate that the eag domain is required for mode
shift in Elk1 and that K5 in the PAS-Cap is required for PIP2 to enhance mode shift.
However, PIP2 does not itself appear to be required for mode shift since there is a
component to mode shift that cannot be depleted by CiVSP or restored by application of
PIP2 to excised patches. This PIP2-independent component is also lost upon patch
excision, but we did not determine the mechanism.
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Figure 4-6. Role of the Elk1 N-terminal eag domain in mode shift. (A) Sequence
alignment of the first 15 AA of the PAS-cap domain for all human EAG family channels
and fly (Dm) and Nematostella (Nv, sea anemone) Elk orthologs. Basic residues are
shaded in blue and other residues conserved in at least eight sequences are shaded in
black. A universally-conserved basic residue (K5 in Elk1) is highlighted with the red box.
(B,C) On cell current traces recorded in response to 1 s steps (-120 mV to +60 mV) Elk1
Δ2-136 and K5Q. (D) Normalized on cell tail currents recorded at -100 mV after 1 s
prepulse to +60 mV for Δ2-136 and K5Q compared to WT (dotted line, 0 current). (E,F)
On cell GV curves recorded from a -100 mV hold (black) or with a 1 s +60 mV prepulse
(red) for Δ2-136 (n = 9) and K5Q (n = 11). (G) Normalized K5Q tail currents recorded at
-100 mV after 1 s prepulse to +60 mV from an excised patch before and after application
of 10 μM PIP2. (H) Mode shift (V50 +60 mV prepulse - -100 mV hold) for Δ2-136 and
K5Q (n = 7-9; *p < 0.05; ***p < 0.001, t-test). (I) PIP2-dependent current mode shift in
excised (ΔΔV50 10 M PIP2-control) for WT, K5Q and Δ2-136 (***p < 0.001 vs. WT, ttest). (J) Mode shift measured on cell with or without Ci VSP co-expression for K5Q
compared to WT (n = 11 and 19, ***p < 0.001, t-test). All data are mean ± S.E.M., single
Boltzmann fit parameters (E,F) are reported and Table 4-1 and GV mode shifts are
summarized in Table 4-2 or Table 4-3 (VSP only). Accession numbers for the full
sequences aligned in (A) are: Elk1 (NM144633), Elk2 (NM012284), Elk3 (NM012285),
Eag1 (NM172362), Eag2 (NM139318), Erg1 (NM000238), Erg2 (NM030779), Erg3
(NM033272), DmElk (NM057661) and NvElk (KM052387).
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Figure 4-7. PIP2 inhibits activation in Elk1 Δ2-136 and K5Q mutants. (A) act (10 M
PIP2)/act (Ctrl) at various voltages compared for WT (n = 18) and Δ2-136 (n = 9).
Accurate measurement of the Δ2-136 activation time constant below -10 mV was not
possible in 1 s steps due to the depolarized GV. The inset compares normalized currents
for a Δ2-136 patch at +10 mV on cell, excised and in the presence of 10 M PIP2. (B)
Repeat of (A) for K5Q (n = 8). (C,D) GV curves for Δ2-136 and K5Q on cell (black),
excised (red) or excised + 10 μM PIP2 (blue). WT GV curves are shown as dotted lines
for comparison and are similarly color-coded. V50, s of single Boltzmann fits and n
numbers for data are reported in Table 4-1. (E) V50 induced by 10 μM PIP2 in excised
patches for WT, Δ2-136 and K5Q (n = 37, 14, 8, respectively; ***p < 0.001 vs. WT, ttest).
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The activation rates of Elk1 2-136 and K5Q were inhibited by PIP2 (Fig. 47A,B), indicating that other regions of Elk1 channel must mediate inhibitory effects of
PIP2. The fold changes of

act caused by 10 M PIP2 relative to excised controls were

similar for 2-136, K5Q WT (Fig. 4-7A,B). However, the leftward GV shift observed
upon patch excision and the rightward GV shift caused by 10 M PIP2 were significantly
increased for both mutants (Fig. 4-7C-E). PIP2-dependent GV shifts reflect a composite
of PIP2-dependent inhibition of activation counterbalanced by mode shift. We
hypothesize that the depolarizing GV shifts are bigger in K5Q and 2-136 because the
counterbalancing effect of mode shift is significantly reduced.

4.4.7

Basic residues in the S45L and post-S6 are required for PIP2-dependent

inhibition of Elk1
Basic residues at the cytoplasmic interface of the VSD and S6 activation gate
have been implicated in PIP2-dependent inhibition of Shaker channel gating (RodriguezMenchaca et al., 2012a) and PIP2-dependent coupling of VSD activation to pore opening
in KCNQ channels (Zaydman et al., 2013). We therefore tested whether basic residues in
the S45L (R347) and Post- S6 (R475 and R479) of Elk1 (Fig. 4-8A,B) were required for
PIP2-dependent modulation of Elk1 gating. We tested charge reversal and neutralization
substitutions. R347E exhibited significantly smaller changes in activation rate relative to
WT upon application of 10 μM PIP2 (Fig. 4-9A,B). Furthermore, deactivation was more
rapid on cell in R347E and PIP2 did not introduce a slow component in excised patches
(Fig. 4-9C). In contrast, PIP2 strongly inhibited activation of R347C and introduced a
small slow component into the tail (Fig. 4-9D-F). On cell mode shift was significantly
reduced in R347E and PIP2 did not significantly increase mode shift in excised patches
(Fig. 4-9G). We hypothesize that R347E retains PIP2 independent mode shift, but has lost
PIP2-dependent mode shift. R347C in contrast had normal mode shift on cell, but
significantly reduced PIP2-dependent enhancement of mode shift in excised patches
(ΔΔV50 -7.3 ± 1.2 mV (n=6) vs. -15.8 ± 1.1 mV (n=18) for WT, p<0.001). Patch excision
had little effect on the GV of R347E, but 10 μM PIP2 caused a 20.6 ± 3.6 mV shift in V50
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(Fig. 4-9H). This is similar to what we observed for WT, but less than that for K5Q
which has normal PIP2-dependent inhibition of activation yet (like R347E) lacks the
counterbalancing PIP2-dependent enhancement of mode shift. This reduction in PIP2dependent depolarizing GV shift relative to K5Q supports our observation that PIP2 has a
reduced ability to inhibit activation in R347E. The PIP2-dependent depolarizing GV shift
was similar in R347C (22.9 ± 2.5 mV, Fig. 4-9I), but was likely constrained by residual
PIP2-dependent mode shift (Fig. 4-9G).
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Figure 4-8. Sequence Alignments of S45L (A) and Post-S6 (B) for all human EAG
family channels, Drosophila and Nematostella Elk, and human Kv1.2 and KCNQ1.
Basic residues Lys and Arg are shaded blue and His green; acidic residues are shaded red,
and other positions with general conservation are shaded gray. Elk1 R347, R475 and
R479 are marked with red stars; Kv1.2 and KCNQ1 residues required for PIP2modulation are outlined in red. Domain boundaries are indicated below the alignments
and sequence positions are indicated at the right margin. Sequence accession numbers for
EAG family channels are given in Fig. 4-6, and are NM004974 and NM000218 for
Kv1.2 and KCNQ1, respectively.

150

Figure 4-9. Effect of R347 mutations on the PIP2 modulation of Elk1. (A) R347E on
cell currents in response to 1 s voltage steps (-120 to +60 mV) from a hold of -100 mV.
Insets show normalized currents at +20 mV from a patch on cell (black), excised (red)
and +10 μM PIP2 (blue). (B) act (10 M PIP2)/act (Ctrl) at various voltages for R347E (n
= 9) and WT (n = 18). (***p < 0.001, t-test). (C) Normalized tail currents at -100 mV
after 1 s prepulse to +60 mV, comparing R347E to WT on cell (upper panel) and R347E
excised before and after 10 M PIP2 application (lower panel). (D-F) Repeat of A-C for
R347C (n = 8), *p < 0.05, t-test. (G) Mode shift measured as in Fig. 4-2A for R347
mutants compared to WT on cell, excised and +10 M PIP2 (n reported in Table 4-2, *p
< 0.05; ***p < 0.001, t-test). (H,I) GV curves for R347E and R347C on cell (black),
excised (red) and + 10 μM PIP2 (blue). V50, s and n are reported in Table 4-1, and WT
GV curves are shown as dotted lines for comparison. Data are shown as mean ± S.E.M.
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Charge reversal mutations at R475 (R457E) and R479 (R479E) had differential
effects on PIP2-dependent inhibition of voltage-activation (Fig. 4-10A-C). PIP2 slowed
voltage-activation of R475E in a similar fashion to WT, but the effects of PIP 2 on
activation were significantly reduced in R479E, as quantified by the fold change in
activation rate induced by 10 μM PIP2. R475E also had a large mode shift on cell and
normal PIP2-dependent mode shift when excised (Fig. 4-10D). In contrast, on cell mode
shift was significantly reduced for R479E, and PIP2 did not recover mode shift in excised
patches (Fig. 4-10D). The R475E GV shifts upon excision and 10 μM PIP2 application
were unexpectedly less than we observed for WT (Fig. 4-10E), but we did not explore
this further because PIP2-dependent mode shift and inhibition of activation were normal
when assayed individually. R479E had a depolarizing shift in GV upon patch excision
and 10 μM PIP2 did not depolarize the GV further (Fig. 4-10F). This phenotype is
consistent with a large reduction in bimodal PIP2 regulation. Neutralization of R479
(R479Q) showed a parallel but less severe phenotype to R479E (Fig. 4-10G-I). Inhibition
of activation in R479Q was significantly reduced relative to WT. R479Q on cell mode
shift was significantly reduced, but a small amount of PIP2-dependent mode shift
remained. These data argue that R479 (but not R475) has a strong influence on PIP2dependent modulation of voltage-gating in Elk1.
We further examined the roles of R347 and R479 in PIP2-dependent gating by
examining the effect of PIP2 depletion by CiVSP on these mutants. The activation rate of
R347E was consistently faster at a given voltage in the presence of CiVSP, but the
changes were small and were only significant at -40 mV (Fig. 4-11A,B). CiVSP did not
significantly reduce on cell mode shift for R347E (Fig. 4-11C). R479E had essentially the
same phenotype, except no significant changes in activation rate were observed. R479E
mode shift on cell was slightly smaller than we observed in previous experiments, but
was not further reduced by CiVSP. Insensitivity to CiVSP further supports the conclusion
that R347E and R479E have reduced bimodal PIP2 modulation, and that there is a
component to mode shift that is apparently PIP2-independent.
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Figure 4-10. Effect of R475 and R479 mutations on the PIP2 modulation of Elk1.
(A,B) R475E and R479E current traces in response to 1 s voltage steps (-120 mV to +60
mV, -100 mV hold) in on cell configuration. Insets show normalized currents traces at
+20 mV for R475E and at -20 mV for R479E (reversed in polarity for display) comparing
on cell (black), excised (red) and +10 μM PIP2 (blue). (C) act (10 M PIP2)/act (Ctrl) at
various voltages compared for R475E (n = 20), R479E (n = 10) and WT (n = 18). R479E
differed from WT as indicated: *p < 0.05 or ***p < 0.001. (D) GV mode shift determined
with protocols shown in Fig. 4-2A for the indicated mutants and conditions (n numbers in
Table 4-2, ***p < 0.001, t-test). (E,F) GV curves for R475E, R479E and R479Q on cell
(black), excised (red) or + 10 μM PIP2 (blue) (dotted lines = corresponding WT). V50, s
and n numbers are reported in Table 4-1. (G-I) Repeat of C-E for R479Q. R479Q n =5 in

153

G; H and I n numbers are reported in Tables 4-2 and 4-1, with V50 and Boltzmann
parameters, respectively. (*p < 0.05; **p < 0.01; ***p < 0.001 vs. WT, t-test). All data
are mean ± S.E.M. and curves in E,F and I show single Boltzmann fits.

Figure 4-11. Effects of depletion of native PIP2 with CiVSP on R347E and R479E.
(A) Normalized currents recorded at +60mV for R347E in presence or absence of CiVSP.
(B) act (10 M PIP2)/act (Ctrl) on cell with (n = 6) or without (n = 5) CiVSP. (C) R347E
GV mode shift measured on cell with or without CiVSP co-expression (n = 5) compared
to WT. (D-F) Repeat of A-C for R479E (n = 3-5 for E and 5-7 for F). All data are mean ±
S.E.M. (*p < 0.05 and ***p < 0.001, t-test).
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4.4.8 Modeling the PIP2 binding site
We created structural homology models in explicit media for open and closed
states of Elk1as described in the Methods to see whether the channel might be able to
accomodate PIP2 at the intracellular interface of the S45L and gate regions (post S6). The
models provided flexibility for the placement of PIP2, so we selected initial placements in
proximity to R347 and R479 as the starting point for refinement in a series of restrained
and unrestrained molecular dynamic simulations to optimize the energy profile and
stability. Fig. 4-12A,B show the full and zoomed views of the optimized closed model,
focusing on the putative PIP2 binding site. R347 contacts PIP2 on the 4-phosphate group,
while R479 contacts the 5-phosphate (Fig. 4-12B). Other basic residues that contact PIP2
in the closed model include K344 in the S45L (1-phosphate) and K488 (5-phosphate) and
R495 (5-phosphate) in the C-linker (Fig. 4-12B). We did not test the role of these latter
residues in PIP2-dependent gating in the current study, but basic residues in the C-linker
are required for PIP2-dependent modulation of SpIH (Flynn and Zagotta, 2011). The
PAS-Cap can reach the PIP2 binding site with the PAS domain docked on the CNBHD as
found in a crystal structure of the Eag1 domains (Haitin et al., 2013). However, K5 did
not hydrogen bond with PIP2 during closed model simulation.
The placement of PIP2 in the open state homology model fundamentally differs
due to the displacement of the VSD helices in the transition between the states; PIP 2 fits
better at the outer edge of the S45L/Gate junction, and many of the basic side chains that
coordinate PIP2 in the closed state are now accessible from this outer edge (Fig. 4-12C,D).
In this putative location in the open conformation, PIP2 is contacted by K5 (5-phosphate),
R347 (4-phosphate), K488 (4-phosphate), K491 (4,5-phosphates), and R495 (5-phosphate)
(Fig. 4-12D). R479 does not directly coordinate PIP2 in this open model, but it forms a
salt bridge with g D489 in the C-linker which could be critical for maintaining Clinker/gate orientation with respect to PIP2. It is hard to envision a continuous pathway
for PIP2 to follow the movement of these residues between the open and closed states.
Instead, we suggest that PIP2 might detach from the binding spot of the closed state as the
channel opens, while the newly formed binding location in the open conformation
acquires PIP2. While these homology models are limited by methodology and available
structures, they demonstrate that it is possible to sterically accommodate PIP 2 at the
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VSD/Gate/C-linker interface in Elk1 where it has the potential to directly interact with
basic residues required for PIP2-dependent modulation of voltage-gating.

Figure 4-12. Structural models of closed and open Elk1 channels with proposed PIP2
binding sites. (A,B) Cartoon diagrams of optimized Elk1 closed state model. (A) shows
all four subunits of the channel embedded in the lipid membrane and (B) shows a zoomed
view of PIP2 contact region. N- and C-terminal regions are colored cyan and magenta, S4
is colored purple and S45L green. Positively charged side chains in PIP 2-contacting
residues are shown as sticks and colored blue. PIP2 is shown in yellow with oxygens in
red. (C,D) Elk1 open state model displayed in the same way as in A,B.
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Table 4-1. Elk1 Boltzmann fit parameters for standard GV curves measured from a
-100 mV hold.
On Cell

10 M PIP2

Excised

Mean S.E.M. n

Mean S.E.M. n

Mean S.E.M. n

V50

-33.9

1.1

32

-52.5

0.8

37

-30.8

0.8

37

s

12.1

0.2

32

8.7

0.1

37

10.2

0.1

37

V50

-8.1

1.8

15

-45.2

1.0

15

-13.7

0.8

14

s

10.1

0.3

15

8.0

0.3

15

8.4

0.3

14

V50

-22.6

1.2

9

-55.9

1.3

9

-26.1

1.3

8

s

9.7

0.2

9

8.2

0.0

9

8.7

0.2

8

V50

-45.2

2.3

18

-46.4

2.2

18

-25.8

2.9

15

s

16.4

0.3

18

14.1

0.2

18

16.2

0.4

15

V50

-20.6

2.4

17

-26.4

1.7

17

-3.5

1.8

12

s

12.1

0.3

17

13.3

0.3

17

14.3

0.4

12

V50

-38.5

1.6

17

-37.5

1.0

20

-25.1

1.4

17

s

12.9

0.4

17

11.4

0.2

20

12.2

0.2

17

V50

-59.6

2.3

17

-38.3

1.3

20

-43.0

2.0

14

s

14.4

0.5

17

13.1

0.2

20

15.9

0.4

14

V50

-53.7

2.8

11

-47.6

1.8

12

-42.5

2.5

11

s

14.9

0.3

11

10.4

0.2

12

14.2

0.4

11

WT

2-136

K5Q

R347E

R347C

R475E

R479E

R479Q

n, number of measurements
V50, Half-maximal activation voltage
s, slope factor
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Table 4-2. Mode shifts shown as V50 in GVs measured with a 1 s +60 mV
prepulse or from a -100 mV holding potential.
On Cell

10 M PIP2

Excised

Mean

S.E.M.

n

Mean S.E.M.

n

Mean S.E.M.

n

WT

-41.6

1.0

18

-3.7

0.7

19

-19.9

1.3

18

2-136

-6.2

1.1

9

-4.4

1.6

7

-1.3

1.9

7

K5Q

-26.7

1.3

11

-3.1

1.2

9

-7.4

1.1

8

R347E

-19.3

1.2

6

-4.1

1.1

6

-3.5

2.4

6

R347C

-40.7

1.7

8

-4.3

2.0

7

-11.3

1.9

6

R475E

-46.5

1.5

8

-5.7

0.4

8

-19.6

1.8

8

R479E

-21.8

1.2

16

-7.0

1.3

7

-9.5

1.0

5

R479Q

-26.9

2.3

5

-2.9

1.1

5

-8.0

2.0

5

n, number of measurements

Table 4-3. Mode shifts on cell +/- CiVSP (V50 in GVs measured with a 1 s +60
mV prepulse or from a -100 mV holding potential).
Control

+ CiVSP

Mean

S.E.M.

n

Mean

S.E.M.

n

WT

41.6

1.9

5

22.0

1.4

4

K5Q

21.6

2.0

8

22.3

1.4

12

R347E

18.6

1.3

5

15.5

0.9

5

R479E

14.5

1.5

5

10.0

3.0

7

n, number of measurements
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4.5 Discussion
Elk1 is the first example of an EAG family channel that displays bimodal
regulation of voltage-gating by PIP2. This regulation is in part mediated by two basic
residues in the S45L (R347) and Post-S6 region (R479). The residues are required for
both PIP2-dependent inhibition of voltage-gating and PIP2-dependent mode shift
stabilization of open channels. One important open question regarding the bimodal
regulation of voltage-gated channels by PIP2 has been whether the sites for inhibition and
enhancement are spatially separate or overlapping (Zhou and Logothetis, 2013). Our
functional data suggests the sites overlap in Elk1. Structural modeling, while admittedly
crude, supports the idea a single PIP2 molecule can contact both R347 and R479.
Moreover, modeling shows that the same PIP2 molecule can simultaneously contact K5
in the PAS-Cap and basic residues in the C-linker domain. Basic residues in the C-linker
have previously been shown to be involved in PIP2-dependent inhibition of HCN
channels (Flynn and Zagotta, 2011). The open and closed modeling shows fundamentally
different positions for PIP2, but in each case, a single PIP2 molecule is sufficient to
mediate interaction between the S45L, Post-S6, PAS-Cap and C-linker.
Our structural modeling supports direct binding interaction between basic
residues in the S45L (K344, R347), Post-S6 (R479), C-linker (K488, K491, K495) and
PAS-Cap (K5) with the charged phosphate groups on PIP2. This is attractive because
PIP2-protein interactions are typically mediated by direct binding to basic residues (Suh
and Hille, 2008). However, our functional results are not sufficient to conclusively prove
such a direct binding. The reliance of PIP2 regulation on K5, R347 and R479 could still
alternatively be explained by secondary electrostatic or steric disruption of a neighboring
PIP2 binding site. We did not determine PIP2 affinity of basic charge mutants, although
even affinity changes could be caused secondarily. The case for electrostatic proximity
and binding is bolstered by the evidence for similar PIP2-S45L/Post-S6 interactions
mediated by basic residues in Shaker and KCNQ channels which can also contact PIP2 in
structural models (Rodriguez-Menchaca et al., 2012a; Zaydman et al., 2013). Basic
residues in the TRP box (Post-S6 region) have also been implicated in PIP 2 regulation of
diverse TRP channels (Poblete et al., 2015; Rohacs et al., 2005).
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Suh and Hille proposed two alternate models of how PIP2 can interact with ion
channels: 1) A tight pocket with high affinity and specificity for PIP2, or 2) a more
general electrostatic interaction with lower affinity and less selectivity between
phosphoinositides (Suh and Hille, 2008). Our Elk1 data is supportive of a binding site
with the latter characteristics. The affinity for PIP2 (K1/2 of roughly 10 μM) is relatively
low and PIP3 also had a strong bimodal effect on gating. The main requirement for strong
modulation appears to be the presence of multiple phosphate groups on the inositol ring,
as PI(4)P has much less effect on gating; modeling shows that at least 2 phosphates are
needed for broad contact between PIP2 and the channel gating machinery. Nevertheless,
PIP2 is not tightly constrained in the models, and it might even have been possible to
model PIP2 in a flipped conformation, exchanging the 4- and 5- phosphates. While we did
not structurally model PIP3, the Elk1-PIP2 model presents no obvious barriers to the
addition of a third phosphate.
A more general association between PIP2 and the cytoplasmic gating machinery
of voltage-gated channels is also suggested by sequence conservation of the S45L and
Post-S6. For instance, basic residues within these regions are required for PIP 2-dependent
modulation of gating in Elk1, KCNQ1 and Kv1.2, but the precise side chain, position and
pattern of basic residues is variable (Fig. 4-8A,B). We suggest that PIP2 might be able to
be accommodated at the activation gates of most voltage-gated channels, but its effects
on gating will vary based on the precise contacts made. In this manner, PIP 2-regulation
could be conserved across the voltage-gated superfamily yet plastic through evolutionary
time; various aspects of PIP2 modulation might come and go rapidly as the gating
machinery sequence evolves. For instance, evidence so far suggests that KCNQ channels,
which strictly require PIP2 for activation, probably evolved from the Shaker family
sometime after the evolution of the first nervous systems (Li et al., 2015a). Shaker family
channels vary with respect to PIP2 modulation (Hilgemann et al., 2001; Kruse et al.,
2012; Kruse and Hille, 2013; Rodriguez-Menchaca et al., 2012a), but most do not require
PIP2. Shakers from cnidarians are stable in excised patches (Jegla et al., 2012), so the this
lack of a requirement for PIP2 is ancient and was present in Shaker family channels at
roughly the time the KCNQ family first appeared. Thus it is possible that KCNQ
channels gained strict PIP2-dependence de novo. It would be interesting to see if de novo
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insertion of single or a few basic residues within the gating machinery of diverse PIP 2agnostic voltage-gated channels could awaken a latent PIP2-sensitivity.
It remains to be seen if bimodal PIP2 modulation is a conserved property of Elk
channels, but the basic residues we identified as being important for PIP2 modulation in
Elk1 (K5, R347 and R479) are universally conserved as basic residues in mouse, human,
fly and sea anemone Elk channels, with one major exception (Fig. 4-8). The Nematostella
vectensis (sea anemone) Elk ortholog lacks a basic residue at the 479 position, but it does
have an adjacent R (at the 480 position equivalent) that is found in all Elk channels
except Elk1. Erg1 is not modulated by PIP2 in a bimodal fashion (Bian et al., 2001;
Rodriguez et al., 2010) and like all Erg and Eag subfamily channels intriguingly lacks a
basic residue at the equivalent position of R479 (Fig 4-8B). PIP2 modulation has not been
studied in the Eag subfamily to our knowledge, but it seems unlikely that they would
have PIP2-dependent mode shift given their evolutionarily-conserved rapid deactivation
(Li et al., 2015b). Thus it appears that PIP2 will have variable effects within the EAG
family of channels.
The position of the PAS-Cap domain in EAG family channels is somewhat
controversial, with functional data from Eag1 (Terlau et al., 1997) and cross-linking
experiments in Erg1 (de la Pena et al., 2011; de la Pena et al., 2015) suggesting close
proximity to the S45L, and structural and FRET data presenting an alternative that the
PAS-Cap might instead interact through the CNBHD (Gianulis et al., 2013; Haitin et al.,
2013). Evidence clearly shows the eag domain docks on the CNBHD, but the PAS-Cap is
highly flexible and its position within the channel has not been structurally resolved. It
has been suggested that the PAS-cap could regulate the S45L while the eag domain is
docked on the CNBHD (Gustina and Trudeau, 2012). Our structural models show that it
is possible for the PAS-Cap to reach the vicinity of the S45L with the eag domain docked
on the CNBHD as observed in the Eag1 crystal structure (Haitin et al., 2013). The highlyconserved basic residue near the tip of the PAS-Cap (K5 in Elk1) is required for PIP2dependent mode shift (Fig. 4-6) and directly binds to PIP2 in our open model (Fig. 412D). Nevertheless, it remains possible that K5 could indirectly influence PIP2
modulation through the eag domain which is required for all forms of mode shift (Fig. 46). Basic residues R4 and R5 in the PAS-cap of Erg1 are required for slow deactivation
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(Muskett et al., 2011) and the PAS-Cap is required for mode shift (Tan et al., 2012), but
the dependence of this effect on PIP2 has not been explored. Our results suggest that
mode shift can occur in Eag family channels by PIP2-dependent and PIP2-independent
mechansisms. PIP2 does appear to enhance Erg1 through open state stabilization
(Rodriguez et al., 2010), but currently only the distal C-terminus of Erg1 has been linked
to PIP2-depenent modulation (Bian et al., 2004; Bian and McDonald, 2007).
The in vivo role of Elk channels has not been extensively studied, so the
physiological importantce of PIP2-dependent modulation of Elk voltage-gating is not yet
clear. However, two of our findings suggest a possible role for PIP2 in Elk1 modulation
in vivo: 1) the Elk1 PIP2 affinity is relatively low (Fig. 4-3) indicating that channel
activity could be affected by physiological changes in PIP2 (Suh and Hille, 2008), and 2)
depletion of native PIP2 with CiVSP was sufficient to alter Elk1 gating properties (Fig. 44). Gene KO and pharmacological experiments in mouse show that Elk2 in pyramidal
neurons contributes to subthreshold K+ conductance and alters firing threshold (Zhang et
al., 2010a). This is a qualitatively similar role to that played by KCNQ channels (Mcurrent), which strictly require PIP2 for opening (Li et al., 2005; Zaydman et al., 2013;
Zaydman and Cui, 2014). Elk1 currents have not been identified in vivo, but it also
activates at subthreshold potentials, is highly expressed in sympathetic ganglia (Shi et al.,
1998) and is present at modest levels in various brain regions (Engeland et al., 1998; Zou
et al., 2003). Our results suggest that the physiological roles of Elk and KCNQ channels
fundamentally diverge at the level of PIP2 regulation. Elk1 still activates after PIP2
depletion and the net effect of bimodal PIP2 regulation is inhibitory. PIP2 serves to slow
both the activation and deactivation rates of Elk1, which might effectively reduce the
channel’s response to rapid voltage changes. PIP2 hydrolysis might then increase the
response of the channel to brief depolarizations (accelerated activation) without a lasting
increase in resting K+ conductance (accelerated deactivation). Characterization of Elk1
currents in neurons with genetic and pharmacologic tools will be necessary to test these
hypotheses.
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Concluding remarks and future research questions
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5.1 Evolution of voltage-gated K+ channels and the nervous system
5.1.1 Controversy on the origin(s) of the nervous system
The emergence of neuronal signaling is undoubtedly a milestone in animal
evolution and it formed the basis for biological intelligence. Recently, the publication of
ctenophore genome has spurred debate on the origin of the nervous system, with Moroz
et al. strongly arguing for an independent origin of nervous system in ctenophores
(Moroz, 2012; Moroz et al., 2014; Moroz, 2015). However other researchers have voiced
their concerns in making such a strong claim before extensive data could be obtained to
back up the theory (Jekely et al., 2015; Marlow and Arendt, 2014; Ryan, 2014). The
ctenophore nervous system admittedly has remarkably unique architecture: part of it is a
polygonal epithelial nerve net weaved not by individual neurites but by nerve cords
containing bundled neurites; another part is a mesogleal nerve net that innervates
mesodermal muscle cells (Jager et al., 2011). This makes ctenophores very different even
from cnidarians, whose neuron and muscle cells are exclusively epithelial and whose
nerve net does not contain clusters of neurites. On the other hand conserved features can
be seen between ctenophore and parahoxozoan nervous systems on the molecular and
cellular level: ctenophores do share many neuronal fate/patterning genes (e.g. SoxB and
LIM) with parahoxozoans; they possess many critical genes for building a synapse (e.g.
postsynaptic scaffolding genes), and they are able to make and sense some classical
neurotransmitters including glutamate, GABA and acetylcholine (Marlow and Arendt,
2014; Ryan et al., 2013; Ryan, 2014). Action potentials have also been recorded from
epithelia of ctenophore comb plates, where the nerve net supposedly lies (Moss and
Tamm, 1993). Finally, although no studies have been able to dissect electrical currents in
ctenophore neurons, their muscle cells display Ca2+, Na+ and K+-mediated conductances
that shape action potentials, suggesting they possess the machinery needed for generating
electrical signals (Bilbaut et al., 1989).
It needs to be pointed out that having neuronal genes doesn’t necessarily mean
having a nervous system. This is the case for sponges and placozoans, who do not have
neurons but use many neurotransmission-associated genes to sense environmental signals
and to enable paracrine signaling, respectively (Jekely et al., 2015). While some genes
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are essential for the function of bilaterian nervous system we are familiar with and
frequently regarded as “neural genes”, their homologs could well serve other purposes
and some are already present in single cell eukaryotes (King et al., 2008). Therefore it is
hard to judge just based on the presence/absence of certain genes whether the common
ancestor of all animals had a nervous system, and whether the ctenophore nervous system
originated independently. The critical question is whether neural genes in ctenophores
serve similar functions and are orchestrated in a similar way as in parahoxozoans to
enable electrical signaling. For that, detailed comparative analysis needs to be taken not
only at the level of gene sequence, but also at the level of gene regulation, protein
function, cell type specification, circuit function as well as behavior outputs. The current
study traced the origin of functional diversification of voltage-gated K+ channel families
and found that a major diversification event (i.e. the establishment of eight families of Kv
channels) happened in a parahoxozoan ancestor after separation from the ctenophore
lineage (Fig. 5-1). This suggest that functional diversity of ctenophore Kv channels is
probably fundamentally different from that of parahoxozoans, and deeper understanding
of Kv channel diversity in both lineages is imperative to deduce the Kv current
complexity in their common ancestors, and whether neuronal signaling was possible in
these ancient animals.
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Figure 5-1. Diversification of voltage-gated K+ channel families during animal
evolution. This figure briefly summarizes the evolutionary history of metazoan voltagegated K+ (Kv) channels. The phylogenetic tree from Fig. 1-3 is annotated with channel
families present at each of the branch points. Kv channels were present in the common
ancestor of choanoflagellates and metazoans, although they do not show characteristics of
metazoan Kv channel families. Kv channels belonging to the Shaker and EAG
superfamilies appeared before the divergence of ctenophores. In the common ancestor of
parahoxozoans 8 Kv channel subfamilies can be found. They were diversifications of the
former Shaker and EAG sumerfamilies.

182

5.1.2 Diversity of Kv channels in the nervous system
Neurons have elaborate membrane compartments with extensive surface area,
where countless electrical signals are received, propagated, integrated and generated. All
of these events involve ionic currents of all kinds and it is estimated that a single neuron
contain tens of thousands of ion channels (Buchholtz et al., 2002). Voltage-gated K+
currents fine tune the threshold, duration, shape and frequency of action potentials and
thus greatly contribute to the complexity of electrical signaling. The heterogeneity of
voltage-gated K+ currents can arise from several aspects: the large number of channel
genes; alternative splicing and RNA editing; post-translational modification; formation of
both homomeric and heteromeric channels; assembly with regulatory auxiliary subunits
(Coetzee et al., 1999; Xu et al., 1995). Furthermore Kv channels are subject to
modulation by kinases and phosphatases, channel blockers and openers, membrane lipids
and many more mechanisms. Different neuron subtypes may also express various
combinations of channel genes, adding another level of complexity. All of these aspects
are important to consider since they all come together to shape the endogenous K+
currents that are subjected to natural selection.
Fossil records indicate the majority of lineages in animal evolution formed within
a relatively short period around Cambrian explosion (Conway Morris, 2000; Moroz, 2015;
Peterson et al., 2004), which means that ctenophores, cnidarians and bilaterians have
undergone more than 500 million years of parallel evolution. Yet on the level of proteincoding genes, the three lineages show substantial overlap and homology in the essential
sets of gene families. Significant gene expansion and divergence have then happened in a
lineage-specific manner during the course of parallel evolution. The essential “gene
toolkit” for making animals was mostly inherited from unicellular eukaryotes except for
some genes involved in body patterning, immunity and neuronal signaling, which were
established early in metazoan evolution (Richter and King, 2013). From there on each
lineage of animals developed more elaborate lineage-specific toolkits independently of
each other. Our study focusing on voltage-gated K+ channel families suggests that this
section of the toolkit was in its crude form (2 families: Shaker and EAG) around the time
ctenophores branched off from other animals. Later, a more mature and polished form of
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the voltage-gated K+ channel toolkit (8 subfamilies) quickly became established in a
parahoxozoan ancestor (Fig. 5-1). Then the tools were replicated and expanded with
slight modifications while the grouping of tools remained the same for the three
parahoxozoan lineages. Other ion channel families experienced similar kinds of events
during animal evolution (Liebeskind et al., 2015).
Functional properties of voltage-gated K+ channels are highly plastic: Small
changes in channel sequence, sometimes even single amino acid mutations can bring
about a big alteration in biophysical properties. It is therefore not unreasonable to
imagine that using the primordial Shaker and EAG family genes as templates,
ctenophores have evolved a set of voltage-gated K+ channels comparably diverse in
properties to the set of our own. The large number of Shaker family voltage-gated K+
channel genes we found in ctenophores is supportive of this reasoning, although final
verdict has to come from functional analysis of these channels, which we were not able to
accomplish in this study. One reason that we could not observe K+ currents with
ctenophore channels may be the lack of essential cofactors or undermined channel
trafficking in the oocyte expression system. An in-depth examination of literature on
channel modulators and trafficking mechanism, especially in more basal metazoans may
provide some clues and testable hypotheses. Alternatively ctenophore voltage-gated K+
channels may have complex rules of heteromeric assembly, and some data on expression
patterns of these channels could provide guidance to future subunit mixing experiments.
More importantly, efforts should be made to record voltage-gated K+ currents in
ctenophore neurons and to understand whether they play similar roles in modulating
neuronal excitation as in our neurons.

184

5.1.3 Driving force for ion channel evolution?
The establishment of Kv channel subfamilies in parahoxozoans is an interesting
event. Kv channel subunits form functional tetramers with those in the same subfamily
but not with those from other subfamilies. This functional separation between different
channel families allows the cell to create a “cocktail” of ionic current, i.e. selectively
distribute ion channels of different properties in different compartments instead of having
a homogenous mix of them. Selective modulation of a subset of channels can also be
achieved in this way. Some channel families are characterized by having specialized
domains, such as the PAS domain found in EAG superfamily K+ channels. PAS domains
are found in all kingdoms of life and are important sensory-modulatory domains that
monitor environmental signals such as oxygen, redox potential and energy level (Taylor
and Zhulin, 1999). It is still unclear whether the PAS domain in EAG channels acts as a
sensor, and if it does, it will unveil important mechanisms on EAG channel modulation.
The faithful conservation of all 8 Kv channel subfamilies throughout
parahoxozoan evolution suggests this scheme confers some kind of adaptive advantages
in animal physiology. However before the functions of these channels are fully elucidated,
we can only speculate that this Kv channel diversity could have enabled elaborate
modulation of electrical signaling. It is however surprising to find comparable channel
diversity in sea anemones and humans, one with simple-looking diffused nerve nets and
the other with highly centralized nervous system. This means that ion channel diversity
probably does not account for the evolution of nervous system centralization.
While part of the Kv channel diversity can be explained by adaptive advantage, it
is possible that part of it arose simply due to lack of disadvantage in natural selection.
Gene duplications happen throughout evolution and the resulting channels may become
redundant to one another. Over time, channels from duplication events may evolve new
functions and add to current diversity. Perhaps owing to the modulatory nature of
potassium currents, their diversity is more readily tolerated and accepted than, say,
sodium currents, whose roles in electrical signaling appear more invariable. During early
vertebrate evolution extensive gene duplication took place, giving rise to the diverse set
of mammalian Kv channel genes (Jegla et al., 2009); the current study found that similar
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gene expansions also happened in cnidarians. However no new Kv channel family
appeared after the diversification event in parahoxozoan ancestors, indicating that for a
long time (almost 600 million years) parahoxozoan animals have not faced a comparably
strong selective pressure as that experienced by their ancestors shortly before the
Cambrian “explosion” (Conway Morris, 2000). Interestingly ctenophores have also
evolved a huge diversity of Kv channel genes completely independently from the
parahoxozoan lineage. While their functional diversity still awaits verification, it is very
likely that ctenophore Kv currents also display high complexity. If so, the questions
becomes whether this high current complexity is really needed for a nervous system (in
which case ctenophores and parahoxozoans would have evolved their nervous systems
independently) or the first nervous systems was able to function with only a poor
diversity of ion channels. More data on other ctenophore species and other basally
branching animals may provide insights to this question in the future. Perhaps new
species or fossil records of even older animals will be discovered someday.

5.1.4 Unanswered questions and future directions
Now that we have more and more data on the evolutionary history as well as
biophysical properties of voltage-gated K+ channels, we should try to correlate that to the
evolution of native K+ current diversity in neurons. Is K+ current complexity discussed
above purely theoretical supposition or is it actually implemented in the nervous system?
Genetical manipulations and pharmacology so far have been the most productive
approaches towards answering this question, although they each have their drawbacks.
While pharmacological methods often lack specificity, genetical methods could trigger
compensatory changes that obscure interpretation and they are often highly resource
consuming. The conservation of Kv channel families from cnidarians to mammals is
good news: Certain aspects of Kv channel function can be studied in model organisms
that have simpler nervous system and are more economical to maintain, such as the sea
anemone Nematostella vectensis. Besides a qualitative characterization of channel
function, more effort should be devoted to quantitatively understand the subcellular
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distributions, densities and relative ratios of different channel species. This will help
bridge the gap between protein-level and cell-level studies.
It is becoming clearer that Kv channels are not only tetrameric alpha subunits, but
they associate with auxiliary regulatory subunits to form macromlecular complexes. One
may then ask whether some modulatory mechanisms and regulatory channel subunits
evolved at a similar time. So far, various auxiliary subunits for Cav channels have been
found to gradually appear during eukaryotic evolution, and some of them have been
shown to be functionally conserved in cnidarians (Jeziorski et al., 1999; Moran and
Zakon, 2014). Similar studies extended to other voltage-sensitive ion channels would
shed more light on the development of complexity in various types of membrane currents
during animal evolution.
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5.2 Phosphoinositide regulation of ion channel activities
5.2.1 Ion channel sensitivity to phosphoinositides
PIP2 and other phosphoinositides are modulators of a long and growing list of ion
channels, which represents the majority of mammalian ion channel proteins (Gamper and
Shapiro, 2007; Suh and Hille, 2008). While the activities of many channels are sensitive
to modulation by exogenously applied phosphoinositides, convincing evidence for
regulation by native phosphoinositides in physiological environments is only available
for a few exemplars (Hille et al., 2015). Channels also differ in their selectivity to
phosphoinositides: some may have a broad response to most of them and some may
selectively respond to a single species. Still others may rely mainly on lipid-independent
modulations and evolved insensitivity to phosphoinositides. Our study adds to this
growing knowledge by showing phosphoinositide sensitivity in a previously untested
voltage-gated K+ channel family: Elk (Kv12). We have shown that Elk1 channel is
modulated by PIP2 in a bi-modal fashion (Fig. 5-2), and that the putative residues for
Elk1 interaction with phosphoinositides are evolutionary conserved basic residues.
Accumulating data from various ion channels hints at an ancient origin of
phosphoinositide modulation mechanism.
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Figure 5-2. A speculative model of bi-modal regulation of Elk1 by phosphoinositides.
In this simplified and speculative scheme, C1, C2 and C3 represent different closed
conformations of the channel differing by the state of the voltage sensor. Transitions
(bidirectional arrows) between closed conformations represent movements of the voltage
sensor, which are voltage-dependent transitions. The 4th power indicates these transitions
happen independently in each of the four subunits of the channel (Zagotta et al., 1994). O
and O’ represents two possible open states of the channel. A channel can enter the O state
through a voltage-independent transition only after voltage-dependent transitions have
taken place for all four subunits. Prolonged opening may allow the channel to enter the O’
state through conformational changes (mode shift) (Bruening-Wright and Larsson, 2007).
In the current study phosphoinositides (PIPs) are found to inhibit Elk1 voltage activation,
which likely affects the voltage-dependent transitions since the inhibition is less
pronounced at higher voltages, where activation rate is limited by voltage-independent
transitions. PIPs are also found to promote Elk1 mode shift after channel opening. Thus
PIPs display a bi-modal effect on Elk1 gating dependent on the state of the channel.
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5.2.2 Mechanism of phosphoinositide interaction with ion channels
PIP2 is the most studied phosphoinositide in terms of ion channel regulation, due
to its relative richness in the plasma membrane. Negatively charged phosphate groups
electrostatically interacting with positively charged channel surfaces is the prevalent
hypothesis for the mechanism of PIP2 modulation and has been substantiated by
structural data in Kir channels. Mutational studies of channel electrophysiology in
conjunction with structural modeling often reveal basic residues near the cytoplasmic
membrane surface as potential PIP2 binding sites (Rodriguez-Menchaca et al., 2012a;
Zaydman and Cui, 2014). While this is likely to be true, the possibility that mutations
could induce conformational alterations which secondarily affect PIP2 sensitivity also
needs to be considered. The putative PIP2 interaction residues identified in our study
agree with previous studies on Shaker and KCNQ channels in that VSD-gate regions
including the S4-5 linker and S6 terminal are largely involved. Besides that, we also
found a conserved N-terminal residue to be essential for PIP2 sensitivity and structural
modeling suggests the C-linker region may be involved as well. Our preliminary C-linker
mutant data supports this hypothesis and calls for more detailed analysis in the future.
The exact effects PIP2 has on channel gating can be quite heterogeneous even
within the same channel family. Common effects include depolarization of voltage
dependence (Kv, Cav and HCN channels), increase or decrease of maximal current
amplitude (Shaker, HCN, herg and KCNQ), coupling between domains (Kir and KCNQ)
and changes in channel opening/closing kinetics. Sometimes dual effects are observed,
suggesting state-dependent PIP2 modulation. The dual effects may involve separate PIP2binding sites in some channels as evidenced by differential concentration dependence
(Abderemane-Ali et al., 2012; Rodriguez-Menchaca et al., 2012a), while in our study we
found very similar EC50 between the two PIP2 effects, suggesting possibly a single PIP2binding pocket. We identified overlapping yet different residues that potentially mediate
the two PIP2 effects, which meets expectation since the two effects involve channel being
in different states and conformations. Comparing our results with the literature, one can
see that PIP2 modulation of many voltage-sensitive ion channels generally consists of two
aspects: A conserved depolarization of channel voltage dependence and a diverse
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channel-specific effect. So far the diverse effect PIP2 has on channel gating matches the
functional diversity among these channels themselves. As small changes in sequence can
have significant effect on channel gating and structure, one can expect the PIP 2 effect to
vary with slight differences in coordinating residues in different channels. Some of these
PIP2-coordinating residues also interact with other residues in the gate region, where
subtle interactions can have a big impact on channel gating.
Phosphoinositide sensitivity of ion channels may also be modulated by auxiliary
channel subunits. KCNE1 is a β subunit that assembles with the KCNQ1 α subunit to
form the cardiac IKs channel. The presence of KCNE1 makes KCNQ1 almost 100 times
more sensitive to PIP2 and largely enhanced channel activation (Li et al., 2011;
Loussouarn et al., 2003), possibly through sandwiching PIP2 in between KCNQ1 and
KCNE1. Several basic residues on the proximal C-terminus of KCNE1 are essential for
this effect and are likely involved in interaction with PIP2. KCNEs also regulate EAG
family channels both in vitro and in vivo (Abbott et al., 1999; Anantharam et al., 2003;
Clancy et al., 2009; McDonald et al., 1997), but whether it also modulates PIP2
sensitivity in these channels remains to be elucidated.

5.2.3 Possible functions of phosphoinositide regulation
Different phosphoinositide species are known to have their own specific
localization to different intracellular and plasma membrane compartments (Falkenburger
et al., 2010). Polarized cells such as neurons also show highly patterned distribution of
phosphoinositides on the plasma membrane (Krahn and Wodarz, 2012; Ueda, 2014),
raising the possibility that they may serve to target ion channels to specific locations on
the plasma membrane. Whether high targeting specificity can be achieved with just a few
species of phosphoinositides is yet unclear. Very likely channel localization will be aided
by other protein interactors. Another open question is the relative level of
phosphoinositide abundance in different membranes and whether that can make a
substantive difference in channel activity. It has also been suggested that
phosphoinositides may serve to silence channel activity while they are being trafficked to
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the plasma membrane (Hille et al., 2015). This is because membranes of Golgi and
transport vesicles have very low level of PIP2 and channels that require PIP2 to open
would remain closed during trafficking.
Besides spatial regulation of ion channels, phosphoinositides may also modulate
channels in a temporal manner: through highly dynamic synthesis and breakdown of the
different phosphoinositide species. In neurons stimulation can induce a transient increase
in the amount of these molecules (Ueda, 2014). PLC-mediated PIP2 depletion and PI3K
mediated PIP3 synthesis upon receptor activation are well established examples that have
been deemed responsible for changes in native ionic currents (Hille et al., 2015).
However, the degree of change in phosphoinositide abundance may vary with the
receptor type and cell type, and therefore cautions should be taken when conclusions
from one experiment are generalized to other scenarios. In the end, the most relevant
question for neurobiology is how phosphoinositide modulation of ion channels changes
neuronal activity, and efforts should be made to correlate altered channel activities with
electrical output of the cell.
Studies in heterologous expression systems have proved remarkably informative
towards understanding the biophysical properties of ion channels and specific modulators
of channel gating. However they are not able to fully capture channel behavior in the
native environment. For example, subcellular localization, expression level, association
with accessory proteins and cytoskeleton can hardly be controlled in these studies and
frequently these parameters are just not yet known. Excised patch experiments also have
the caveat that important cytosolic factors may be lost, ionic concentrations are not exact
as in cytosol and channel phosphorylation state may have changed. As data and evidence
accumulate on phosphoinositide modulation of ion channel activities, the next important
step will be to determine the physiological significance of such modulation: Which cell
populations express the target channel and what molecular tools these cells have for
regulating phosphoinositide levels? Where are different species of phosphoinositides on
the membrane and where are their effector channels located? How dynamic is the level of
phosphoinositides in the cell and how do different channels respond? What are cellular
and circuit level effects as a result of channel modulation? To answer these questions we
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will need to use a combination of histochemical, genetic and pharmacological tools.
Fluorescent labeling of pleckstrin homology (PH) domains that binds specific
phosphoinositide species will also help provide temporally precise measurements of
dynamic phosphoinositide levels.
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