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ABSTRACT
Voltage-gated potassium channels are important for maintaining normal excitability of
nervous system. In this study, I investigated the origin of Shaker family channels in basal
metazoans and the function of a mammalian Elk channel. Phylogenetic analysis indicates that
Shaker-related genes are present in Ctenophores. We identified two Ctenophore M.leidyi Shaker
subfamily genes with a silent/regulatory phenotype: these genes encode subunits that only form
functional channels when co-expressed with other metazoan Shaker subfamily subunits. We also
traced the diversification of Shaker subfamily channels back to Cnidaria through functional
analysis of Nematostella Shab, Shaw and Shal currents. The second part of this thesis describes
the generation of a Kv12.2 gain-of-function mouse model. We replaced the native mouse Kv12.2
allele with a modified Kv12.2 gene that gives rise to gain-of-function phenotype when
heterologously expressed in Xenopus oocyte. In this primary study, these mice exhibited normal
responses to varies types of induced seizures.
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Chapter 1
Introduction
“Truth on our level is a different thing from truth for the jellyfish, and there must
certainly be analogies for truth and error in jellyfish life.”-- T.S. Eliot

Potassium channels
Among all types of ion channels, potassium channels are extremely diverse in function,
structure and gene sequence. Potassium channels shape the excitation and regulate electrical
signaling in the nervous system by controlling the movement of potassium ions.
Potassium channels can be classified into three major groups based on functional
differences: (1) Voltage-gated potassium channels: These channels open/close in response to
transmembrane potential changes. (2) Calcium-activated potassium channels: These channels
open in the presence of calcium. (3) Inwardly rectifying potassium channels: These channels
favors the influx rather than the outflow of K(+) upon activation. (4) Tandem pore domain
potassium channels: These channels consists of subunits that have four transmembrane domains
and are usually open constitutively (Hille B, 2001; Jan LY, Jan YN 1997).
Like all ion channels, potassium channels are formed through association of
transmembrane subunits. All potassium channels contain alpha subunits with one or two copies of
p-loop (pore loop domain) , which is highly conserved and is responsible for K(+) selectivity.
Tandem pore domain potassium channel subunits have two p-loops, however the majority of
potassium channel subunits contain only one p-loop. Some potassium channels also contain
auxiliary beta subunits. Alpha potassium channel subunits can have two, four, or six
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transmembrane domains (TM). Inwardly rectifying potassium channels belong to the 2TM family.
Majority of potassium channels including Voltage-gated potassium channels and Calcium
activated potassium channels contain 6TM subunits (Gonzalez C et al, 2012; Hille B, 2001).

Voltage-gated potassium channels
Voltage-gated potassium channels are formed by clustering of four identical/similar
subunits and are able to sense the transmembrane potential changes. This is mediated by the
movement of a voltage-sensing segment within each subunit during voltage changes. There are
six transmembrane domains in voltage-gated potassium channel subunits. The first four
segements, S1-S4 forms the voltage sensing domain, the S5-S6 forms the pore. S4 segment
contains multiple positively charged residues on the exposed side, making it the main voltagesensing component. S4 segment undergoes conformational changes in response to changes in
transmembrane potential, leading to gating (opening or closing) of the channel (David J S
Elliott,2004).
Voltage-gated potassium channels are extremely important for maintaining normal
excitability of nervous system. An action potential is generated by the sequential opening of
voltage-gated sodium channels and voltage-gated potassium channels. Because potassium ions
are at higher concentration intracellularly, activation of potassium channels generally causes
efflux of potassium ions and repolarize the cell during action potential. The human genome
contains 40 genes that encode voltage-gated potassium channels. Diverse functions and
regulations of these channels are important for shaping the action potential of neurons as well as
firing patterns. In this study, I investigated genes that encode two major voltage-gated potassium
channel families: Shaker and EAG.
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Shaker channel family
Bilaterian Shaker super family comprises four functionally distinct sub-families: Shaker,
Shab, Shaw and Shal. Shaker homologs were originally isolated as single genes in Drosophila.
(Salkoff. L,Wyman et al. 1981; Tempel BL et al. 1987). Since then, genes encode channels from
these four related subfamilies have been found in various species ranging from Cnidarians to
Mammals in the animal kingdom (Jegla, Salkoff. 1994; Jegla, Grigoriev et al. 1995; Wei A, Jegla
T et al. 1996, Salkoff. L et al.1996). Some homologs found in metazoans have expanded families
with multiple members within each. In Drosophila, multiple Shaker channels are produced
through alternative splicing (Papazian DM et al. 1987; Schwarz TL et al. 1988).
Shaker family potassium channels share a highly conserved N-terminal cytoplasmic
domain, T1, preceding the S1 transmembrane segment. Given the similarity in sequence and
structure of Shaker family proteins, only subunits from the same sub-family can assemble into
functional channels.T1 assembly domain is responsible for the sub-family specific tetramerization.
Co-expression of all four genes still results in four individual types of currents. Failure of
assembly between Shaw and Shaker subunits has been shown to be mediated by incompatibility
of a 30 amino acid conserved sequence in T1 A region (Kreusch A. 1998; Shen NV. 1995;
Covarrubias M, Salkoff L. 1991). Molecular barrier for co-assembly across sub-families is a
common phenomenon among channel proteins and is usually determined by N-/C- terminal
region of the channel protein (Bocksteins E. 2014). We utilized this channel property in this study
in order to categorize novel Ctenophore potassium channels.
Shaker family channels exhibit differential channel properties. In drosophila, Shaker and
Shal encode transient A-type potassium currents in both neurons and muscle cells: activate at
subthreshold voltage range and inactivate during membrane depolarization; whereas Shab
encodes most of the delayed rectifier potassium currents. (Tsunoda S1, Salkoff L.1995). Delayed
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rectifier current is represented by non inactivating current that plays a major role in membrane
repolarization during action potential. Shaker subfamily channels activate rapidly upon
membrane depolarization, some also show rapid inactivation. Mammalian Shaker subfamily
channels predominantly express on axons and nerve terminals, (Wang H et al.1993;Trimmer JS,
Rhodes KJ. 2004). Shab channels are found clustered on somatodendritic membranes (Trimmer
JS et al. 1991). Shaw channels have very fast deactivation rate and are highly expressed on axon
and dendrites in fast-spiking neurons (Rudy B et al.1999). Shal channels are mainly present in
dendrites, underlying somatodendritic A-type potassium current (Trimmer JS, Rhodes KJ. 2004).
Heterotetrameric channels are often formed within each subfamily, leading to even more diverse
channel phenotypes.

Elk (Kv12) channel family
Elk, together with Eag and Erg, potassium channel families make up the EAG (ether-ago-go) super family. EAG gene was first identified in Drosophila melanogaster. Variety of EAG
channels have been found in many other species including human (Ganetzky B, Robertson GA et
al. 1999).
Mammalian Elk family comprises three voltage-gated potassium channels: Kv12.1 (Elk1),
Kv12.2 (Elk2) and Kv12.3 (Elk3). These potassium channels are open significantly at resting
membrane potential of a neuron (Clancy, Chen et al. 2009; Zhang, X et al. 2010; Zou, Lin et al.
2003). As voltage-gated channels, Kv12 channels form a complex of four pore-forming alpha
subunits. The channel protein can associate with modulating beta subunits KCNE1/3 (Clancy,
Chen et al. 2009). Kv12 subunits can form heteromers within the same subfamily when
heterogeneously expressed in Xenopus oocyte (Zou, Lin et al. 2003). In vetebrates, Elk2 (Kv12.2)
mRNA is the most abundant among all three Elk members, found in regions including
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hippocampus, amygdala, cerebral cortex. Expression pattern of Elk1/3 (Kv12.1/3) are more
restricted and less prominent (M.J Saganich et al. 2001; Matthew T, Steven T et al. 1999).

Potassium channels in ancient animals

Ctenopores and Cnidairans are primitive Metazoans that have nervous system
The relationships among the basal animal lineages are still contentious. Many believe that
the Porifera phylum (sponges) is the oldest living lineage of animals (Philippe, Derelle et al. 2009,
Pick, Philippe et al. 2010). A growing body of phylogenetic studies suggest that the Ctenophore
phylum as the most basal animal lineage (Figure 1; Ryan, Pang et al. 2010; Ryan, Pang et al.
2013, Moroz, Kocot et al. 2014).
Among the most ancient groups of animals (Ctenophora, Porifera and Placozoa),
Ctenophores (comb jellies) have evolved true neurons. Roaming the seas for more than 500
million years, these ancient animals are not only beautiful, but also keys to understanding the
origin of nervous system. Gain and loss of tissues is a complicated process in the evolution of
Metazoan. Although emerged later than Ctenophores, the Poriferans (sponges) and the
Placozoans have no muscles or neurons. It appears that much of the genetic machinery necessary
for the nervous system was present in Ctenophores and Cnidarians (sea anemone, jellyfish, hydra)
but were reduced in Placozoans and Poriferans. Ctenophora is the only phylum among ancient
metazoans to develop a mesoderm. Ctenophore also has a rather complex nervous system that
consist of mesogleal fibers, tentacular nerves and a nerve net. However many neuronal
fating/patterning genes seen in Cnidarians and Bilaterians are absent in Ctenophore genome,
indicating that certain machinery of Ctenophore nervous system may have evolved independently
from other animals (Ryan, Pang et al. 2013; Moroz, Kocot et al. 2014). Ion channels are part of
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the fundamental machinery of a nervous system. A better understanding of the channel
compositions in Ctenophores and Cnidarians is important for us to understand the events occurred
during the course of animal evolution.
In this study, we investigated the origin of Shaker family channels in basal matazoans
through functional analysis of Shaker-like channels from model organisms of Cnidaria and
Ctenophora.

Figure 1: Comparative analysis of multiple gene families of Mnemiopsis leidyi placed
Ctenophores as the earliest lineage within Metazoa. (Rokas 2013, Ryan, Pang et al. 2013)

Cnidarian potassium channels
As the one of the most primitive metazoans to contain nervous system, Cnidarians
contains the basics set of molecules that allow for an electrically excitable neuronal network. The
genome of Cnidaria includes genes that encode for a variety of ion channels, neurotransmitters as
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well as receptors (Nakanishi, Yuan et al. 2008, Jager, Chiori et al. 2011). In fact, many voltagegated potassium channels characterized in higher metazoans have been observed in Cnidarians
(Jegla, Salkoff 1994; Jegla, Grigoriev et al. 1995; Jegla, Marlow et al. 2012, Martinson, van
Rossum et al. 2014).

N.vectensis and M.leidyi
Nematostella vectensis, the starlet sea anemone, is a model organism in the Cnidaria
phylum. It is easy to culture in the laboratory and its genome has been sequenced (Putnam,
Srivastava et al. 2007, Genikhovich and Technau 2009). Our lab has recently analyzed the
function of 18 Nematostella Shaker genes: 7 genes encoding homomeric Shaker channels while
the other 11 were regulatory subunits (Jegla, Marlow et al. 2012). Besides Shaker sub-family,
Shaw, Shab and Shal sub-families are also highly expanded in the sea anemone but have not been
studied. One goal of this study is to characterize the functional properties of Cnidarian Shaker
family genes.
Mnemiopsis leidyi is an important model system of Ctenophore for evolutionary and
developmental studies. The genome sequencing of M.leidyi was completed, making it possible to
identify genes that encode channels of interest. Phylogenetic analysis shows Mnemiopsis. leidyi
has an extremely expanded voltage-gated family (49 members) that are more closely related to
Shaker sub-family than other related families in terms of sequence (Figure 2). One goal of this
study is to determine if these genes are functionally related to Shaker/Shab/Shaw/Shal subfamily.

8
A phylogenetic study of Shaker family genes in basal metazoans
Our lab did phylogenetic analysis to find potential Shaker genes in Ctenophore.
Bilaterian and Cnidarian Shaker family genes were used as queries during the BLAST search
across Ctenophores, Poriferans and Choanoflagellates. Genes with a T1 domain and have best
matches in the core motif with known Shaker genes were identified as Shaker-like genes.
Multiple Shaker-like genes were identified in the Ctenophores tested, none was found in
choanoflagellates (single-cell organism, relatives of metazoans) and in seven out of eight Porifera
species tested. There were three hits from one of Porifera species matching three separate regions
of Shaker genes, however the sequences do not overlap to form a reading frame (Figure 2, Li, Liu
et al. 2015). There is no easy explanation on the absence of Shaker-like genes in Poriferans at
this point. Poriferans possess some neuronal genes but do not have neurons or a nervous system.
Currently there are two hypothesis about the emergence of nervous system in metazoans: 1.
Nervous system arose in most ancient metazoans and was lost in Poriferans. 2. The nervous
system in Ctenophores evolve independently from Bilaterian. The absence of Shaker-like genes
in Poriferans does not favor one hypothesis from the other. This phylogenetic study provides
some evidence indicating that Shaker family genes are specific to metazoans and were originated
in Ctenophores.
There are a total of 49 shake-like genes found in Ctenophore M.leidyi. It remains to be
determined if these Ctenophore genes are the pan ancestors of the four related subfamilies or
more closely related to one of them. Based on this phylogenetic analysis, a portion of Ctenophore
Shaker-like genes clustered with Shaker subfamily genes from other metazoans, while the rest of
them form a separate clade. We hypothesized that these Ctenophore genes are more closely
related to Shaker genes than other three closely related sub-families, and that Shaker subfamily is
the most ancient one among all four Shaker subfamilies.
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Figure 2: Molecular phylogenetic analysis of Shaker, Shab , Shaw and Shal potassium
channels. (Generated by Andriy Anishkin from the University of Maryland and Damian
van Rossum from Penn State University and Dr. Jegla, published in PNAS,2015).
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Function of Kv12.2 potassium channel

Potassium channels and Epilepsy
Potassium channels are central to excitability of neurons. Advances in genetic and
physiology studies have facilitated the identification of many naturally occurring mutations in
potassium channels in neurologic diseases. For example, potassium channels have been shown to
play an important role in the development of epilepsy.
Epilepsy is one of the most common human neurologic disorders, with an estimated
prevalence of about 0.4-1.0%, and an estimated incidence of 20-70 new cases in every ten
thousand individuals (Forsgren, Beghi et al. 2005). It is a disorder characterized by seizures due
to recurrent, spontaneous episodes of aberrant synchronization in neuronal network. Seizures can
occur at any age, but they are more common in children than adults. Partial-onset epilepsies
account for about 60% of all patients, and temporal lobe epilepsy (TLE) is the most common type
of partial epilepsy and often refractory to current AEDs (Barrese, Miceli et al. 2010, TellezZenteno and Hernandez-Ronquillo 2012). Despite the availability of tens of antiepileptic drugs,
30% of epileptic patient do not achieve seizure control, with recurrent seizures despite
assumption of one or more antiepileptic drugs (AED). The major molecular targets of commonly
used AEDs are components of the GABA system and voltage-gated sodium channels. Adverse
effects are a major cause of treatment failure with current AEDs. It is of great importance to
identify novel therapeutic targets involved in neuronal excitability control for developing better
treatments for seizures.
Potassium channels that are open at membrane potentials (neuron: -60mV to -70mV) are
called sub-threshold potassium channels, for example Kv7 (KCNQ), EAG (ether-a-go-go) family
of potassium channels and BK channels. These potassium channels also have a major influence
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on intrinsic properties of neurons: resting membrane potentials (RMP) and the input resistance,
making them crucial regulators of neuronal excitability. Most often the threshold potential is
between -40 to -55mV. The closer the RMP is to the threshold, the higher the probability is to
generate action potentials. Higher input resistance will lead to a bigger change in membrane
potential at a given current input, therefore also makes neurons hyperexcitable. Malfunction of
sub-threshold potassium channels in CNS can lead to hyper-excitability of nervous system and is
associated with epilepsy. To better understand how these channels control neuronal excitability, it
is necessary to comprehensively analyze the contributions made by different channel genes at the
cellular and neuronal network level.
The first human idiopathic epilepsy in which a potassium channel has been implicated is
benign familial neonatal convulsions (BFNC). Kv7.2 and Kv7.3 are members of Kv7 family.
They encode two channel subunits that form M-channels which open occasionally at the resting
membrane potential and are slowly activated by membrane depolarization. Researchers have
found that mutations in Kv7.2/3 cause the human seizure disorder benign familial neonatal
convulsions (BFNC) by reducing 20-30% M current underlined by heteromeric Kv7.2/3 channel
(Schroeder, Kubisch et al. 1998, Jentsch 2000). Retigabine is a novel anti-convulsant that is
believed to work partially through enhancement of Kv7.2/3 channel function: Left-shifts Kv7.2/3
G-V curve and enhances slow deactivation Thus retigabine function by increasing Kv7.2/3
mediated potassium current. (Wickenden, Yu et al. 2000).

Kv12.2 is a potential therapeutic target for epilepsy
Our lab have previously shown that constitutive knockout of Kv12.2 causes epilepsy in
mice (Zhang, Bertaso et al. 2010): Spontaneous non-convulsive seizure activities were detected in
EEG recording from homozygous Kv12.2 knockout mice. Frequent generalized interictal (the

12
period between seizures/convulsions) spikes were also detected in EEG recordings from both
heterozygous and homozygous Kv12.2 knockout mice. Electrophysiology recordings also
confirmed Kv12.2’s protective function on cellular level. Kv12.2 plays an important role in
stabilizing resting membrane potential and modulate neuronal excitability in hippocampal
pyramidal neurons: Cultured P2 neurons and CA1 pyramidal neurons from acute slice taken from
adult Kv12.2 constitutive knockout mice are hyperexcitable compared to WT mice, with higher
input resistance, reduced voltage difference between resting membrane potential and action
potential (AP) threshold, and higher frequency of APs during current injections (evoked firing).
Whether mal-function of Kv12.2 will lead to epileptic symptoms has not been reported. However
one study showed three patients affected by epilepsy or EEG abnormalities carried a pericentric
inversion of chromosome 12, with breakpoints localized to p11-q13, where Kv12.2 has been
mapped to (Grosso, Pucci et al. 2004).
While homozygous Kv12.2 KO mice were viable and showed no deficits in appearance
and general behavior, homozygous Kv7.2 KO pups died within a few hour after birth due to
pulmonary atelectasis, independent of the status of epileptic seizure. (Watanabe, Nagata et al.
2000, Zhang, Bertaso et al. 2010). In this sense, Kv12.2 may have a more specific effect on
excitability of the CNS than other known sub-threshold K channels like Kv7.2/3. The functional
importance of Kv12.2 makes it a potential therapeutic target for treatment of epilepsy.
It would be interesting to investigate whether elevated function of Kv12.2 have a similar
effect on protecting the animal from epilepsy.
Currently there is no known potent opener of Kv12 channels. In this study, we developed
a genetic approach to examine whether enhanced function of Kv12.2 can prevent seizure in mice
and what are the potential adverse effects. One study showed that Kv12.2 overexpression mice
exhibited reduced alternation percentage in relative to WT mice while constitutive knockout of
Kv12.2 exhibited gain of function in learning and memory tests (Miyake, Takahashi et al. 2009).
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To assess activity level, learning and memory, anxiety level of the animal, varies behavior tests
were used in this study.

Chapter 2
Material and methods

Functional expression in Xenopus Oocyte

Cloning of Ctenophore Mnemiopsis Leidyi and Nematostella Vectensis genes
cDNA of the N. Vectensis potassium channel genes were cloned through reverse
transcription from whole animal RNA, using oligo-dT. Two Ctenophore Shaker-like potassium
channels were cloned from M. Leidyi whole tissue cDNA, a kindly gift from our collaborator,
Mark Q. Martindale (The Whitney Marine Laboratory for Marine Bioscience, University of
Florida). Gene coding regions were amplified by direct PCR or overlap extension PCR. Primers
were designed based on the predicted sequence of these genes. Undergraduate students at our lab
helped with the cloning of these genes: Jose Chu Luo, Sarah A. Rhodes and Liana M. Trigg
cloned N. Vectensis genes; Fortunay Diatta helped me with the cloning of M. Leidyi Shaker
genes. These genes were then cloned into pOX vector (Jegla, Salkoff 1997) for functional
expression in Xenopus oocytes. Constructs were then sequenced and compared with predicted
gene sequences.
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Preparing Xenopus oocytes for injection
Xenopus laevis oocytes are widely used for in-vitro functional studies of ion channels.
They are immature eggs that can become competent for fertilization under hormone stimulation.
The oocyte plasma membrane is surrounded by a vitelline membrane and a layer of follicular
cells. The vitelline membrane are void of channels and transporters therefore does not interfere
with expressed channels during electrophysiological recordings; the follicular cells however
express ion channels and transporters and are also coupled to each other as well as the oocyte by
gap junctions, therefore should be removed before introducing channels of interest (Browne and
Werner 1984, Miledi and Woodward 1989, Miledi and Woodward 1989).
We obtained the ovaries of Xenopus laevis from Xenopus 1. Ovaries were treated with
1mg/mL type II collagenase (Sigma-Aldrich) dissolved in ND96 calcium free media (98 mM
NaCl, 2 mM KCl, 1mM MgCl2, 5 mM HEPES, pH=7.2) for 30-40min at room temperature. We
then carefully isolated oocytes from the ovaries and removed the follicular cell layer with forceps
under a dissection microscope. Oocytes were kept in ND96 culture media (98 mM NaCl, 2 mM
KCl, 1mM MgCl2, 1.8 mM CaCl2, 5 mM HEPES, 2.5 mM Na-Pyruvate, 100U/ml penicillin,
100ug/ml streptomycin solution, pH=7.2) at 18 degrees Celsius.

RNA preparation and injection
T3 m Message mMachine in-vitro transcription kit and Poly-A tailing Kit (Ambion, Life
Technologies) were used to synthesize capped, polyadenylated cRNA transcripts from linearized
plasmids. In this study, 50nL of RNA was injected into each oocyte using a micro-injector. Pulled
Drummond glass was used for micro-injection. Injected oocytes were maintained in ND96 culture
media at 18 degrees Celsius for 1-3 days before recording.
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Two electrode voltage clamp recording (TEVC)
Two electrode voltage clamp recording is commonly used to record currents flowing
through channels while controlling the oocyte membrane voltage. Two microelectrodes are
utilized: one measures the membrane potential, the other injects current needed to maintain
desired membrane potential at the same time. Because Xenopus oocytes are a few millimeters in
diameter, TEV recordings can easily be done under a dissecting microscope.
In this study, two electrode voltage clamp recordings were performed at room
temperature (~24 degrees Celsius). Electrodes (0.4-1MΩ) were filled with 3M KCl. Oocytes
were bathed in constant perfusion of bath solution (98 mM NaOH, 2 mM KCl, 1 mM MgCl2, 1
mM CaCl2, 5 mM HEPES, pH=7) during recording. Recording chamber was connected to a
grounding chamber with a salt-bridge containing 1% agarose/1M NaCl. Recordings were carried
out using Dagan CA-1B amplifier and sampled at 10kHz and filtered at 2kHz.
pClamp 10 (Molecular Devices) and Origin 8 (Origin Lab) were used for data analysis.
At least seven oocytes were tested under each condition. All data points were calculated and
displayed as the mean±SEM. Statistical comparison was performed by using the two-tailed
Student t test, with a value of p<0.05 considered significant (*) or p<0.01 as highly significant
(**). Boltzman fittings or simulations were performed using the formula: y=(A1-A2)/(1+e(xx )
0 /dx)+A2,

in which X0 is the V50 and dx is the slope of the sigmoidal curve. Double exponential

decay fittings were applied using the formula: y=y0+A1e(-x/t1)+A2e(-x/t2), in which t1 and t2 are the
two time constants of the exponential curve.
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Experiments carried out using mouse embryonic stem cells

JM8.A mouse embryonic stem cells
A feeder-independent mouse embryonic stem cell line, JM8.A, was used for the
generation of Kv12.2 transgenic mice. We obtained the cell line from KOMP Repository at UC
Davis. This cell line was sub-cloned from parental cell line derived from C57BL/6N mice. The
black mutation on the Agouti allele was corrected. Mice derived from these cells will be
heterozygous for the Agouti allele (A/a) and will have an Agouti coat color (Pettitt SJ, Liang Q et
al. 2009). Instead of feeder cell layer, JM8.A cell line was plated on 0.1% Gelatin. We followed
the protocol provided by KOMP for maintaining JM8.A cells (www.komp.org).

ES cell electroporation and drug selection
Targeting construct DNA was introduced to ES cells using the Bio-Rad electroporation
system (with capacitance extender). ES cells were grown to 80% confluency prior to
electroporation. On the day of electroporation, the cells were carefully trypsinized and
resuspended in PBS at 2x107 cells/mL. 40ug of linearized targeting DNA (created by Alham
Saadat with Dr. Jegla) was mixed with 2x107 cells and loaded to loaded to a 0.4 cm gap cuvette.
The electroporation was done at 240V, 500uF, with a time constant around 8 msec. After
recovery for 10min, the cells were transferred to culture medium.
The targeting construct DNA contains genes for multiple drug selection, which allows us
to isolate cell clones that incorporated targeting DNA through homologous recombination.
The drug selection process started around 24 hours post electroporation. 10 mg/mL active
form of G418 together with 2uM Gancyclovir were added to culture media for positive and
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negative selections. Drug resistant colonies were picked and transferred to 96-well plates around
10 days after the selection started.

DNA isolation from ES cells
Genomic DNA was isolated from cell colonies that survived drug selection. Southern blot
was then used to identify homologous recombination.
Cells were grown to 100% confluency in 96-well plates prior to DNA isolation. Bradley
Lysis Buffer (10mM Tris-HCl pH=7.5, 10mM EDTA, 0.5% SCS, 10mM NaCl, 1mg/mL
proteinase K) was used to isolate genomic DNA from ES cell colonies. Following EtOH/NaCl
precipitation, DNA pellet was washed with ice cold 70% ethanol and resuspended in small
amount of H2O (30uL/well).

Karyotyping ES cells
Although embryonic stem cells normally show a stable euploid karyotype, chromosomal
aberrations may happen during culture. After southern-blot confirmation, correctly targeted ES
cells were checked for euploidy before being injected to blastocysts. Mouse ES cells should have
40 chromosomes.
Colcemid depolymerizes microtubules and inactivates spindle fiber formation. Therefore
colcemid can be used to arrest cells in metaphase, in which chromosomes are at the super coiled
stage, allowing karyotyping to be performed through light microscopy. Cells were maintained in
fresh media to ensure active mitotic divisions. Then cells were then incubated in 0.2ug/mL
colcemid for one hour, treated with hypotonic solution (0.56% KCl), and then fixed in 3:1
methanol: glacial acetic acid fixative. Chromosome spreads were made on fixative treated glass
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slides. Slides were stained with 1:20 Gienmsa (Giemsa Modified Stain, Sigma GS-500) for 15
minutes. All slides were examined with 60X oil-immersion lens. At least 30 metaphase
chromosome spreads were counted. The cell colonies that had a euploidy rate over 95% were
further processed for blastocyst injection.

Chapter 3
Diversification of voltage-gated potassium channels in basal metazoans
This chapter will discuss the origin of Shaker family genes and the functional diversity of
Shaker family voltage-gated potassium channels in basal metazoans.
Several undergraduate students at our lab involved in the cloning of genes used in this
study: NvShab genes were cloned by Jessica Sassic. NvShaw genes were cloned by Sarah Rhodes.
NvShal genes were cloned by Sarah Rhodes and Lianna Trigg. Fortunay Diatta helped me with
the cloning of M. Leidyi Shaker genes.

Results

Heterologous expression of Ctenophore Shaker-like potassium channels in Xenopus oocytes

Two of M.leidyi Shaker-like genes contains conserved activation gate, MlShak1 and
MlShak2, making them more likely to express well in the Xenopus oocytes. To study their
functional properties, we cloned both genes from cDNA of M.leidyi and functionally expressed
them in Xenopus oocytes (material and methods).
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MlShak1 and MlShak2 were unable to form functional homomeric channels (Figure 3 A
and B). I then tested if they can form functional channels when expressed together. There was no
significant outward potassium current within the voltage range tested (-60mV to 60mV) (Figure 3
C). There are a total of 49 Shaker–like potassium channels found in M.leidyi by phylogenetic
analysis. We reasoned that the two genes that we picked function as regulatory subunits: they do
not form functional homotetrameric potassium channels but function only in heteromeric
channels that serves to diversify Ctenophore Shaker channel gating properties. Unfortunately, it is
impossible for us to clone and screen all other 47 Shaker-like genes at this stage. We then move
on to study the M.leidyi channels’ relationship with Shaker subfamily channels.

A

B

C

D

20

Figure 3: Heterologous expression of Ctenophore M.leidyi potassium channels. (A-C)
MlShak1/2/1+2 current traces elicited by 1s voltage steps from -60mV to 60mV in 20mV
increments from a holding voltage of -100mV. (C) Co-expression of MlShak1 with
MlShak1 at 1:1 ratio. (D) Demonstration of the voltage steps used in TEV.

Shaker subfamily identity of Ctenophore MlShak1 and MlShak2
In this set of experiments, I examined if MlShak1 and MlShak2 are potential regulatory
subunits of Shaker subfamily potassium channels.
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Figure 4: Co-expression of Ctenophore A and B with Nematostella Shaker channels
(Kv1). (A-D) Current traces of Ctenophore A and B co-expressed with nKv1.177 (Nterminus truncated nKv1) and mammalian Kv1.2. Currents were elicited by 400ms
voltage steps from -60mV to 60mV in 20mV increments from a holding voltage of 100mV. (E, F) Comparison of averaged current sizes at 60mV. Error bars show s.e.m.
Both NvShak3 (gene encodes for a Nematostella Shaker subfamily subunit), and
MmKv1.2 (gene encodes for a mammalian Shaker subfamily subunit) were used to demonstrate
the functional identity of MIShak1 and MIShak2.
MIShak1 and MIShak2 were able to recognize both Nematostella and mammalian Shaker
subfamily subunits and significantly reduced the maximum current (Figure 4 E, F). I then
compared the outward current traces of homomeric Shaker channels with mixed ones. I observed
a slower activating component was present when NvShak3 was co-expressed with MIShak1 or
MIShak2, indicating co-assembly and functional expression of these subunits.
Next, I examined if the inhibition effect is specific to co-expression with Shaker
subfamily.Figure5 (G-H) shows current size comparisons between single and mixed expressions.
Figure5 (A-F) shows superimposed current traces at different voltages. Co-expression with
MIShak1 and MIShak2 did not alter the current sizes or properties of outward currents of Shab,
Shaw and Shal, indicating no functional association between these subunits.
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Figure 5: MIShak1 and MIShak2 do not associate with other Shaker subfamilies. (A-F)
Current traces of MIShak1 and MIShak2 co-expressed with Nematostella Shab, Shaw
and Shal subunits. Currents were elicited by 1 second voltage steps from -60mV to 60mV
in 20mV increments from a holding voltage of -100mV. (G-J) Comparison of averaged
current sizes at 60mV. Error bars show s.e.m.
This set of experiments suggest that MIShak1 and MIShak2 do not form functional
channels on their own, but are able to associated and alter the properties of known Shaker
subfamily subunits. We also show that MIShak1 and MIShak2 are not able to associate with
potassium channels, including ones closely related to Shaker: Shab, Shaw and Shal, or unrelated
mammalian Elk (MmKv12.1). This molecular barrier to heteropolymerization among these four
subfamilies has been shown in other organisms like Drosophila (Covarrubias, Wei et al. 1991;
Bocksteins E et al. 2014). This functional analysis agrees with the phylogenetic analysis (Figure2)
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in that these Ctenophore genes are more closely related to Shaker subfamily channels than other
Shaker subfamilies. Together, these results suggest that Shaker subfamily channels originated in
the most ancient animal, Ctenophore; and Ctenophore MIShak1 and MIShak2 genes are likely the
ancestors of Shaker subfamily channels.

Diverse functional properties of Nematostella Shaker family channels

Nematostella Shab channels
Nematostella Shab channel elicits non-inactivating outward currents similar to one of its
mammalian homologs, MmKv2.1, with a slight left-shit in G-V dependence (Figure 6, MmKv2.1
recordings were generated and analyzed by Dr. Jegla). This is the first time a Cnidarian Shab
channel being expressed. These results suggest that the delayed rectifier property of Bilaterian
Shab is conserved in Cnidarians.
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Figure 6: Comparison of NvShab and MmKv2.1 voltage activation properties. (A, B)
Current traces of NvShab and MmKv2.1 elicited by 400ms voltage steps from -50 to 50
in 20mV increments from a holding voltage of -100mV, tail of -50mV. (C) Normalized
G-V curves for both NvShab and MmKv2.1. Currents were measured from isochronal tail
currents following 400ms steps to the indicated voltages. (D) Normalized steady-state
current of both channels. Currents were measured from peak current during test pulse to
10 mV following 4.5second prepulses to the indicated voltages. Error bars show s.e.m.
Smooth curves in C,D are simulations with a single Boltzman distribution using averaged
V50 and slope values. MmKv2.1 recordings were generated and analyzed by Dr. Jegla.

Nematostella Shaw channels
A total of 11 Shaw genes were identified. Among the three Nematostella Shaw genes
examined, two did not express functional homomeric channels in vivo (Figure7 A-B). We
reasoned that those genes might encode regulatory subunits that modify the functional properties
of other Shaw currents through co-assembly into heterotetrameric channels. To test this
hypothesis, I co-expressed each of the regulatory genes with the ones that formed homomeric
channels within the same subfamily. Novel current properties will indicate regulatory effect as
functional heterotetramers being formed.
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NvShaw1 was able to form functional homomeric channel in vivo (Figure 7 E). Outward
potassium current was seen at voltages above -60mV. NvShawR1 and NvShawR2 did not form
functional channels when expressed alone (Figure7 A-B). When co-expressed with NvShaw1,
they both form functional channels with slightly slower activation). Outward K currents of these
heteromeric channels were seen at voltages above -10mV instead of -60mV, indicating a
prominent right-shift in voltage-dependence (Figure7 C,D,F).
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Figure 7: NvShawR1 and NvShawR2 are regulatory subunits that form heteromeric
channels with NvShaw1. (A, B) Current traces of NvShawR1 and NvShawR2 when
expressed alone. Currents were elicited by 1 second voltage steps from -60mV to 60mV
in 20mV increments from a holding voltage of -100mV. (C,D)Superimposed current
traces of NvShaw1 homomeric channel and heteromers with regulatory subunits. Same
voltage step protocol were used as in A,B (F) Comparison of Current-Voltage
dependences, currents are normalized to current sizes at 60mV. Error bars show s.e.m in
F.

Nematostella Shal channels
NvShal encodes for an inactivating homomeric potassium channel when heterogeneously
expressed in oocytes (Figure8 B). Three other members of the same subfamily were silent
subunits that showed regulatory phenotypes (Figure8 A, B-E). Co-expression with NvShalR1
removed the inactivating component of nKv4 and slightly left-shifted the I-V curve (Figure8 C,
Figure9 C). Co-expression with NvShalR2 slightly shifted the I-V dependence to a more
hyperpolarized voltage and also altered the inactivating process: faster inactivation with much
slower recovery from hyperpolarizing steps (Figure8 D, Figure9 C,D), the percentage of steady
state inactivation was also reduced in this heteromeric channel (Figure9 C). Co-expression with
NvShalR3 slightly shifted the I-V curve to a more hyperpolarized voltage, and altered the
inactivating properties: faster inactivation with even slower recovery from hyperpolarizing steps
(Figure8 E, Figure9 D).
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Figure 8: Voltage activation properties of NvShal1 expressed alone and co-expression
with regulatory subunits. (A-E) Current traces of NvShal homomer and heteromers
elicited by 1 second voltage steps from -60 to 60 in 20mV increments from a holding
voltage of -100mV and tail of -50mV.
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Figure 9: Inactivation properties of NvShal1 expressed alone and co-expression with
regulatory subunits. (A,B) NvShal1 homomeric current traces of steady-state inactivation
and recovery from inactivation. Recovery from inactivation was examined by
inactivating the current at 40mV, and then stepping to -100mV for recovery (indicated
duration) before a test pulse to 40mV. (C) Voltage dependence of steady-state
conductance of NvShal1 alone and co-expression with three regulatory subunits. Data
were measured from peak currents during test pulse to 40mV following 4.5 second steps
to indicated voltages, with a holding voltage of -100mV. Smooth curves are simulations
with a single Boltzman distribution using averaged parameters from individual Boltzman
fittings (D) Averaged recovery time course from inactivation of NvShal homomers and
heteromers. Data were measured from peak currents during test pulse after recovery at
hyperpolarized voltage for the indicated duration. Time indicates the recovery time
duration between two depolarization steps. Smooth lines are double-exponential decay
fittings of averaged peak currents from recovery steps. Error bars show s.e.m.
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Time constant 1 (sec) Time constant 2 (sec)
NvShal1
7.8±1.2
36.5±6.3
NvShal1 NvShalR2 74.4±4.5
350.5±30.5
NvShal1 NvShalR3 98.0±9.4
1030.9±119.2
Table 1 Recovery time constants of inactivating NvShal currents.

Sample size
10
14
8

Discussion
In this study I characterized Nematostella Shab, Shaw and Shal currents that have not
been examined previously. Nematostella Shab encodes for a delayed rectifier current that is
similar to its mammalian homolog. Multiple Shaw and Shal regulatory subunits were identified in
Nematostella. Co-assembly of these regulatory subunits with other alpha subunits within the
subfamily gave rise to a wide range of current phenotypes, including changes in current-voltage
dependence, activation and inactivation properties. It is a surprise to see one of NvShal regulatory
subunits completely converts the A-type inactivation of NvShal1 to a non-inactivating phenotype.
Cnidarians possess a subset of neuronal genes present in almost all Bilaterian nervous systems.
Variety of voltage-gated potassium currents can be extremely useful for regulating excitability of
the ancient nervous system. We have also provided the first evidence that Shaker subfamily
channels is present in Ctenophora. Together, our results suggest that Shaker subfamily channels
were originated in Ctenophora and may be the ancestor of all four Shaker subfamilies seen in
Cnidarians and Bilaterians. Also the other three Shaker subfamily genes emerged before the
divergence of Bilateria and Cnidaria.
We have not been able to functional express a pure Ctenophore Shaker channel in-vivo.
Further investigation into other candidate Shaker genes will help us have a better understanding
about the properties of the most ancient nervous system. It would be interesting to know where
and what types of cells/neurons do these Shaker genes express in.
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Chapter 4
Kv12.2 (Elk) gain of function mouse model

Introduction
This chapter will focus on one of my projects, the investigation of the protective role of
Kv12.2 in mouse. Our primary goal was to examine whether elevated function of Kv12.2 can
protect the nervous network from seizure. Without a potent channel opening compound available,
we decided to use genetic approach to generate a mouse line with elevated function of Kv12.2.
Kv10, Kv11, and Kv12 channel subunits consist of a PAS/EAG domain near the
intracellular N terminus, 6 transmembrane domains (S1-S6), and a cyclic nucleotide-binding
domain. Movement of the S4 helix is known to couple to channel gate opening and
closing(larsson 1996, Mannuzzu 1995). S4 segments of Kv12.2 contains five positively charged
residues, four of them are conserved in nearly all types of voltage-gated potassium channels while
the one closest to the outer membrane layer is variable among voltage-gated potassium channel
families but is conserved within Kv12 subfamily (H328 in Kv12.1, H332 in Kv12.2). Our lab
found that substitution of Histidine (H) to Glutamic Acid (E) in Kv12.2 and Kv12.1 subunits
causes electrostatic repulsion during S4 movement, results in a significant left-shift in voltage
dependence and also accelerated channel activation (Zhang, X, 2009). The G-V shift caused by
this point mutation resembles the effect of a potent channel opener, Retigabine, on Kv7.2/3
channel (Wickenden, 2000). Hence we can replace the native gene with this mutated gene in mice
to generate a ‘gain-of-function’ mouse line.
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Figure 10: Single residue mutation on voltage sensing domain of ELK channels enhanced
activation (Top, X.Z, 2010), which resembles the effect of a channel opener on KCNQ
(Wickenden, 2000). Ratigabine shifts GV relationship of Kv7.2/3 from a V50 (half
maximal open) of -31mV to -61mV. Kv12.2 H332E mutant shows similar GV shift: from
-42mV to -83mV.

To maintain the spatiotemporal expression pattern of Kv12.2, we generated knock-in
mice by homologous recombination in embryonic stem cells.
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Generation of Kv12.2 H332E knock-in mouse

Targeting strategy

Figure 11: Kv12.2 H332E targeting vector and homologous recombination strategy

Mouse Kv12.2 locus contains 15 coding exons. H332 coding sequence resides in exon 7.
Green dotted lines shows the placement of crossovers. To facilitate detection, an Afl2 restriction
site was introduced adjacent to the H332E point mutation by a silent mutation. NeoR was
introduced for positive selection. The neomycin resistance coding sequence confers resistance to
the mammalian neomycin analogue G418. In order to increase the rate of homologous
recombination, Thymidine kinase (TK) and diphtheria toxin A fragment (DT-A) genes were also
introduced into the targeting construct for negative selections of homologous recombination. TK
and DT-A were cloned into the targeting vector outside each of the homology arms, therefore
would not incorporated into the genome in a successful homologous recombination. If random
integration of the vector happens, TK and DT-A would also be incorporated into the genome.
Thymidine kinase allows growing cells to incorporate gancyclovir, a toxic nucleotide analog of
2’-deoxy-guanosine, into their DNA; DT-A on the other hand inhibits general protein synthesis
process, leading to cell death. Most cells will not incorporate the targeting vector by homologous
recombination therefore multiple selections is essential for more efficient selection.
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Detection of targeting in mouse embryonic stem cells
We used a commercial feeder independent male mouse ES cell line for targeting: JM8A3.
This cell line was derived from C57/BL6 background, agouti coat color mice. Male chimeric
mice are expected as the ES cells were male. The advantage of generating male chimeric mice is
that we can expand the population faster. I electroporated JM8A3 (BL6 background, agouti coat
color, XY, feeder independent) mouse embryonic stem cells with the linearized targeting vector
and placed them under triple selections for G418 resistance, gancyclovir susceptibility and DT-A
synthesis for approximately 10 days (Material and method). A total of 162 colonies were picked
after drug selection and cultured in 96-well plates. Genomic DNA were isolated from those
clones and processed for southern blot. Southern blot was then preformed to screen for cell clones
that had successfully incorporated the knock-in allele.

Figure 12: Southern blot strategy
Red arrows show the placement of several restriction sites designed for detection. DNA
probes are selected external to the targeting vector, but in the gene to be targeted. Once digested,
a wild type allele will show two bands: 19.4kb and 20kb, no matter which probe being used;
while a targeted allele will drop bands with different sizes: 6.5kb and 7kb with probe on left arm,
14.5kb with probe on right arm.
After targeting, correctly targeted ones will show a wild type allele and a targeted allele,
but those with random insertion which survive the selection do not show alteration of the
endogenous gene.
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Generating H332E mouse lines
Four ES cell lines with best karyotypes (Figure 13) were injected into BL6 mouse
blastocysts (black coat color) and implanted to foster mothers to generate chimera mice
(performed by Charles River Company). Seven chimera males (F0) were produced after
blastocyst injection. These males were bred to WT females to pass the targeted allele to next
generation (germline transmission). 3/7 mice gave germline transmission; all of them were high
percentage chimeras (Agouti color > 60-70%). I then bred the offspring (F1) that carried targeted
allele with homozygous Flpe mouse strain. Flpe recombinase mediates recombination of FRT
sequences, resulting in deletion of NeoR cassette between FRT sites.
Tail samples of offspring (F2) were used for genotyping PCR and Alf2 digestion. In
order to confirm that Flpe recombination happened not just in tail samples but also in germline,
mice (F2) that were positive for targeted allele were bred back to BL6 WT mice. Progeny (F3)
that carried the targeted allele but were clear of Flpe (heterozygous KI mice, Kv12.2*/+, pure
BL6 background) were inbred to generate mice homozygous for modified Kv12.2 (homozygous
KI mice, Kv12.2*/*, pure BL6 background). Kv12.2*/*, Kv12.2*/+ and WT littermate mice were
used for further study.
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Figure 13: (A) Karyotype example of targeted ES cells. (B) Example of F0 chimeric mice.
(C) Example of F1 mice.

Results

Gene targeting in ES cells

Figure 14: Southern blot with left arm probe (top), and right arm probe (bottom). Red
arrows indicate positive clones used for subsequent embryo injections.
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Lines with four bands at expected size on the top gel and three bands on the bottom gel
are samples with one WT allele and one knock-in allele. A total of 11 ES cell colonies were
confirmed of correct homologous recombination, with a targeting efficiency of 6.8%.

General behavioral tests

Rotarod test
17 adult homozygous KI mice and 16 WT littermates were tested on Rotarod. Rods were
accelerating gradually from 4 to 40rpm over 5 minutes. Subjects were compared by latency to fall
off the rod or the speed of rod before they fall (linear correlation). Each animal went through 3
trials every day with at least an hour of rest between trials. Test was repeated on 3 consecutive
days for assessing motor learning. Performance will improve if motor learning ability is not
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affected. Reduced latency will indicate deficits in motor coordination.
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Figure 15: Rotarod test for motor learning
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Figure 16: Rotarod test for motor learning—individual trials

KI and WT mice performed equally well during all trials of the accelerated rotarod motor
test. Time spent on the rotarod increased significantly in both genotypes during trial 4-6 on the
second test day (Figure 15; WT: P=0.007; KI: P=0.006). The performance between Day2 and
Day3 was not significantly different. Motor coordination, balance, equilibrium and motor
learning ability were not compromised in KI mice.

Open field
15 adult homozygous KI mice and 16 WT littermates were tested. A brightly lit, open
square arena (40cmX40cm) was used in this test. A video tracking system was also used for
tracking the movement of mice. Overall activity in the arena was measured as well as the amount
of time spent in the center area of the arena. Mice naturally prefer to be near a protective wall
rather than exposed in the open area, but a competing foraging instinct will motivate them to
explore. A 4-minute video recording of activity was used to determine if there is any
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abnormalities in behavior: excess of grooming and rearing imply stress; more anxious mice will
stay closed to corner or against walls while more explorative mice will move all over arena.
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Figure 17: Open field test result

Kv12.2 KI mice did not show anxiety-like behaviors: KI mice did not exhibit
abnormalities in behavior (excessive grooming/rearing) during the test. The amount of time KI
mice spent in the center of the arena is not significantly different from WT controls (KI:
74.708±7.434 and WT: 57.339±5.096, P>0.05); The latency to their first entry into the center and
total entries made to the center were also comparable to WT littermates (Latency: KI:
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65.630±1.343, WT: 73.868±6.176,P>0.05; Number of entries: KI: 30.200±2.455, WT:
30.125±2.067, P>0.05); The comparison of total distance traveled in the whole arena also
indicates those mice exhibited normal activity level as well as gross locomotor activity (KI:
1440.456±102.437 and WT: 1321.116±80.976, P>0.05).

Y-maze
15 mice of each genotype were tested in Y-maze. A Y-shaped maze with three white,
opaque plastic arms at a 120 degree angle from each other. The animals were introduced to the
center of the maze and were allowed to freely explore all three arms. Number of arm entry and
alternation during an eight minute period will be recorded. Alternation is defined as entries to all
three arms on consecutive occasions (Maurice and Privat 1997). The number of maximum
alternations was the total number of arm entries minus two. Percentage of alternation = number of
alternation/maximum alternations x 100. In a sequence of arm entries such as ABCAB, the
animal alternates three times (maximum).
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Figure 18: Y-maze spontaneous alternation test
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Total entries: KI: 32.667±2.237 and WT: 35.733±2.425, P>0.05; % alternation: KI:
63.756±2.33 and WT: 64.76±1.96, P>0.05.

Our KI mice did not show a deficit in spatial working memory in Y-maze test. Notice the
mice used in Miyake’s study were Kv12.2 overexpression mice that did not maintain natural
expression pattern and copy numbers throughout brain, which may explain why the performance
of their mice were different.

Elevated plus maze
17 homozygous KI mice and 16 WT littermates were tested. The elevated plus maze
apparatus consists of a “+” shaped maze placed about 50cm above the floor with two oppositely
positioned closed arms and two oppositely positioned open arms. Mice were placed in the center
area of the apparatus and were allowed to freely explore the maze for eight minutes. The
preference for being in open arms was assessed by measuring time spent in open arms as well as
number of entries into open arms.
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Figure 19: Elevated plus maze result:

For data analysis, we used the following four measures: the time spent in the open and
closed arms (A), the percentage of entries into the open arms (B), the number of total entries (C),
and total distance traveled (D). KI mice did not show significant differences from WT controls in
all comparisons (P>0.1). Combined with open field test, our data shows that KI mice does not
show anxiety –like behavior.
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Induced seizure tests

Pentylenetetrazol (PTZ) induced seizure test
15 homozygous KI, Heterozygous KI and WT mice were tested. Seizures were induced
by intraperitoneal injection of PTZ at a dose of 50mg/kg. Immediately after injection, the subject
was placed in an open arena and being monitored for 5 minutes. All subjects were euthanized
after the test.
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Figure 20: PTZ induced seizure test

Seizure phases were scored as reduced motility (Freeze, non-convulsive); partial clonus
especially the tail; more generalized clonus involving the body (Clonic); tonic-clonic seizure with
rigid paw extension (Tonic clonic) (Weiergraber, Henry et al. 2006, Zhang, Bertaso et al. 2010).
Seizure severities among all three genotypes were similar (Fig 20), as well as the mortality rates:
WT: 4/15, Heterozygous: 4/15, and Homozygous: 5/15.
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Electroconvulsive threshold test (ECT)
28 male homozygous KI mice and 34 male WT littermates were tested. Prior to the test,
saline was applied to both ears of the subject to ensure conductivity. Mice were connected to a
current generator through metal ear clips. The current sufficient to elicit tonic hind limb extension
in 50% of the population can be determined as previously described (Frankel, Taylor et al. 2001,
Giardina and Gasior 2009). It has been shown that female mice are more susceptible to

electroshock induced seizure than male mice (Frankel, Taylor et al. 2001), likely due to
their size differences. To minimize variation within group of each genotype, all mice
used in this study were male. A pilot experiment to determine the threshold current of
WT control mice was done by Brooke Kanaskie of our lab. 50mA current was used for
the first subject of each genotype. If Tonic/clonic seizure is elicited in a subject when
given X mA electroshock, the next subject would receive a (X-5) mA electroshock. If no
seizure is induced, the next subject will receive a (X+5) mA electroshock.
Electroconvulsive threshold was obtained by averaging the current used for all subjects of
each genotype. All subjects were euthanized after the test.
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Figure 21: Electroconvulsive threshold of homozygous KI and WT mice

ECT of WT mice was 52.647mA, ECT of KI mice was 50.000mA. Our data implies there
is little difference in preventing the spread of seizure between Kv12.2 KI and WT control mice.

Discussion
One explanation for the unchanged phenotypes in ECT and PTZ induced seizure tests of
our KI mice is compensation. The expression of Kv12.2 might be down regulated. Trafficking
and internalization process of Kv12.2 may also be altered that leads to little changes in subthreshold potassium currents in neuron. It is also possible that other part of the machinery is
altered to compensate for enhanced function of Kv12.2.
Quantitative PCR was used to determine if there is significant compensation on
transcriptional level. RNA samples extracted from cortex and hippocampus where Kv12.2 is
expressed. Figure 21 shows there is no significant differences between homozygous KI mice and
WT controls (n=3). It remains to be determined whether Kv12.2 current is enhanced on the
cellular level and how firing properties are affected.
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Figure 22: Relative abundance of Kv12.2 transcripts in homozygous KI mice and WT
littermates. Top: Cortex; Bottom: Hippocampus. mH3-1 and mH3-2 are two pairs of
primers used. GADPH1 was the internal control.
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Appendix

Coding sequences of M. Leidyi and N. Vectensis Shaker family genes
MlShak1
ATGGCATACGCAGCACGCCTACAAAACCAGCAAAGTCGAGAGCTAGCCAGAATCTATGCGGAGGAGTAC
GATGCAGAGGCTGTACGGAGTAAACTCAGGCGGGAACAACAGAAAAGAAAACAAGAAAACTCGGAAG
ACACAGTTTCTGTCGAATCGGCTGAGAGTGAGGAGCCCAGAAAGAAACTCAAGACTCTACTCAGAGAAA
AAGGTTTTACTTTTCTGATTGATGACCAGCGGCGGGTGGACGGTGAGATCAGAACGTACCCCGAAGAGT
TCTCTTTTGATGACATCGTAAAGATTAACGTTGGTGGAATCATCTATGAAACCAGACGAAGTACTCTAAA
GCGTTTTCCTGAAACCCTGCTTGGAGGAGATGGTATAGAGAAGTACTACTGTAAGTCGCATGACATGTAC
TTCTTCGACAGACACCGCTCTGCCTTCAGTTCTATCCTCTCCTACTATCAGAGTGGGGGACTCCTGTGTAT
ACCCACTACAATCCATCCTCTGGTGTTCCTTGAAGAAGCTCGTTTTTACGAACTCGGCAAGAGAATTGTCA
ACAAGCTGGAACAGCCCTTCTTCGTGAGAAGGAACAAAACCGTCGGGACTATGAAACAGAAGATATGGT
ACACTTTGGACGATCCTGCCTCTTCTACAATCGCCAAGGGAATCGCCTTCTTCGACCTGGCCTGCATCATG
ACAGCAATAGCCCTAATCTGCGTGAAGACCCTGCCCCAGTTTAAAACGGAAGACGACGAGGAAACGGGA
GAAAACACGACAAAGTTGGAGGGTCCCCACAAGTCGGTGTTCTTTGTCCTGGAGACGGTCTGTATGATCT
GGTTCACCATGGACCTCCTCCTCAGGTTTTGTGTTTGTCCCAAAAGAAAGGTGTTCTGTAAGAACGTACTG
AACTGGGTGGATGTAGTCTCGATAGTTCCCTACTACCTGGAGCTCCTTGTTCCCAGTAAAGTGGAGGTGC
TCCTCGTTATCAGAATCATCAGATTTACTAAGATCTTCAGGATATTCAAGTTATCGCGGTACTTCAGGGGA
CTTATAGCATTGGGGTTGGCACTAAGACACTCTGTTAGCGAGATCCTGGTGCTCTTTGTGTTCCTTTTCGT
CGCAGTGTTGTTCTTCGCCACTGTGGGCTACTACTCAGAGAGTATGAGTAACGCTAGCGAGAGCGACTTT
ACCAGTGTGATAGGAGCGTTCTGGTGGGCGATAGTGACGATAACCAGTGTGGGCTATGGGGATGAGGT
TCCCAAGTCTTATCTGGGCCAAATCAGCGGAGCACTTTGTGCTATTACAGGTATTATATTTGTAGCACTAC
CGGTTCCTATCATCGTATCTCGTTTCAACTACTTCCTGCAGCTGGAGAACGAGAAGTGTAGGATAGGAGC
AGACGAGGATATTTCCATCTTCAAACATCCTCTTTACTCTTCACGAAGATCACGGGCTAAAAAGAAAGAA
AGTTCAGTGGACAGCAACAAATCTAAAACGAACAATGACAATAACGGACTCAATAACAATATCTATAACT
CTAAAAACAATGAAAACCACTTGTTATCCAGAAATGTTGAAACGGGCTCTTCAGCAGTGTAA
MlShak2
ATGCAAAGTAGTGAGTCTCCCCACAACAGTGACACCATCTCCCCCAGAAAACAGGTGAACAAGATTATTC
ACATAAACGTCAGCGGAACAAAGTTTGAGACAACTCTGAGCGTACTTCGGAAGTTCCCGACCACTCTCTT
GGGTTCTTCCGACCTTGAATCTTACCTAGACGCGACCTCAGGCGACTACTTCTTCGATAGACATCGCCAGT
CTTTCGAAGCTATCATGTACTTTTATCAAACAGGTGGTCTACTGCATGTTCCCTGCCATGTGGATCCCGAG
ATTTTCCGACAGGAGCTGCACTACTTCAAAATCCACGATCTCATACTCAAAGCACTTCCCAAGCCAGCTGA
AAAGAAGCACATGGAACTACCGAAGCAGAAGAATCTCCAAGTGCTGTGGAAGTTGTTAGAATACCCCCA
GTCCTCGACGGCAGCCAAGTTTTTGGCAGTGGTAGAGATTGTGGTTATTGTACTGGCAGTAGCTTCCTTC
TGCATtGAGACTCTCCCACAGTTTCACGAAAGTATCAGAATCGGGTGGAAGGAAAATGACACAGCTGCA
ATTTTCTTCGCGATCGAAGCAAGCTGCATGGTTGTTTTCACTTTCGAGTTCATACTACGAGTTATCAGTTG
CCCAGACAAACTGCAATTCTGTAAAGGGATACTAAACATAATAGACTTGATCACAATCCTGCCCTTCTACG
TGACTCTTTTACTGCAAAATGAACGGGCCCTCGATTCATTTGTCGTGTTAAGAGTTGTCAGACTGGCCAG
GGTATTCCGAATACTAAAGCTGTCGAGGCACAGCAGAGGACTTATAACCTTAGGGCTTGCCCTGAGGGC
CTCCTTACGAGAGCTAGCGCTTCTGTTCTTTTTCCTTCTCATCGGAATCGTTCTCTTTTCCTCTGGAGTCTAC
TACGCAGACTTGACAGAGGAACACACAAAGTTTATGTCCATTCTGGACGGTTTCTGGTGGGCTGTTATCA
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CCATGACAACGGTGGGATACGGAGACGACGTACCGCAGTCAAATTGGGGTAAAATAGTGGGCGGCATG
TGTGCCGTGTCAGGGGTACTCATGATCGCACTACCAGTACCAGTTATTGTGTCCAATTTCAACTACTACTA
TCAGCACCAAGGTCCATCAAGAGTAAATCAAGATGGCTCAGAACAGATCGACAATCTGGCGGAGTTATG
GAGTAAAGGCATCTGTGTCGTCAGGGACGGTGTCCCACCCTCCGCCACCCAGTCCGCCCTTATGTCCGCT
GGTAGAAGCATTACCATCACTGCCGCGGTTACTCTCAACGCTAACGAGCAAGGTGCCGATGGGGTCACC
GATAAACTTAAGAAGAAGAAAGCAGGGATAATAGCTCTGGCTAGAATGAAGTTACAACGGTCAACAAAT
CATTCACCCAGCTAA
NvShab
ATGCCGAAGGATAGCGACGCAGTGCTTGATCTGAACGGCAATGCCCACCTAAACATCAGTGGGGTACGT
TTCGAACTATTGTGGAGCTCAATCAAAGAGTTCCCATTTACACGATTAGGAAAGGTCTACTTTTGGTATGA
gCATGGAGACAACTGGCAGGAGCTCTGTGATGGCGTCAAAATGGGCGAGAAAACAGCAGAAGTCTTCTT
CCAAAGAGACCCTGAAATTTTCAACACAATCATGTGCTATTACCGCAATGGAAAGTTCCATTTCCCCAGGA
CTATTTGTATTGAGCATTTTCAACGAGAGCTAAAGTACTGGGGAATTTCGATCAAGAACATGGACGATTG
CTGTTATAACCACTTCCATCAAGAGAATGAAGCTGTAGAAAACCTGATGAAAATCAAGGAAGCGTTTAAG
AAAGACTTGAATTTGAAGAAAGAACAAGATGAGGTCGATCTACTACTGGAGGTTGAGAGTCGAAGCAA
ACTGGCCCGATTGAAAAGGAAGATGTGGGACTTGTTTGAAAATCCCCACTCTTCCTTTATGGCTAAGATT
GTATACCTTTTGTCCAGCTTCTTCGTGATGCTATCCACCGTGGCCCTGTGCCTCAACACCATCGACTCCTTG
CGTATTAAGCTTGATAAAGGAGAGACTGCAGACAACGCTGTTCTTGCTGGTATCGAAGCTGGCTGTATCG
CTTGGTTTACTGTGGAATACTTGATTCGCGTTCTGTCAGCACCTAGAATTGTTCCATTCCTCAAAAGCATC
ATGAATACGATAGACTTACTTGCCATCTTACCCTATTATTTCGAACTCTTGTCCCTTGCGTTTGACAATCAA
CTTGACTATCGGTTTGTGGAAATGAGGCGCATTTTGCAGATTCTCCGGATTCTTCGTATTGTCCGCATCTT
CAAGATGGCGCGCCACTCTGTTGGTCTTCAGACTCTAGCGTACACCTTTAAGCAGAGCACTGCCGAGCTT
GGTCTGCTCGGGACTCTTCTGATAATGGGAATGACTCTCTTCTCGTCACTTGTCTACTTCGCAGAGGAAGC
CGAGCCAAACTCCATGTTCAAATCCATCCCAGAAGCCTTTTGGTGGTCTATCATCACCATGACAACCGTCG
GCTACGGTGACGTCTATCCCGTCACACCTTTAGGGAAACTTGTGGGTTCCCTGTGTTGCATCTCTGGTATC
ATTTTTATTGCACTCCCGATTCCAACGATTGTGAGTAATTTCTCGCAGTTTTATAAGGACCAACGTAAAAG
TGTCGAAGTGCGCCGTAGGTTGTCTATGGTTGAGGCAGGCACCTTGACGACGCTTGTGGGCGAATCCGG
CACTCTTGTGCAGAACGGTGTTAACATTCCTGGTGTTGATGCCTCGGATGGTAGAAGCAGTACCCAGTCG
GGAAATAAGGTGGCATGGTTACACAGAGAGGTTTCATCTCCAGATATATTCTAA
NvShaw1
ATGGATGAAATAAATAAAGTTATGTCGCATGAGGAAACAATTCAAGAGGAGGAAAGCGAAAACGACGA
GGATGACGAAGAGGGGGAGCGATCAGCTCACATTCGCGATGATTCCGGTAACAGTAGCGACAGAGAAG
GGGACCATGCTTTGCCCCCATTACAAAACAACGAAGTCTCGTCCCCGCCGCCACAAATGGCAAAGTACAA
GGATCGGGTCTCTATAAATGTTGGCGGAGTAAGACACGAAACGTACAAAAGTACATTGAAAAACATCCC
CGATACTCGGTTATCGTGGATCGCTGAAGCTTCTGCTGGTGCCGCAGACTTCGACCCCTCGACTGGCGAA
TACTTTTTCGACCGCCATCCTGGCGTGTTTGCGAATGTTTTGAATTATTATCGCACTGGTAAGCTACACTG
CCCGTTGGATGTGTGCGGACCGCTGTTTGAAGATGAACTAGGGTTTTGGGGAATCGATGACCAGCAAGT
AGAATCGTGTTGCTGGTTGACCTATCGGCAACATAGGGATGCGCAAGAAACCTTGGCTGCATTTGAGGG
AGTTGAATTTGAGAATGAATACGAAGACGATGAGGAACCGGACTTGGGAAGATACGGGTTCAATTTTGC
AGCTGAAAGCGAACCAGATAAAACGTGGTGGGAAAGGTATCAACCGCGAATATGGACTCTAATGGAAG
AGCCCCATTCATCTACACTTGCTAAGGTTATCGCCTACACAACGCTTACACTCATCCTCGTATCTGTTGGAA
TTTTCTGCCTGGAATCAATGGAGAAATTTTCCGAGAAGTACCTGAAAGACCTACTAGTTATTCTGGAGGG
TATCTGTGTGGTATGGTTTACCCTGGAACTCATGGTTCGCTTCGTGTTCTGTCCCGCAAAGTGCGAATTCT
TCAAAAAAATCATGAATTGGATCGATTTCCTCGCAATTGTTCCATTTTATGTGAGCCTCGGCTTCAACAAT
AACAACAATGACATTGACGCCTTGATGATAATCCGGTTAATCAGGATTTTCCGGATTTTTAAGCTGTCGCG
TCACTCATCAGGTTTGCAGATTCTTGGACACACGCTTCGTGCAAGTTTTCGTGAGTTGCTACTCCTAATTTT
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CTTCCTACTGATAGGCGTGGTTTTGTTCGCGAGTCTTATATTCTATTGCGAGAAAAAAATACCCGGGACA
AAATTTGTGGATATCCCATCATCCTTCTGGTGGGCTGTGGTTACCATGACAACTGTTGGTTACGGTGACAT
GGCGCCCCAATCACCTTCTGGGAAATTCATCGGAAGTCTATGTGCGGTCTGCGGTGTACTTACAATCGCA
CTTCCGGTTCCGGTTATTGTTAATAACTTTTCGCTGTACTATTCACACGCGCAAGCAAGGCTAAAGCTTCC
AAAGAAGCGCCGAAGGGTTCTCGTCGGTGCTCCAAATGCACTCAAAGCCACAGCGATGTTAGAGAACGG
CATGAGTGGAGACTCGAACGGGAGCGCAGACAGCGGCTGCGCGGAAAATAGCACGTCAATGCGCAAGT
GCAGTTTGATGATCACGGACGAGGTGGGCGAGACCCGGCCAAGGCGTCCTATCCGACGGGAAAGTCAC
CTGTTCAACAACCAGCCGTCACCGCCCACTAATGGCGATGCTGTCATGGGCAGAAATAGCATCACGGGC
GGTTACGCCATGCAGAAGAGGCGCTCCATGAGACCCACTGTGCCCACCCTCCCTGAGGTGGAGTGA
NvShawR1
ATGGACGCCAAACCGTGCATCGTAGAGAACCCCTTTGACAGCGACCTCACCGAGCGTATTACGATCAATG
TCGGAGGGTTCAGACACAATACATTCATGAGCACTTTAAAAAACATCCCCGACACGCGCCTGTCCTGGCT
AGCGGAGAACCATACAAATTGTGTAGAGTACGACCAAGTTCTTGGCGAGTACTTTTTCGATCGTCACCCG
CGGATTTTTGCAGAAGTTCTGAATTATTATAGGACAGGCAAGTTACACTGCCCCGGGGACGTGTGTTCCA
CTCTGTTCCAAGAAGAACTGTCATATTGGGGTATAAACGACCGGGATATGGAGCAATGCTGCTGGGCTC
ATTACAAGCGGCAGATTAATACAGAAGAGACCCTTAAATCCTTCCATCTAGACAGCGCAAGGAAGATGG
ACGGGAAAGAAAAGAGCGGCAAGCGAAAAAGCCTCACGACTATCTTTGCCAAGGAGGAATCATTCAAG
AGGGGGTTCTTGAAACGATGGAACAGATTCAGGCCAAAAGTGTGGGCCTTTTTAGATGATCCGCATTCTT
CTAAGGCATCCTGGGTATTCATAATGATTTCCTGTCTCATGATCCTGGTTTCTGTAACACAGTTCTGTCTCG
GCACTGTACCATCTTTGCGAGAAGACAGCTTCACTATGAAAGTCCTTTACTGGCTCGACTTCAGCACCTCC
ATTTGGTTCACTGTAGAGTTTGTCCTTCGTCTCGTTTTCTGCCCAAGCACCAAGGAATTCGCGAAGAATCC
CATGAACTGGGTCGACCTCACAGCCATTCTACCATTCTACTTTCGCCTGTTTAAACTCCAAGACCAGATTTC
TTGGCTGGTAGTCATGAGGACACTCAGGATCTTTCGCATATTCAGTCTGTCTTTATCATTCCAGATTCTCTT
CCGTTCACTTATTTCCAGCAAAAACGAGCTTTTCCTGGTATTTGTGAGCGTCATGGTACCCATAATCCTGTT
CTCAAGCATGATTTACTTCGCAGAAAAAGACGCTAATGACAAGAACTTTCAGAGCATTCCTGAGTCCTTCT
GGTGGGCGATAATAACGGTGACCACCGTCGGTTATGGGGACGTCTGTCCAGTAACAAAATTAGGCAAAG
TCATAGGTGCGGTATGCGCTATTTGCGGAGTGGTAATTGTTGCACTCCCCGTGTCTGTGATCGGAAGCAA
TTTTTCGTATTATTATATTCAAGCGCGCACTAGGGTACAACAACCACGGCGCGCTAACAATCAGCACCAA
AAGACCATCTCCCATGTGCCCGCGAACATCATGGGCCTTACAAGGCGGTCTACCATGACAGGGTCTCCAG
ATGTGCGCATGCGGAAGCGAGTGCTTGCGTCACCAGTACGCAAGAGATTACGCAGGATGGCGACCAAT
GGCGAACCAGGAAGATTACGACACAACTCATTTCAACACATAGAAGAGGTCTCAAACATGTGA
NvShawR2
ATGCCCCCAACGGATCGAAGGGAGACGTTTTCTCGTCGAGAAACGCAGAGTTTCAAGTCCTCCAAGGAT
CACCGTGATCGTGTCGTCATTAACTGTGGCGGCAAGCGATTTGAGCCGTACCTTAGCACTCTGAAAAACA
TCACAGATCTACCTTTGTCTAAAATCACCGAGAATAAAATCAAGCTAGACTACGACGAGGAATCCGGAGA
ATACTTCTTCGATCGGCATCCTGCCGTTTTCGCGCAGGTTCTGAACTATTTGCAAACCGGAAAACTGCACT
GTCCCCGTAACGTCTGTGGTCCTCTGTTTGAGCAAGAGCTTGCTTACTGGGGCATAGACGAGCAGCAGAT
GGAATCATGCTGTTGGAGTAACTACACCAAGCATAGGGATGCACAAGAGAGCCTCAAAGCGCTGGATTT
CCGCCCGAGATACGACGAAGATGAAGAACGTAGGAAAGTGCACTATGATGACCCGAATCTTTCATGGTG
GCAGCGACATCAACCAATAGTCTGGGAAATCCTCGACGAGCCGTATTCTTCTTCTACAGCAAAGGttttcgc
atgggtctcgcttgctttcatagTCGTTTCAATCTTCACCATTTGCATCTGGACTGTAGAAATGTTCAAGGGCGACT
CCAAGACCGTCACGCGAAACGTGACGCGTAACGCAACGCATGGTAACACCACTACAAAGTCATACTACttt
gagcgcgtagacATGCCGGTATCGGACGTCCCCCGCTATGTTCTCATGATCATCGACTCCGTCTGTACGGGTT
GGTTCACCCTTGAGTTTCTCCTAAGACTAGTGTTCTGTCCAAGCAAGCTAAAGTTCATCTTGACGCTACAG
AACTGGATCGACCTGATCGTCATCATCCCACTGTACCTGATGCTTGCCATGGAGAAGTCCTTCGTGCTTGA
TGTGCTTAACACCATGCGGATCGTGCGGATTTTCCGCTTCTTCAAGCTCCTCTATGACCTTCAAATCTTGAC
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CAAAACGGTCAAGGCGAGCCGACAACACCTCATGATTCTTCTCATCATTCTCATGATTCCAGTCATCGTGT
TCTCCAGCCTTGTGCTGTACTCGGAGAAGCGCTGGGGTAGCGATAAGTCCAAGGCTCAGTTTTATAACGT
ACCTAATTCCGTGTGGTGGGGCCTAATCACCATGACAACTATAGGATATGGGGACATGGTGCCGACTTCA
TTTATGGGGAAAGTCATCGGCGGAATCGCATCCATCTGCGGCGTGATCATCTTGTCAACCTCGGCGTCTG
TCATCGGCAGCACTTTCTCCCTGTACTATAATCTTGCCCAGGCTCAGCTCAAGCTCCCTACCAAGAGAAGG
AAGTTCGATGTCGAGTTTCAGAGCTTGCCGACCGTCCTTGCTTGCCGGACAAGTCAGGCGGACTCGACTG
TTACCTCAAATAATTCGGACAGTGGGTATCAAAAATCACCCAACAGGCTACAGATTGGTGGTCGCCACAG
CTTTGGGTTCGCAGAGGGAGAAAAGCTTCAACTGACGCCTAATCCAAATAAAGTTCCGTGTACTTGCCAA
TGTGCGCGTGACCCGTCACTTAAACAACTTGATTCTATTCTAAAGCCTAGTGATTCGCCGCCTAGAAAACC
TGGAATGTTGAAACACCGGGAATCAGCGCCAACGCTGCACGCTCCAAGAACAATCCCACGTGACTTGAG
GTCTATGTCACATGACTCAGGCCGAGTACCACGTGATCCTGAATTAATACCGCTAAGTTCGCCGGGAACG
CTGTCACCCGTGCAGTCACCACCGACTCCGAGGCCGCAGTTCTCACGGAAAGCTAGCATTCGCCGTGACA
GCATCCTTGTGTGA
NvShal1
ATGGCGGCTGATGTAGTGGCATGGTTGCCTTTCGCTCGGGCAGCAGCCATAGGATGGGTTCCGCTCGCT
ACTTCGCCTATGCCGCCGCCACCGGAGTCTTCCAAGACGGACGAGCGAGTCACCATCAATGTTAGCGGCA
GGCGCTTTGAAACATGGCGTAACACTCTGGCGAGATTTCCAGAAACTCTTCTGGGTAGCGATGAAAAGG
ACTATTTTTATGATGCAGAAACCAAGGAATATTTCTTCGATCGAGATCCGGATTTGTTTCGCCATTTACTG
AATTACTACCGAAATGGAAAGCTTCACTATCCCCGTGGTGAATGTGTCTCATCGTTTGAGGATGAACTGG
AATTTTTTGGCATCTCGGAGGATGTTGTTCACGACTGTTGTTGGGAAGATTTCCGTGAGAGGAAGAAAG
AGTGTATGGAGCGAATTTTTGAACCTGATAAGCTTGACGACGCTTCACAAAATGGAGACGAAGTAACAG
ATCATAGCATACGCGAGAAACTGTGGACGGCATTTCAGAATCCGCAGAGCTCTAAAGTGGCGTCTGTGTT
CTACTACATCACGGGGCTGTTCATCGCTATTAGCGTGATAAGCACGGTGGTGGAAACTCTTCCGTGTAAG
GGGAAAACCTCGTGCGGAGAGGTCCATAAAACTGTATTTTTTTCGCTCGAAGCGGCGTGTGTGGTTGTGT
TTACGGTGGAATATGTGGCAAGATTGTATTCTGCACCAGATCGGGTGAAATTCGCTCGGGACTTGCTCAG
TATCATAGATGTGGTGGCAATATTGCCTTTCTATGTTGGGCTTATTGTGCCTAATAATTCAATAAGTGGCG
CATTTGTAACTTTAAGAGTTTTTCGTATCTTCAGAATATTCAAATTCTCCCGGCACTCGCGGGGTCTTCGAA
TTTTAGGTTATACCCTCAAGAGCTGTGCGTCCGAACTGGGCTTTCTACTTTTCTCGCTGTCCATGGCTGTG
ATAATCTTTGCTACCGTTATGTATTATGTGGAAAAAGGAGAGGTGGACACTAAATTCATCAGCATCCCGG
CATCGTTCTGGTATACCATCGTGACAATGACAACTTTAGGGTATGGTGACATGGTACCAACAACAGTCCC
TGGGAAGATCGTTGGCAGTCTGTGTTCGCTTAGTGGCGTGCTTGTCATAGCTCTTCCTGTACCTGTCATAG
TGTCCAATTTCAGTAGAATTTACCTGCAAAATCAGCGGGCCGACAAGAGAAAAGCTCACAAGAAAGCGC
GAGTTTCTATTTCAAAAACAATGGCTGGTACTGCCTTGGTTTCTCCCCCGGACAAGAAGAATGTCCCCCTG
GGAGCTGGCCTTGAACTAACTCAAATTCCAAGTAAAGACAATGAATCGTCTTATCTAGAGGAACAGCATC
ACCATTTACTACATTGCTTAGAGAAAGCCACGGTGAGTCTCTCTGAATTGCCAGAGCTGTAG
NvShaR1
ATGGATCCTTTTCCTAATTCACACAATGGGAAGAGAATTGAGCCCGGATCGAAGAACGCATCGAAAAAG
GCAATGGCTCGAGTGGGAGAAACATTCGCACGATCTTCGTTCAAAGTGACGAGAGTTAGACCCAAAAGA
ATCAAGCTAAATGTTGGAGGTTACCAGTTTGAAATTCTAAAGGATAACTTAAAGAAATACCCAGATACTT
TATTAGGTGGTGAAAGAAAGAAATATTTCTATGACGACGATAGAAAGGAGTACTTTTTCGACCGAGACC
CAATCATGTTCAAGTACATCCTGGACTTCTATCGAACCGGTGATTTCCACATTTCTAACAAGTCACCAGAC
TGTATAGAAGCGATTTCAGACGAACTCGCTTTCTTTGGAATTCCTAAAGAGTTTGTTTCCTCTTGCTGTTGT
GAGAATATAGACTTTGAACACAAGATGGAAGAAGAACTGGACGATGAAGGACTAGACCCTGCGTCATTT
GGCAGAAAAGAAAAATTGTATGAGTTTTTGACGAATACAAAGAGTAGCTGTGCTGCGTCAATGTTCAGTT
ATTTTTTCGTCCTCGTTATTGTAGTCAACATCATCATGATAAATGTGGAGACGCTCGAATGTGCAATTAGC
AAATCGTGCGGGGAATATTATGAAAATACTTTCTTTATCATCGACTCGTTCTGTGTAGCTGTTTTCACCTTC
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GAATTCGGGGCACGATTGTACTCATGCCCGAGTCGAAAAGCATTCATCAAAAACGGGACAAACGTTATT
GACTATATCGGTATTTTGCCCTACTATATCGGGATCTTTGAAAAGATCTTTGAATCTAATAATGTACAGCT
AGAGTTTCTGATCACTGCTTTGAGAATTTTCAGGATCTTTCGGGTGACCAAGCTAGCAAGGCATTCCGAC
AGGTTTATGAATCTTCTGAAGTCCATAAGGGATGCAGCCGGCGAGCTCGGGGGGATCCTGTTCTCGTTCC
TAGCTCTCATGATTATGTTCTCTTCCGTTATCTACTTCACGGAGCAGAAAATGTCCGACGGCCCCCCGAAC
AAACCGTCCCAGTTCTCAAGCATCCCGGCTGCCTTCTGGTATACGCTTGTTACCATGACAACATTAGGTTA
TGGTGATATAGTACCAGTGACATTCCTGGGTAAGATCATTGGCAGCATGTGCGCGTTGATCGGAGTGCTT
CTACTTGCCCTCCCAGTGCCCATCATAGAGGAAAAGCTCAGCGCAAACACAAAGAGGACAGCTCGCAAG
TCCGACGCAAAAAAACACAAAAATCACAGCGTGTACGCGACCTCCAAGAGGCTGACGCATTCGATAATG
TCGATTAACCGCCTCAAGAACCGGCTAAAGAAGCGAGTGGAAGTCCACTTATCAACCTCTAGCCTTGGCA
ACGAGATGAGCGTAATCGCGAACGAGGGCGAGACAAGTACAAGCGGTGTGCATCCTCGACACGGGCAA
GAGGACATTGAGATGAGCTACGTCACTGGAAGCCATTCGCCAGTACACAGACCGCGACAAAGTCCCAAG
CATGCTCCCAACCGAGCTACCATCAATGCGAACAACATCTGCGATCCGCCCCGCTGTCTTGGAACATCCA
ACGGCAGCGCAATGGCGGGTTGCCATGGTGATGAAGGCTTGTCAAGCTCGGGGGATACGCTAGTCCCA
AGCTCTAAGGAATGCATAGCTAGGATACCTGTGGAATGTGAATATCTTTCAATCGAGCATGGGATTCCCG
TGTAA
NvShalR2
ATGGTGGTAGTCATTGGTATGACTCTACAGAGCACATGCCAAAGTCTTAGTAATAGCAAACTTAAAGACG
ATCGTCGCATCACGATCAACGTCAGTGGGAAAAAGTTTGTTACCTGGGAAAAAACTCTGAGAAAGCATC
CATCGACCTTGTTGGGAAGCGATCGCCTCATGCAGTTTTTCGATGAAACAAAAAGGGAGTTTTTCCTAGA
TCGAGATCCCCATATGTTTCGCTACATATTGAATTTTTACCGCTGCGGGAAGTTGCACACGTCATCCGAGG
ATTGCTACTCTGCATTCAAAGAGGAGCTAGGCTTCTATGGAATTCCGCCGGAAAATATAGAATCGTGTTG
CTGGGAAGATAATACGAAAATATCTATACGAAAACCGCACAGAAAAAACCCATGCCGCGGGAATATTCC
GTCATATAGGGGGAAGATATGGCTACTGATGGAAGATCCGAACTCGTCATTTTTAGGCGCCTTTATTCAA
TGTATTATTGGAGTAATCATATGCATTAGTATATTGTTCTCAATTTTAGAGACTATACGCAACGCCCGGGG
GAGAACTCTACAACAATCATCACCAACGCTATTCACTTCTATTGATAGCATTTGCATCGGATTTTTTACGCT
GGAATATTTATTACGTCTCTTCGCGGCGCCGAATCGACTGCAGTTTATAACGAATAAACTAAGTATAATA
GACCTGCTGACAATTGTTCCATTTTACGTGGATGTGATAGTGACTAATTTCACCAGTACCGACGTCTTTCT
TGGCGATGAAAACCCGCTGACACTCTTAAGGATATTACGTGTTGTGCGCATGCTCAAACTGTCCCGACAC
ACCCGGCACATGCGCGTGGTAGGCCGGATGTTCAGGAGAGCAGTGGTCGACCTTGGGTTCCTGTTTTTT
GGGTTCTTCCTGACTAACTTGCTGTTTTCTACGGTGATTTATTACTGCGAGCGTGGTCAAGCGGAGGGCA
AGTTTACAAGTATCCCCGACACTATGTGGTACACCATAGTGACGATGATGACTTTGGGGTATGGAGACAT
GGTACCAGTGACAGTGATTGGCAAAATGGTGGGCTCCCTGTGTTGTTTGATGGGCATAATGATGCTAACT
CTGCCAACAACGATGATGCAAAAAAGTGCAACGGATGGCAAGAAAGTCGGCGCTTATAGCAATTTACCG
AAAACGGTTCCACAGATTGACTGA
NvShalR3
ATGTTTCAAGCAACGACAAGTAGCGGTTACCGTTCAAACTCCATCTTCAGCAAAGCCAGTGTCATCAGTA
ATATCAATTTTAACTGCACAAAGCGAGAGTCAGGTCGTCTGACGTCTTATCAGTTAGAGGAAGTGCGAGC
AAAGGCGTCTATCGCTCAAAGACGCTCTGCTGGAGATAAAAGGGTTACGTTTAATGTGAGCGGAAGACG
TTTCGAAACCTGGGAAAGCACACTCAAGCGATTTCCCAACACAGTGTTAGGGAGCAAAATGATCCAAAG
GTTCTACGACACCAACACAAAGGAGTATTTTATTGACCGTGATCCCTACCTATTCAGATTTGTTCTGAATT
ATTATCGGAATGGTAGGCTACACTGCTCGCAAGAGGATTGCCCGGCGGCGTTCGAAGAGGAGCTAAATT
TTTACGGGCTCTCGCTGTTTGATGTTAAAGACTGCTGCTGGGAGGTGGCGAACCCAAAAGAAAAACACA
TTCTCGTGGAAGAGGACGAGGATTTTATATTCCCTGGAGAGTTGCTCAAATGCAAGGAAAACACAGAGG
TTTATTGCGAACCCAAATACACTCTCAAGCAGAAAATATGGAGACTGATCGGGCCATCTAAAACAACGAA
AGGAGGTGTATTATTTCATATCTTTTACGGGTTTTTCATATTCATAAACGTCCTAATTGTCACTCTAGAAAC
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CCTAAAATGCGGACACAAACAAACGTGTGGCGAGAAGTACTCCAAAACCTTTTTTACAGTTGATTCTGTTT
GTGTGGCCGTATTCACAGCTGAACTATCTGTACGGTTCTACGTTTGTCCAAAGAAGAAAAAGTTCTTCAA
GGGCGTGATGAATGTTATTGACATCCTGGCAGTTATCCCCTACTACATAAGCTTAATTGTCGAATCGTTTG
GCGGAGACACCAGCTTTTTACAGATTTTGAAAGTTTTGAGGGTATTACGGATTCTCAAACTGACAAGAAA
CTCAAGAAGGTTGCGGTGCCTTTTACTAACCCTCCGCCGGTGCGCGGTTGATATTGTATTCCTCTACTGCA
TTTGCTTTCTAGCTATTATTTTATTTGGGACCATGCTGTTTTATCTGCAAGAAGCGTCAGAGCCCAAGCAG
TTCGGCAGCATCCCGGAGTCCTTCTGGTATATCTGCGTCACCTTAATGACAGTCGGGTACGGCGATGTTG
TGCCTCGCTCCATAGCTGGCAAGCTGATAGGCAGCGTATGCTGTGTTTCCGGAGTGGTCCTACTGGCTTT
ACCGATACCGATACTACAGGAAAAACAAGTTCCCTGTACGTTGGAAGCGGTGAAATCCCGACATAAAAC
GCGTCAGAGGGAAGAGACTGGGCGAGAATGCGAACAATGTTTACTCCGACCTGATAAGGGCTTCTCGA
GTGCATTTACCAATGACGACTGTTTTCCTAGTCTCGTGCAGCACTGTACTAAGGCAAAGGTAATGATTAA
AAGTGACACATATGCGAGATGA

Table 2 Sequence confirmed coding region of M.leidyi and N.vectensis Shaker family
genes. NvShab genes were cloned by Jessica Sassic. NvShaw genes were cloned by
Sarah Rhodes. NvShal genes were cloned by Sarah Rhodes and Lianna Trigg.
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