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Abstract
Human ether-a-go-go 1 (hEAG1) is a voltage gated K+ channel that is sensitive
to inhibition by Ca2+-calmodulin. hEAG1 is located presynaptically in brain neurons
and regulates Ca2+ influx and neurotransmitter release. It is also ectopically
expressed in >70% of human tumours. hEAG1 has been shown to increase cell
proliferation. The research here aims to understand the mechanism for Ca2+calmodulin regulation of gating and whether specific intracellular domains are also
important for effects on proliferation. The role of hEAG1 on cell migration is studied
here for the first time.

hEAG1 contains an N-terminal EAG domain consisting of a Per-Arnt-Sim
(PAS) domain and a 26 amino acid PAS-cap region. On the C-terminus is a cyclic
nucleotide binding homology domain (cNBHD). hEAG1 channels were mutated and
channels characterised by expression in Xenopus laevis oocyte expression system
and two electrode voltage clamp. At a membrane potential of +60mV, WT hEAG1
shows activation kinetics of 309.1 ± 16.4ms and does not inactivate in control
conditions. WT hEAG1 is inhibited 85.5 ± 2.9% when Ca2+ is raised. Deleting the
PAS-cap (∆2-26) slows the activation kinetics to 801 ± 122ms and allows the noninactivating channel to inactivate. When Ca2+ is raised, the ∆2-26 hEAG1 current
increases by 1272.7 ± 197.1%. In this study we address, at the amino acid level, the
interactions behind the PAS-cap’s role in regulating hEAG1.

We also address whether the Ca2+ sensitivity and intracellular domains of
hEAG1 influence its effect on proliferation by using a BrdU incorporation assay. The
EAG domain and the E600 residue are important for this role as mutation of either
resulted in a reduction in the number of proliferating cells. Overall the results
suggest that PAS-cap, EAG and cNBH domain interactions regulate current
responses to Ca2+-calmodulin and that the EAG domain and E600 are important for
increased proliferation.
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1. Introduction
1.1.

Potassium channels have diverse properties and regulate a
variety of cellular functions
There are over 70 different genes coding for individual potassium (K+)

channel subunits with the potential for different combinations forming homomeric

or heteromeric channels (Jentsch, 2000; Gutman et al., 2005). K+ channels are

membrane proteins whose main physiological role is to set a negative resting
membrane potential (Vm). This is crucial for controlling cellular excitability, a role

which is of the utmost importance in cell types such as neurons and cardiac
myocytes where abnormalities in electrical excitability can have dangerous
consequences such as epilepsy and long QT syndrome (Trimmer, 2015; Schmitt et

al., 2014).

Aside from their role in excitable cells, K+ channels also have well

documented roles in non-excitable cells including lymphocytes where voltage-gated
Kv1.3 channels are involved in the production of some cytokines and lymphocyte

proliferation (Koshy et al., 2014). Pathologies of the immune system such as

multiple sclerosis have been linked to overexpression of this channel (Vianna-Jorge

and Suarez-Kurtz, 2004). Some channels such as the inward rectifier KIR4.1, are
involved in maintaining an osmotic gradient via the efflux of K+ ions, as the ions flow

down their electrochemical gradient water molecules follow causing a reduction in

cell volume. KIR4.1 is expressed in the glial cells of the brain and retina. Transient

ischaemia provokes a down regulation of this channel leading to severe swelling due
to intracellular accumulation of K+ (Pannicke et al., 2004).

Whilst the majority of K+ channel activity depends upon changes in

membrane potential, there are many which additionally rely on a variety of other

cellular changes – which differ depending on the channel. The ATP sensitive K+
channel (KATP) channel detects changes in intracellular adenosine triphosphate
(ATP) concentration to modulate its activity. KATP allows the flow of K+ ions in low

ATP conditions but is inhibited by the binding of ATP as it is synthesised and the

concentration increases. This inhibits the flow of K+ ions and so makes the
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membrane potential more positive. Dysfunction of this channel has been implicated
in heart disease and diabetes (Foster and Coetzee, 2016; Koster et al., 2005).

Some K+ channels such as the acetylcholine-activated K+ channel (KACh) in the

heart are regulated by the βγ subunit of G-proteins. The subunit binds directly to the

channel and increases its activity thus having an inhibitory effect on the excitability
of cardiac myocytes (Logothetis et al., 1987; Krapivinsky et al., 1995). Other
channels can also respond to changes in intracellular calcium ([Ca2+]i) with Ca2+ ions

binding directly to regulatory domains – such as in Big Potassium (BK) channels

where ions bind to an intracellular aspartate bowl. The binding of Ca2+ ions activates
the BK channels causing an increase in K+ efflux (Ledoux et al., 2006).

Human ether-a-go-go 1 (hEAG1), also known as Kv10.1 or KCNH1 is the

founding member of the EAG family of K+ channels. It is a voltage-gated, noninactivating K+ channel almost exclusively and highly expressed in the central

nervous system (CNS), specifically the cerebral cortex, hypothalamus, cerebellum
and hippocampus but not in the corresponding glial cells (Issy et al., 2014). Studies

so far suggest that in the CNS, hEAG1 contributes to synaptic efficiency and
transmission during long trains of action potentials (Mortensen et al., 2015). Knock-

down experiments in zebrafish show a severe disruption in in CNS development

(Stengel et al., 2012). However, knock-out experiments in mice show that foetuses

are viable and develop no significant CNS differences – both morphologically and

electrically – compared to their WT counterparts. hEAG1 expression begins after

birth and reaches a maximum in adult mice and there are no detected compensatory
upregulation of other channels in the KO mice (Ufartes et al., 2013). This would

indicate that in higher organisms the role of hEAG1 in development is not vital and
may be an example of system redundancy or that the channel is required under

specific conditions. hEAG1 is another example of an ion channel regulated by [Ca2+]i.
Ca2+ ions bind to calmodulin which in turn interacts with the intracellular domains
of hEAG1 leading to inhibition of the channel. This difference between the regulation

of BK and hEAG1 channels by Ca2+ ions shows that K+ channels are not targeted

equally by the same effector (Schönherr et al., 2000).

2

1.2.

Intracellular structures of hEAG1 regulate channel gating and
Ca2+ sensitivity
hEAG1 belongs to the large family of voltage-gated K+ channels, are

tetrameric, with each subunit sharing the same transmembrane structure consisting
of 6 transmembrane α helices (Figure 1.1).

The voltage-sensing domain of hEAG1, as well as many K+ channels, is formed

from S1-S4 and the K+ selective pore is formed by the co-assembly of the S5-S6
domains from the four channel subunits. The S1-S4 domain contains charged amino

acids that sense a change in voltage across the membrane causing a conformational

change in the channel as the helices move relative to the voltage. Depolarisation

causes an alteration in the conformation of the voltage sensor that is linked to the

opening of the channel pore and the efflux of K+, whilst hyperpolarisation has the

opposite effect. S5 and S6 are connected via a P-loop that forms and positions the K+
selectivity filter, which is usually a GYG motif but is a GFG motif in the case of hEAG1,

that in the tetrameric channel, creates an oxygen cage of the correct dimensions to
selectively pass K+ ions and exclude others (Schönherr et al., 2000).

S6 forms the inner helices of the pore, which bend at the flexible hinge

position, allowing cytoplasmic ends of the inner helices to “splay” apart to open the
pore. S6 thus forms the activation gate of the channel.
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1.2.1. hEAG1 has unique intracellular structures shared by the EAG
family
The EAG family of K+ channels consists of 3 subfamilies; EAG – consisting of

EAG1 and EAG2 –, ether a-go-go related gene (ERG, Kv11) – ERG1 to 3 –, and EAG-

like potassium (ELK, Kv12) – ELK1 to 3. This family of channels has a highly

conserved subset of intracellular domains that regulate their activity including an
N-terminal EAG domain and a C-terminal cyclic nucleotide binding homology

domain (cNBHD). hEAG1 additionally contains 3 Ca2+-calmodulin binding domains,
1 in the N-terminus and 2 in the C-terminus (Morais-Cabral and Robertson, 2015)
(Figure 1.1).

1.2.2. hEAG1 shows no sensitivity to cyclic nucleotides
hEAG1 is somewhat related to both cyclic nucleotide gated (CNG) and

hyperpolarisation-dependent cyclic nucleotide-gated nonselective cation (HCN)

channels. This is because it contains a cNBHD that has a degree of sequence
homology to the cyclic nucleotide binding domain found in CNG and HCN channels

(Carlson et al., 2013b). The cNBD in CNG and HCN channels allows them to alter
their activity based on the intracellular concentrations of cyclic nucleotides
including cAMP and cGMP (Craven and Zagotta, 2006).

The cNBHD of hEAG1 has no physiologically relevant sensitivity to cyclic

nucleotides, with KD values >50µM. This lack of sensitivity is down to the loss of

conservation throughout the EAG family of the residues present in CNG and HCN
that are required for cyclic nucleotide binding (Marques-Carvalho et al., 2012).

Instead, two residues - Y672 and L674 - originate from a portion of the C-terminus

and occupy the space where a cyclic nucleotide would bind. These residues are

highly conserved in the EAG family. Because of the C-terminal origin of these

residues, the channel is said to be “self-liganded”. This is known as the intrinsic

ligand and it almost exactly conforms to the dimensions of a cyclic nucleotide

(Morais-Cabral and Robertson, 2015). The combination of the intrinsic ligand and
lack of conserved cyclic nucleotide binding residues is what renders hEAG1
insensitive to cyclic nucleotides.

Substituting Y672 and L674 for alanine residues displaces the intrinsic ligand

and causes the voltage dependence of activation to shift to more depolarised
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potentials. This points to a physiological role for the intrinsic ligand as being
involved in gating kinetics (Carlson et al., 2013a).

1.2.3. The PAS domain is an important regulator of ERG channel
function
The EAG domain of hEAG1 comprises the first 135 residues of the protein. It

is further broken down into a Per-Arnt-Sim (PAS) domain (27-135) and a PAS-cap

(1-26). PAS domains are common structural domains named after the proteins in
which they were discovered (Moglich et al., 2009). They are found in a wide variety

of different proteins, which are known for facilitating protein-protein interactions
but have also been shown, in some cases to bind to small molecules and detect
changes in the local chemical environment such as the redox potential (Taylor and

Zhulin, 1999) and even changes in light when associated co-factors absorb blue light

(Moglich et al., 2009). Therefore the domain’s presence in hEAG1 is interesting as it
indicates the N-terminus may be able to interact with other peptides and cofactors.

A crystal structure has been reported for the murine EAG (mEAG) channel PAS
domain (Adaixo and Morais-Cabral, 2010) that bears similarity to the NMR derived

structures of the hERG PAS domain (Morais-Cabral and Robertson, 2015). These

PAS domains have no assigned small molecule to which they bind, however a cavity

of varying shape and volume is present within them (Morais-Cabral and Robertson,
2015).

PAS domain stoichiometry has been documented as an important factor in

ERG channel regulation. There exists an alternatively spliced isoform of ERG

(ERG1b) that is missing the PAS domain. This isoform can co-assemble with the
isoform containing the PAS domain (ERG1a), thereby altering the number of PAS
domain present in the tetramer. Heterotetramers activate and deactivate with faster

kinetics that the ERG1a homomer and loss of function of the ERG1b isoform in
cardiac cells, due to mutation, has been associated with long QT syndrome (Sale et

al., 2008). Mutagenesis to delete the PAS-cap in hERG showed the same acceleration

of deactivation kinetics (Muskett et al., 2011). The close sequence homology

between EAG and ERG suggests that the PAS domain in EAG has a key role in
dictating channel kinetics.
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1.2.4. The EAG and cNBH domains interact to regulate channel
activity
Deleting the entire EAG domain and even just the PAS-cap has dramatic effects

on gating kinetics in hERG and cancer-associated mutations in the EAG domain of

hEAG1 also affect its gating kinetics (Gianulis et al., 2013; Morais-Cabral and

Robertson, 2015). Gustina and Trudeau (2011) made a hERG channel mutant that
lacked the cNBHD. With this they revealed the same trend as shown by the EAG

domain deletions – an acceleration of gating kinetics – which indicates that there is

an EAG-cNBHD interaction that is important for channel gating. Mutations in both
the EAG and cNBH domains together had no additive effect on gating, meaning that
they are likely interaction partners as opposed to controlling gating via 2 distinct
mechanisms.

Fluorescence anisotropy showed that purified mEAG and cNBH domains

interacted with an affinity of 13.2 ± 2.3 µM. Resolution of a crystal structure to 2Å
shows 4 EAG domains and 4 cNBHDs from the mEAG channel in a 1:1 stoichiometry,

and an extensive contact surface with a total buried surface area of 1440Å2. This
biological unit shows the 2 domains packing against one another forming an

interface between them. Mutations associated with cancer and those that cause
changes in channel gating cluster around this interface adding weight to the

argument that they are interacting partners and that disruption of this interaction
may be pathogenic (Haitin et al., 2013).

The E600 residue of hEAG1 (E627 in mEAG) has been studied in the Mitcheson

lab. It lies along the interface proposed by Haitin et al. (2013) and is in close

proximity to the amphipathic helix found within the PAS-cap – which was

documented in hERG using NMR (Muskett et al., 2011) – indicating that this is one
of the residues involved in bridging the EAG-cNBHD interaction.

Until recently there existed no structure containing the C-linker (which connects

the cNBHD to the S6 domain), the distal C-terminus (in which 2 of the 3 Ca2+-

calmodulin binding domains reside). Whicher and MacKinnon (2016) have since
published a cryo-electron microscopy (cryo-EM) structure of the entire rEAG ion
channel with calmodulin bound in-place. This is a novel and exciting structure as it

shows the EAG and cNBHD interaction as well as how the C-linker interacts with the
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pore structure and intracellular domains (Figure 1.2). The structure clearly shows

that the C-linker interacts with both the S5-S6 transmembrane region and the
cNBHD, with the cNBHD sitting directly beneath the C-linker domain. The PAS

domain interacts almost exclusively with the cNBHD and is situated to one side and
away from the pore structure (Figure 1.2a and b).
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Data has shown the affinity of Ca2+-calmodulin for the 3 binding domains and

the Whicher and MacKinnon (2016) structure shows where calmodulin is binding
to the channel (Figure 1.3). The stoichiometry of this is one calmodulin module per

subunit monomer, so that 4 calmodulins in total can bind to the channel (Figure

1.3b). It appears from the structure that a single calmodulin monomer can span from
the BD-N1 of one subunit to the BD-C1 and BD-C2 of an adjacent subunit (Figure

1.3a) as opposed to previous suggestions that calmodulin binds only in an intra-

subunit manner. The ability of calmodulin to do this may be the reason that hEAG1
experienced such a dramatic inhibition in response to raised Ca2+. The calmodulin

bridges between two monomers and pulls the subunits together, potentially
resulting in a much more tightly packed structure than is usually experienced in the
closed state.
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The recent cryo-EM structure from Whicher and MacKinnon (2016) has

given insight into the interaction of the intracellular domains of hEAG1 but it has

also, for the first time, resolved the structure of the PAS-cap in relation to the rest of

the channel domains. Previous structures have relied on isolated domains or

simulation modelling to provide insight (Haitin et al., 2013; Lorinczi et al., 2016) as

shown in Figure 1.4. The PAS-cap contains an unstructured region (residues M1 to

P13) and a structured amphipathic helix (residues Q14 to N26) (Figure 1.4). The

cryo-EM structure shows that the PAS-cap largely sits on top of the EAG domain,
with some contact surface with the cNBHD (Figure 1.4). This agrees with previous
data that the PAS-cap interacts with the EAG and cNBH domains. Part of the
unstructured region of the PAS-cap has also been resolved in this structure and

shows it reaching up towards the transmembrane domains (Figure 1.4). The
unstructured region is unfortunately not completely solved so there is still a degree
of uncertainty as to it exact position relative to other channel domains.
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1.3.

The role of hEAG1 in the CNS and its regulation of and by other
molecules and proteins
The exact physiological and pathophysiological roles of hEAG1 have not yet

been identified. hEAG1 shows a high level of expression throughout the CNS but

does not feature significantly anywhere else in the body. This has lead researchers

to focus on its potential role in neurons and assess its protein-protein interactions
as well as its interactions with small molecules. hEAG1 has been shown to directly

interact with calmodulin as well as a wide range of other proteins (Schönherr et al.,

2000; Lorinczi et al., 2016). These other proteins include rabaptin-5, cullin 7 and

cortactin but also extends to include phospholipids (Ninkovic et al., 2012; Hsu et al.,

2017; Herrmann et al., 2012; Han et al., 2016).

1.3.1. The physiological role of hEAG1 is required during repetitive
neuronal activity
Mortensen et al. (2015) used rat cerebellum and the mAb62 anti-Kv10.1

antibody to show that there is an asymmetric distribution of hEAG1 between the

soma and synaptic terminals of parallel fibres. The highest staining was seen at the

synapse from the parallel fibres onto the Purkinje cell spines. hEAG1’s location was
further investigated biochemically using subcellular fractionation with hEAG1 being
present in the synaptosomal fraction. hEAG1 along with other presynaptic markers

was protected from proteolysis indicating that the primary area of hEAG1
expression is presynaptic.
1.3.1.1.

Activity in the post-synaptic terminal is not affected by
the loss of hEAG1
It has already been shown that K+ play a critical presynaptic role, Kv7

channels have been shown to set the resting membrane potential of the Calyx of Held

in rat brains and were also demonstrated to decrease the synaptic release
probability (pr) of the synapse (Huang and Trussell, 2011). Kv3 channels contribute

to the duration of action potentials in parallel fibres of mice and they also limit the
frequency of action potential firing, thus allowing the correct encoding of
information (Matsukawa et al., 2003).

Mortensen et al. (2015) expanded on this information and tested whether

WT or Kv10.1-KO mice showed differences in their synaptic transmission. They

showed that the interval between synaptic events was no different in the WT
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compared to the KO indicating that the basal pr and the resting Ca2+ concentration
were not affected by the lack of hEAG1. The amplitude of the excitatory post-

synaptic current (EPSC) was also not changed between WT and KO mice meaning
that the post-synaptic compartment is not affected by the loss of hEAG1.
1.3.1.2.

Accurate high frequency action potential firing is
dependent on hEAG1
2+
Two-photon Ca imaging by Mortensen et al. (2015) showed that single

action potentials elicited by injection of current pulses lead to a transient increase
in the fluorescent signal in both WT and KO mice. Increasing the number of action
potentials doubled the fluorescence in both models whilst increasing the frequency

from 50Hz to 100Hz did not cause any further change in the WT mouse. However
increasing the frequency to 100Hz in the KO increased the peak fluorescence

indicating that hEAG1 could be repolarising action potentials based on the
frequency of action potentials.

Mortensen et al. (2015) have showed that the initial pr is not altered between

WT and KO mice which means hEAG1 is not involved in repolarising single action

potentials. However, they showed increasing hEAG1 currents in HEK cells following
repeated stimulations of 50Hz to mimic action potentials. This indicates that hEAG1

activates during trains of action potentials and contributes to repolarisation under
these conditions. Trains of action potentials are likely to cause inactivation of other

Kv channels. However, hEAG1 does not inactivate and the repeated depolarisations

will accelerate activation kinetics, increasing the amount of hEAG1 current. This will
allow the accurate encoding of information at high frequency firing.

1.3.2. hEAG1 localises to the plasma membrane but is also present
in the inner nuclear membrane
hEAG1 has been shown to express as a plasma membrane protein from GFP-

tagged proteins and patch clamp experiments (Schönherr et al., 2000; Goncalves and

Stuhmer, 2010). Some antibody staining experiments have also shown signals
around the nuclear envelope of HEK293 cells transiently expressing hEAG1

(Goncalves and Stuhmer, 2010). This lead to the question of whether hEAG1 is
functional in this location.
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The nuclear envelope is a 2-layer membrane structure that encloses the

nucleus, it is formed of the outer nuclear membrane (ONM), the inner nuclear
membrane (INM) and the perinuclear space sits between them. Structurally the

ONM is connected to the endoplasmic reticulum (ER) but shows a completely
different protein composition. The perinuclear space is an extension of the lumen of
the ER (Schirmer and Gerace, 2005). There is debate as to whether the nuclear pore
complex (NPC), which allows the trafficking of soluble molecules <40kDa, has any

permeability to ions. If not, then a potential difference will be set up across the
nuclear envelope between the cytoplasm and the nucleoplasm (Chen et al., 2011).

Other ion channels have been discovered to have INM expression including

Cl- channels and a channel able to conduct both Ca2+ and Zn2+ ions (Rousseau et al.,

1996; Longin et al., 1997). Based on this knowledge, Chen et al. (2011) conducted

extensive in vitro immunostaining for hEAG1 in neurons, transfected cells and

tumour cell samples as well as monitoring hEAG1 in vivo using the fluorescent label
DsRed in a range of different cell types. These experiments showed that depending

on the cell line used there was between 20-40% showing perinuclear staining. This
included cell lines that express endogenous hEAG1 meaning that its presence in the
INM is not an artefact of overexpression systems. The presence of hEAG1 in the INM
was confirmed by co-localisation staining for endogenous hEAG1 protein in HeLa

cells, which have high endogenous expression of hEAG1, and staining of lamin A/C
– proteins known to be present in the INM. hEAG1 contains a nuclear localisation

signal (NLS) in its C-terminus which are present in many proteins targetted to the

nucleus. In this case deletion of the NLS did not abolish the perinuclear staining of
hEAG1 whilst preserving the electrophysiological properties and so the NLS is not
necessary for the presence of hEAG1 in the INM.

The INM localisation was further characterised by using Triton X-100 – if the

protein shows resistance to extraction it indicates an INM localisation due to
changes in the lipid to protein ratio. Triton X-100 removed all hEAG1-mVenus

fluorescent signals from the cytoplasm but did not affect the signal from the
perinuclear region. Subcellular fractionation of isolated rat brain nuclei showed that
after removal of the ONM by citraconic anhydride, the nuclear fraction showed high

levels of hEAG1 as well as lamina-associate polypeptide 2 – a well-known INM
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protein (Dechat et al., 2000). This suggests that hEAG1 is present in the INM in
physiological conditions of rat brain samples and is not just an artefact of

overexpression. This indicates that hEAG1 has a physiological role at the INM in

tissues that express it and may be part of the mechanism by which hEAG1 influences
cancer cell proliferation.
1.3.2.1.

hEAG1 is transported to the INM from the plasma
membrane and is functional
Chen et al. (2011) went on to ask whether hEAG1 is targeted to the INM

directly from the ER or whether it is first trafficked to the plasma membrane and
later transported back to the INM. Surface biotinylation assays of hEAG1-expressing

HEK293 cells showed that biotinylated hEAG1 was present in nuclear fractions and
that it was resistant to extraction by Triton X-100 indicating that modified hEAG1 is

transported back from the plasma membrane to the INM.

The presence of hEAG1 protein in the INM has been established but this does

not indicate whether or not it is functional. Chen et al. (2011) continued their study

by recording single channel currents from isolated HEK293 cell nuclei. They

removed the ONM to expose the INM where hEAG1 was shown to be present and
used EGTA throughout the purification process to try and remove calmodulin from

hEAG1. NPC blockers were also used to uncover the smaller currents of hEAG1.

Channel activity fitting that expected of hEAG1 was detected, the activation time

constant was dependent on the pre-pulse potential and the current was inhibited by
5µM astemizole indicating that the channel responsible was hEAG1.

Whilst hEAG1 is present and functional at the INM, it is unclear what its role

there may be. It has been suggested that proteins in the INM may alter gene
expression by binding to and sequestering transcription activators or repressors

but also by having a more direct role by binding to chromatin (Heessen and
Fornerod, 2007). Plasma membrane hEAG1 has been shown to relocate to the INM

and this may be important for the channel’s role in cancer by altering gene

expression. Reductions in intracellular K+ concentrations have been linked to the

destabilisation of the DNA G-quadruplex structure which normally prevents the

transcription of the genes around it. This destabilisation allows the affected genes
to be transcribed and is therefore a potential mechanism for how hEAG1 could affect
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gene expression (Tateishi-Karimata et al., 2018). This would not be too dissimilar to

voltage-gated Ca2+ channel where the C-terminal end can be cleaved and goes on to
act as a transcription factor (Gomez-Ospina et al., 2006).

1.3.3. hEAG1 is found in both detergent-resistant and nondetergent-resistant membrane domains
There is an increasing body of evidence that ion channels are specifically

targeted to discrete locations within the plasma membrane. This separation acts to
contain electrical excitability, as is the case with various neuronal K+ channels
(O'Connell and Tamkun, 2005), but may also have a role in grouping members of a
signalling cascade together. The plasma membrane can be divided into two main

fractions, detergent-resistant membrane (DRM) and non-detergent-resistant
membrane (non-DRM) (Jimenez-Garduno et al., 2014). DRMs – also called lipid rafts

– have a much higher lipid to protein ratio than other regions of the membrane

(Magee and Parmryd, 2003). These regions bring together membrane components
of signalling cascades so the efficiency of that cascade is improved (Simons and
Toomre, 2000). Some ion channels, including BKCa, TRP1, Kv1.3 and Kv2.1 have
been found to be exclusive to DRMs (Bravo-Zehnder et al., 2000; Lockwich et al.,

2000; Bock et al., 2003; Martens et al., 2000) whilst others such as Kv3.2 and Kv4.2
are excluded from the DRM domains (Xia et al., 2007; Martens et al., 2000).

hEAG1 is found in both the DRM and non-DRM fractions of mice neurons

which indicates that hEAG1 exists in at least two separate fractions (JimenezGarduno et al., 2014). This raises the possibility that hEAG1 existing in different

membrane regions and means that hEAG1 may be part of separate signalling
cascades.

1.3.3.1. hEAG1 distribution is influenced by Ca2+-calmodulin
Jimenez-Garduno et al. (2014) showed that the distribution of hEAG1

between the DRM and non-DRM fractions is influenced by the interaction of Ca2+-

calmodulin. WT hEAG1 has a DRM/non-DRM ratio of 0.79 ± 0.13, whilst a mutant
version of hEAG1 that is lacking the second C-terminal calmodulin binding domain

has reduced DRM/non-DRM ratio of 0.23 ± 0.04. This data shows that the binding

of Ca2+-calmodulin to hEAG1 helps to sequester the channel in the DRM fraction of
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the membrane, which may have consequences for signalling cascades featuring
hEAG1.

1.3.3.2.

The composition of the membrane affects hEAG1
current density
Cholesterol is a component of the DRM membrane fraction and has been

shown to influence the kinetics of other ion channels (Levitan et al., 2010). Depletion
of membrane cholesterol in HEK293T cells using methyl-β-cyclodextrin (MβCD) did

not affect which fraction hEAG1 was found in. However, Jimenez-Garduno et al.
(2014) showed that the current density of hEAG1 increased 2-fold after incubation
with MβCD but that the 20-80% rise time was not changed following cholesterol

depletion. This is interesting as it suggests that the lipid composition of the

membrane can alter the activity of hEAG1, depending on which subdomains it is
sequestered in. It has already been shown that Ca2+-calmodulin moves hEAG1 to

DRM regions (Jimenez-Garduno et al., 2014) so it could be that other proteins also
have this effect to modulate hEAG1 activity and cascades it is involved with.

1.3.4. hEAG1 binds to and activates calcium-calmodulin dependent
kinase II (CaMKII)
CaMKII is a protein kinase targeting serine/threonine residues of its effector

proteins and its activity is regulated by the binding of the Ca2+-calmodulin complex.
CaMKII has been shown previously to regulate neuronal excitability and the activity

of ion channels (Liu and Murray, 2012). EAG1 has already been shown to be an in
vivo target of CaMKII in Drosophila neurons where it phosphorylates the T787
residue of dEAG1 and likely influences dEAG1’s role at the neuromuscular junction

(NMJ) (Wang et al., 2002). In oocyte studies this phosphorylation was shown to
increase the current amplitude vs a T787A mutation where CaMKII had no effect on
hEAG1 current (Wang et al., 2002).

1.3.4.1. hEAG1 and CaMKII exist in a complex in neurons
Sun et al. (2004) conducted a study in which they wanted to find out if CaMKII

could locally regulate EAG function. They showed that Drosophila EAG and CaMKII
were part of a complex existing in neurons by immunoprecipitation from WT flies.

Flies that lacked expression of EAG (eagsc29) did not precipitate CaMKII, however

precipitation performed in the presence of Ca2+ as opposed to EGTA/EDTA,
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enhanced the amount of CaMKII that co-precipitated with WT EAG. This would
indicate that Ca2+ may improve the interaction between the two proteins.
1.3.4.2.

Ca2+-calmodulin is needed initially for CaMKII to
interact with hEAG1
Sun et al. (2004) was the first to show that CaMKII interacted with the C-

terminal end of EAG, residues 556-1174, and this interaction relied on the presence
of Ca2+-calmodulin because the C-terminal fragment and CaMKII could not interact
in an EGTA-buffered solution (Sun et al., 2004). However, when CaMKII and the C-

terminal fragment were first placed in a solution containing Ca2+-calmodulin and
then washed in EGTA, the CaMKII-C-terminus (556-1174) complex is stable even

after the removal of calmodulin by EGTA washes, indicating that the EAG-CaMKII

interaction may persist and be physiologically relevant even after Ca2+ levels return

to basal levels. In light of this, it is necessary for CaMKII to be activated by Ca2+-

calmodulin in order for it to be able to interact with Eag. Sun et al. (2004) showed

this by using a mutant CaMKII (T306D/T307D) that cannot bind to calmodulin and

was shown to be unable to bind to EAG under any Ca2+ or EGTA conditions. The
T287D mutation leaves CaMKII constitutively active and able to bind EAG in the
absence of calmodulin, indicating that calmodulin is needed to activate WT CaMKII
to allow the binding to EAG.
1.3.4.3.

CaMKII activity continues in the absence of Ca2+calmodulin
The group also went on to monitor kinase activity once bound to EAG using

radioactive phosphate groups from [γ32P]-ATP. Unbound, soluble CaMKII was able
to autophosphorylate in the presence – but not the absence – of Ca2+-calmodulin.

CaMKII was then bound to the C-terminal fragment of EAG in the presence of Ca2+-

calmodulin, the complexes were then washed with EGTA solution to removed

calmodulin. The EAG-CaMKII complex without calmodulin was able to both
autophosphorylate and also phosphorylate EAG indicating that Ca2+-calmodulin is
needed to stimulate the activation of CaMKII and therefore its interaction with EAG
but is not necessary once the complex has been formed.

The evidence provided here by Sun et al. (2004) points towards EAG being a

scaffold and activator of CaMKII. CaMKII phosphorylates EAG causing an increase in
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K+ current. The interaction tethers CaMKII at the plasma membrane and holds it

close to a variety of substrates. Sun et al. (2004) note that this interaction with EAG
changes the localisation of CaMKII to the membrane where it is in close proximity to

other membrane proteins and their interacting partners – thus creating defined
subcellular domains that rely less on global cellular changes and more on local
changes. The ability of CaMKII to remain bound to EAG and active after the removal

of calmodulin may indicate a persisting signalling pathway, which in Drosophila
neurons could indicate neuronal plasticity.

1.3.5. hEAG1 interacts with and is regulated by PIP2
Phosphatidylinositol 4,5-bisphosphate (PIP2) is one of several phospholipids

that consist of a negatively charged head group and two fatty acid tails. PIP2 is found

in the inner leaflet of the membrane and forms the precursor for diacylglycerol
(DAG) and inositol 1,4,5 trisphosphate (IP3), which are produced following

breakdown of PIP2 by phospholipase C (PLC) (Han et al., 2016). PIP2 is not just a

precursor and has important roles of its own including the modulation of ion
channels (Suh and Hille, 2008). PIP2 increases the phosphatase activity of the

membrane-associated tumour suppressor PTEN (phosphatase and tensin
homologue deleted on chromosome 10) and increases its associated with the
membrane (Gericke et al., 2013). PIP2 is also involved in the transmission of

electrical signals in the spiral ganglion neurons that relay information from the

cochlear hair cells. Here, PIP2 regulates the activity of heteromeric Kv1.1 and Kv1.2
potassium channels to fine tune the output from the cochlear nerves (Smith et al.,
2015).

1.3.5.1. PIP2 inhibits hEAG1 channels
Han et al. (2016) provided a body of evidence that both exogenous and

endogenous PIP2 inhibits the hEAG1 current. Addition of 3µM brain-derived PIP2
caused a rapid and large inhibition of hEAG1 current when applied to the
intracellular side of excised patches. The IC50 for hEAG1 inhibition was 0.35 ±

0.01µM. The group also tested an analogue of PIP2, diC8-PIP2, which also inhibited
the channel but with an IC50 value of 18.6 ± 0.6µM. PIP2 is a 12-carbon chain fatty
acid whilst diC8-PIP2 has an 8-carbon fatty acid tail. The IC50 differences indicate
that the length of the carbon chain is important for the role of PIP2.
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Han et al. (2016) also showed that hEAG1 is under tonic modulation by

endogenous PIP2. They set up a hEAG1 stable HEK293T cell line and a rapamycininduced translocation system that uses a GFP labelled PLC enzyme (PLC-GFP) which

is bound the PIP2 at the membrane. The rapamycin translocation system is designed
as a genetic tool whereby addition of rapamycin induced the translocation of
phosphoinositide 5’-phosphatase (PI 5’-phosphatase) to the membrane. Here it

rapidly removes the 5’ phosphate from PIP2 thereby degrading it and removing its
influence. The degradation of PIP2 was monitored by a GFP-tagged PLCδ enzyme.

100nM rapamycin induced a translocation of the GFP signal away from the

membrane – indicating that PIP2 had been broken down by the PI 5’-phosphatase –

but also showed an increase in hEAG1 current as measured by whole cell patch
clamp. This data shows that hEAG1 is under tonic regulation by PIP2 in these cell
lines.

The group went on to show that hEAG1 current is increased by endogenous

neurotransmitter signalling. They transfected the hEAG1-HEK293T cell line with the
serotonin receptor 5-hydroxytryptamine receptor 2A (HTR2A). This is a Gαq coupled
GPCR that activates PLC to breakdown PIP2 as part of its normal signalling pathway.

To avoid the inhibition of hEAG1 by increased intracellular Ca2+ (via the IP3
pathway), 10mM BAPTA was used to chelate the released Ca2+. 100µM serotonin

induced a translocation of PLCδ-PH-GFP from the membrane and increased hEAG1
current when measured in whole cell patch clamp. This experiment shows that

hEAG1 current can be modulated by PIP2 and that receptor signalling that leads to

the hydrolysis of PIP2 has an effect on the amplitude of this current. It is also
interesting to consider that in an endogenous setting, Gαq G-proteins will activate a
signalling pathway that ultimately ends with an increase in intracellular Ca2+, which

will inhibit hEAG1 in the place of the newly hydrolysed PIP2. This indicates that
hEAG1 is under tight control by more than one second messenger and that this may
be important for its role in both neurons and in cancer. Whilst not much progress

has been made in this area of the field, it is interesting to consider that hEAG1 may
be under additional regulation by a membrane phospholipid.
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1.3.5.2. PIP2 binds directly to hEAG1
PIP2 may bind directly to the channel, as it does to the EAG-family member

hELK1 (Li et al., 2015), or it may be acting indirectly via formation of distinct lipid
rafts. Han et al. (2016) used biolayer inferometry (BLI) to show that PIP2 binds

directly to the hEAG1. BLI measures optical interference caused by binding events
and it also showed that the kinetics of binding were faster with increasing
concentrations of PIP2 (Han et al., 2018). The KD value obtained from BLI was 0.35

± 0.04µM, which is similar to the IC50, obtained from excised patch experiments
(Han et al., 2016).

PIP2 binds directly to hERG1, increasing the current, by interacting with a

series of positively charged residues in the distal C-terminus (Bian et al., 2004). This

region is conserved in hEAG1 so Han et al. (2016) generated a mutant in which this

region was deleted. This channel showed no difference in its response to PIP2
depletion than the WT channel indicating that this region is not required for PIP2

binding. PIP2 has previously been shown to interact with other ion channels,
including KCNQ and TRPC channels (Delmas and Brown, 2005; Kwon et al., 2007).

Here the PIP2 binding sites were found to overlap with the binding sites for

calmodulin. Han et al. (2016) deleted each of the 3 calmodulin binding sites
individually and showed that only the mutant missing the N-terminal binding site
was non-responsive to changes in PIP2 levels. There was also no BLI signal for
binding for this mutant indicating that the binding site lies either partially or fully

within the N-terminal calmodulin binding site. The group went on to test PIP2 in
combination with Ca2+-calmodulin to see if the binding of one affected the other.

0.5µM PIP2 was used which caused a 50% reduction in hEAG1 current, Ca2+calmodulin complexes where then added which increased the hEAG1 current

inhibition to almost 100%, indicating that PIP2 and Ca2+-calmodulin have additive
effects and may function together.

1.3.6. The epidermal growth factor receptor (EGFR) regulates
hEAG1
EGFRs are monomeric, transmembrane receptor tyrosine kinases that are

activated by extracellular ligands such as epidermal growth factor (EGF) among
others (Downward et al., 1984). Upon binding of the ligand the monomer dimerises

to generate intrinsic kinase activity that autophosphorylates the dimer. This
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phosphorylation of the dimer activates a variety of signalling pathways leading to
cell proliferation (Oda et al., 2005). Platelet-derived growth factor receptors

(PDGFRs) along with EGFRs are in the family of receptor tyrosine kinases. PDGFRs
share many cellular roles with EGFRs including; cell differentiation and proliferation

(Heldin et al., 1998). Both EGFRs and PDGFRs are heavily implicated in a range of
cancers including; gliomas, ovarian and lung (Lu et al., 2016; Farooqi and Siddik,

2015).

1.3.6.1.

hEAG1 is regulated by EGFR kinase but not PDGFR or
Src kinases
Previous data has shown that the EAG-family member hERG1 can have its

activity inhibited by phosphorylation by EGFRs as well as the related protein
tyrosine kinase, Src (Zhang et al., 2008). The effect of protein tyrosine kinases on
hEAG1 was tested with 3 specific inhibitors – AG556 for EGFRs, AG1295 for PDGFRs

and PP2 for Src kinases – for their effect on whole cell hEAG1 currents. Only

inhibition of EGFRs by AG556 inhibited hEAG1 currents. Inhibition of PDGFRs and
Src had no effect. Inhibition of phosphatase enzymes reversed the effect caused by
AG556 but did not affect hEAG1 current when used alone. This indicates that the

reduction in hEAG1 current is down to inhibition of EGFRs and not direct channel
block (Wu et al., 2012b).
1.3.6.2.

hERG and hEAG1 bind to and activate SHP-1
phosphatase
Contrastingly, more recent data showed that both hERG and hEAG1 were

regulated by Src kinase by use of the Src inhibitor, PP1. 10µM PP1 inhibited hEAG1

current by 44% without affecting either the voltage dependence or the inactivation

rate (Schlichter et al., 2014). Schlichter et al. (2014) went on to show that hERG
contains an immune-receptor tyrosine inhibitory motif (ITIM) in the C-terminus and

that this motif was conserved between all members of the EAG family. ITIMs contain
a tyrosine residue that is targeted by Src kinases and once phosphorylated this

allows the binding of phosphotyrosine phosphatases such as Src-homology

phosphatase 1 (SHP-1) that remove phosphate groups from target proteins (Barrow
and Trowsdale, 2006) including hERG and hEAG1 (Schlichter et al., 2014).
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Schlichter et al. (2014) performed co-immunoprecipitation with hERG and

SHP-1 as well as a mutant hERG channel in which the ITIM had been deleted (ΔITIM-

hERG). This data showed that WT hERG and not ΔITIM-hERG co-precipitated with
SHP-1. The group also showed that the tyrosine within the ITIM (Y829) had to be

phosphorylated for co-precipitation with SHP-1 to occur. Using the SHP-1 substrate,
ρ-nitrophenol phosphate, Schlichter et al. (2014) showed that only hERG with a
phosphorylated ITIM could activate the phosphatase activity of SHP-1. This is the

first evidence of an ion channel being able to bind to and activate the enzymatic
activity of a tyrosine phosphatase. The ITIM sequence is conserved across members

of EAG family, with Y666 being the conserved residue in hEAG1 (Schlichter et al.,

2014). This indicates that hEAG1 may also be able to activate the enzymatic activity
of SHP-1 although this requires further experimentation.
1.3.6.3.

hEAG1 is maximally phosphorylated under control
conditions
Western blots, using an anti-phosphotyrosine antibody, showed that use of

the EGFR specific inhibitor (AG556) reduced the amount of tyrosine

phosphorylation of hEAG1 and that addition of EGF did not change the level of
phosphorylation (Wu et al., 2012b). This data suggests that under resting

conditions, EGFRs have maximally phosphorylated hEAG1. The regulation of hEAG1

by EGFRs may be important for their role in cancer, as both have been implicated in
cell proliferation (Oda et al., 2005; Zhang et al., 2012).
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1.4.

hEAG1 is involved in cancer as well as congenital birth defects

1.4.1. hEAG1 increases cell proliferation and induces a cancerous
phenotype
Ion channels have long been linked to changes in cell proliferation and

cancer, none more so than K+ channels (Huang et al., 2012; Masi et al., 2005; Pardo
and Stuhmer, 2014).

The hEAG1 related K+ channel hERG1 is overexpressed in high-grade

astrocytoma cancers but not significantly elevated in the control, healthy tissue.
Inhibition of hERG1 by Way-123,398 – an anti-arrhythmic drug – caused a reduction

in the levels of secreted vascular endothelial growth factor (VEGF) from the
astrocytoma cells. This finding has also been supported by the use of E4031, another
hERG specific blocker, and shows that hERG1 is involved in the growth of
astrocytoma cancers (Masi et al., 2005).

One of the K+ channels that has been most intensively investigated for its role

in cancer is hEAG1. hEAG1 is highly expressed in >70% of different human cancer

types including; glioblastoma multiforme, osteosarcoma, hepatocellular carcinoma,

ovarian, head and neck, cervical and breast carcinomas where it is also almost
always present in the secondary metastases of these tumours (Martinez et al., 2015;

Wu et al., 2012a; de Guadalupe Chavez-Lopez et al., 2015; Asher et al., 2010;
Menendez et al., 2012; Hammadi et al., 2012). Intriguingly, hEAG1 is not expressed

in corresponding healthy tissue meaning that it may be possible to use it as a

diagnostic marker and therapeutic target in cancer (Camacho, 2006).

1.4.1.1. hEAG1 may be acting as an oncogene
Gene expression is deregulated in cancer cells with many gene showing

altered expression profiles. However, there is evidence that suggests hEAG1 to be

an oncogene as opposed to its expression just being due to a side effect of the

cancerous phenotype. Antisense oligonucleotides against hEAG1 have been shown
to significantly reduce cell proliferation and also decrease DNA synthesis – as shown

by a bromodeoxyuridine incorporation (BrdU) assay. This indicates that hEAG1
plays a role in the increase in DNA synthesis seen with rapidly proliferating cells.
The same study also showed that hEAG1-tranfected Chinese Hamster Ovary (CHO)

cells implanted into immune-deficient mice grew rapidly into aggressive tumours.
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These effects were specific to hEAG1 because CHO cells transfected with Kv1.4 –

another voltage-gated K+ channel – did not proliferate nearly as fast and tumours

arising from implanted cells were much less aggressive. In culture, the hEAG1
transfected cells showed many of the hallmarks of cancer; loss of contact inhibition,
ability to grow in low serum media and in low-levels of growth factors, the same
could not be shown for the Kv1.4 transfected cells (Pardo et al., 1999).

1.4.1.2. hEAG1 controls cell cycle transitions
Cancer is often described as a loss of control of the cell cycle, meaning that

cells miss vital check points that would usually induce apoptosis. Cell changes at the
end of each phase of the cycle include changes in; cell volume, [Ca2+]i, and Vm with
ion channels potentially playing a role in each of these (Blackiston et al., 2009). In

HeLa cells, [Ca2+]i rises gradually throughout G1 and peaks at the transition with S

phase, and repeats this pattern through G2 into M phase where it remains high until

the completion of mitosis (Urrego et al., 2016). Vm changes throughout each stage of

the cell cycle in a range of cell types due to either the change in expression or activity

of different ion channels (Blackiston et al., 2009). In MCF-7 cells, K+ channels are

more highly expressed just prior to the S and M phase transitions whilst Cl- channels
show more activity during G2 phase (Ouadid-Ahidouch et al., 2004; Pardo et al.,

1998; Valenzuela et al., 2000). The presence of K+ channels causes a

hyperpolarisation of the membrane producing a large inward driving force for Ca2+

ion entry (Ouadid-Ahidouch and Ahidouch, 2013). This depolarisation of the

membrane is a factor known to drive the cell cycle forwards and is important to
recognise due to the unique interplay between Ca2+-calmodulin and hEAG1 (Yang
and Brackenbury, 2013). It is also interesting to speculate that overexpression of

hEAG1 may further increase this driving force leading to sudden, uncontrolled Ca2+

influxes. The Ca2+ influxes would then lead to the inhibition of hEAG1 via calmodulin

binding, thus maintaining the depolarised membrane potential characteristic of
cancer cells. However, the link between hEAG1’s regulation by Ca2+-calmodulin and
its role in proliferation has yet to be tested.

Experiments conducted in synchronised HeLa cells show that the E2F1

transcription factor – which is known to have a responsive element within the

promoter of hEAG1 – is under repression by retinoblastoma protein (pRb). Release
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of this repression by hyperphosphorylation of pRb occurs at the G1/S transition,
allowing E2F1 to reach maximal expression and increases the transcription of
hEAG1 so that its peak expression occurs just prior to G2/M. This was also true in
non-transformed cells, indicating that hEAG1 expression is normally stimulated

during this stage of the cell cycle and perhaps that this signalling pathway is
somehow mis-regulated in cancer cells (Urrego et al., 2016).

1.4.1.3. K+ ion flux is not required for the effects of hEAG1
hEAG1 has been shown to increase cell proliferation when transfected into

non-cancer cell lines and inhibition of hEAG1 current using the channel blocker

astemizole reduces proliferation (Pardo et al., 1999). It would be naïve to think that

it is solely the K+ conductance that contributes to the cancer phenotype seen with
hEAG1 transfection otherwise any K+ channel would show the same effects. Hegle et
al. (2006) made use of a non-conducting mutant F546A hEAG1 – a highly conserved

residue within the selectivity filter of the channel that when mutated causes

abolition of ionic conductance. NIH 3T3 cells were transfected with WT hEAG1,
hEAG1-F456A and an empty vector control. The mutant increased cell proliferation

significantly compared to the vector control and to a similar extent as the WT
channel. This evidence suggests that K+ flux cannot solely account for the increase

in proliferation induced by hEAG1. They also continued on to show that Ca2+ influx

is not an essential downstream component of hEAG1 signalling. By incubating

transfected cells in EGTA-buffered solution they showed that hEAG1-induced
proliferation was not significantly altered between the low and standard Ca2+
solutions – again this was true for the WT channel and the F456A mutant.

The mechanism by which hEAG1 acts is still not understood, Hegle et al.

(2006) suggest that the p38 mitogen-activated protein kinase pathway (p38MAPK)

may be involved. They showed that WT hEAG1 and the F456A mutant doubled the

phosphorylation of p38MAPK compared to controls in the NIH 3T3 cell line. They also
used a specific p38MAPK inhibitor to test if p38MAPK activity was required for

proliferation. The inhibitor blocked the proliferation induced by the channel where

inhibitors of other MAPKs such as p42 and p44 had no effect on proliferation, linking
the p38 pathway with the hEAG1 induced proliferation. The use of the F456A
mutant in this case also shows that activation of this pathway does not require K+
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flux and suggests a non-canonical function of the channel. Whilst this is an
interesting find, the specific interactions linking hEAG1 overexpression with
p38MAPK activation have yet to be identified.
1.4.1.4.

The position of the voltage sensor is important for hEAG1
to increase cell proliferation
Hegle et al. (2006) also provide data regarding the voltage sensor of hEAG1

and its role in proliferation. They have shown that the conductance of hEAG1 is not

crucial to increase proliferation, they then predicted that changes in extracellular K+
should therefore not affect hEAG1-induced proliferation. Increasing extracellular K+

by 10mM increased proliferation of vector controls but reduced the proliferation of
cells expressing hEAG1 down to control levels. Increasing extracellular K+

depolarises the membrane leading to conformational changes in the voltage sensor,
even in non-conducting mutants. The hEAG1 data predicts that by increasing the

number of open channels, by depolarising the membrane, that the proliferation
should be reduced.

Hegle et al. (2006) went on to test two mutants of the voltage sensor, EAG-

TATSSA (T449S/K460S/T470A) and EAG-HTEE (H487E/T490E). Both mutants

shifted the V0.5 value to negative potentials compared to the WT channel. Both

mutants increased the proliferation of NIH3T3 cells to the same extent as WT hEAG1

and all mutants resulted in negative resting membrane potentials in oocytes. The
mutant conveying non-conductance, F456A, was introduced into the two voltage

sensor mutants. This switched the resting membrane potential to more depolarised
potentials since the channels can no longer pass K+ to repolarise the membrane. The

two non-conducting voltage sensor mutants did not change the proliferation of cells

over control levels. This indicates that the voltage sensor needs to be in a closed
conformation in order to affect cell proliferation. Changes in surface and total
expression were ruled out indicating that the proliferative ability of hEAG1
expressing cells is dependent on the conformation of hEAG1’s voltage sensor.

1.4.1.5. hEAG1 impacts on survival prognosis
hEAG1 expression promotes cancerous properties and has the ability to

allow transfected cells to grow into tumours when xenografted into mouse models.

The effects of hEAG1 protein on human tumours has also been documented. 85.3%
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of patients with brain metastases and 77.5% with glioblastoma multiforme showed
hEAG1 expression. Those with low levels of expression had a median survival of 13

months compared to 6 months if expression levels were high (Martinez et al., 2015).

Similar results have also been obtained for ovarian cancer patients. Those with high

levels of hEAG1 expression – as determined by immunohistochemistry – had a poor
survival rate of 13.8 months compared to 24.1 months with low expression (Asher

et al., 2010). There was no hEAG1 expression in matched, healthy ovarian

epithelium. High expression of hEAG1 was also associated with residual disease
following surgery which in turn correlated with a much poorer outcome (Asher et

al., 2010). Taken together there is evidence showing that the expression of hEAG1
correlates to a poor survival rate.
1.4.1.6.

hEAG1 has potential as a therapeutic target and early
tumour biomarker
Asher et al. (2010) suggest that hEAG1 can be used as an early biomarker for

cancer cells, since its presence is associated with poor survival rates. Its high level
of surface expression also means that it is easily accessible to staining antibodies.
Martinez et al. (2015) performed an extended study to include patients with low

hEAG1 expression who were also treated with tri-cyclic antidepressants such as

imipramine – a known blocker of hEAG1. Patients treated with antidepressants

showed a significant increase in median survival of 13 months compared to 10
months for patients with the same hEAG1 expression that did not have
antidepressant treatment.

Astemizole, a potent blocker of hEAG1 and previously used as an

antihistamine, has been used to show how targeting hEAG1 can prevent the growth

or even formation of tumours. Hepatocellular carcinoma was induced in rats using
the chemical carcinogen diethylnitrosamine (DEN). Rats treated with DEN for 12

weeks showed moderate dysplastic changes to the liver accompanied by cirrhosis.

However, rats given DEN and astemizole simultaneously showed livers comparable
with that of healthy liver – indicating that early inhibition of hEAG1 can prevent the
formation of tumours. It was also shown that rats administered DEN for 16 weeks

with the last 4 weeks containing additional astemizole therapy showed better
histological appearance to their livers compared to the group that was not given

astemizole. These results indicate that astemizole may be able to prevent the growth
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of already established tumours and therefore hEAG1 is worth further exploration as
a therapeutic target (de Guadalupe Chavez-Lopez et al., 2015).

1.4.2. Mutations of hEAG1 result in congenital, neurological syndromes
So far, two neurological conditions that stem directly from mutations in

hEAG1 have been identified, these are Zimmermann-Laband syndrome (ZLS) and
Temple-Baraitser syndrome (TBS) (Kortum et al., 2015; Simons et al., 2015).

1.4.2.1. ZLS is caused by de novo mutations in the KCNH1 gene
ZLS is a rare, autosomal dominant syndrome that is present from birth.

Symptoms of ZLS include, but are not limited to; facial deformities, hypertrichosis,
epilepsy and intellectual disability (Kortum et al., 2015). Kortum et al. (2015) used

whole exome sequencing of five subjects and their healthy parents to identify

KCNH1 as being the cause of three out of five cases of ZLS. Three distinct, de novo
mutations were identified; L352V, I467V and G469R. Genotyping of the healthy
parents further proved the de novo origin of the mutations.

Kortum et al. (2015) used a homology model to predict the outcome of each

of the mutations. They found that G469 resides in the S6 helix and that the four

residues are close to each other in the closed state and move apart in the open state.
They predicted that because the G469R mutant introduces four positive charges that
the formation of the tetramer may be impaired or that the channel may favour an

open state. Both the L352 and I467 residues are part of a hydrophobic cluster in the

open state, mutations of both these residues to valine may affect how the channel
transitions between the closed and open states.

Kortum et al. (2015) continued their investigation by recording from these

mutant channels in CHO cells. L352V and I467V produced functional channels which
did not differ in amplitude from the WT channel but did exhibit a negative shift in
the activation voltage compared to WT. These two mutants showed slower

deactivation and faster activation when compared to the WT channel whilst the
G469R mutant did not produce functional channels in CHO cells. Co-expression of

WT and G469R resulted in functional heterotetramers that had much larger

conductance at negative potentials than the WT channel homotetramer. Taken

together the data provided by Kortum et al. (2015) indicates that all ZLS-associated
mutants of hEAG1 are gain-of-function.
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1.4.2.2. TBS is also caused by de novo, gain-of-function mutations
TBS shares a lot of similar symptoms with ZLS including epilepsy and

dysmorphic facial features. Similar to the discoveries with ZLS, Simons et al. (2015)

utilised whole exome sequencing on six subjects diagnosed with TBS and their
parents. Again a series of de novo mutations were discovered that were not present
in the genes of the parents nor in any publically available genetic data.

Out of the six subjects, three all carried the I494V mutation, whilst the other

three carried one of either L489F, Q603R or K217N. All these residues are highly

conserved throughout the EAG family. Simons et al. (2015) expressed each of the
mutants in both Xenopus oocytes and HEK293T cells and found that all four

homotetramers gave functional channels. Much like the mutations identified in ZLS,

all of the mutations found in TBS had a much lower threshold of activation than the
WT channel. The voltage of half maximal activation (V0.5) for the WT channel was
+20.2mV, the V0.5 value for the mutants ranged from -13.7mV to -28.9mV and they

all showed slowed deactivation kinetics – again indicative of gain-of-function
mutations.

1.4.2.3. ZLS and TBS could be classed as ciliopathies
It is interesting to speculate how mutations of hEAG1 cause the array of

symptoms seen in ZLS and TBS. Since hEAG1-KO mice develop relatively normally,

without any physical deformities and only some mild neural hyperactivity (Ufartes

et al., 2013), it could be said that a lack of hEAG1 current can otherwise be countered
by other channel activity. However, gain-of-function mutations such as those

described here by Kortum et al. (2015)and Simons et al. (2015) have more of an
impact on the development of the foetus.

Both ZLS and TBS have overlapping symptoms with other diseases that have

been classified as ciliopathies – diseases whose known cause lies within the
dysfunction of the primary cilia (Waters and Beales, 2011). Some overlapping
symptoms include mental retardation, hypoplasia as well as orofacial and digital

malformations (Waters and Beales, 2011; Feather et al., 1997). As discussed in

section 1.5, hEAG1 has a role in disassembly of the primary cilia, Sanchez et al.

(2016) also show that hEAG1 mutant L352V causes an even bigger reduction in the
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number of ciliated cells compared to the WT channel. This indicates that disruption
of primary cilia physiology may be an underlying cause of both ZLS and TBS.
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1.5. hEAG1 is involved in the disassembly of the primary cilium
The primary cilium is an organelle found extending from the cell surface of

quiescent cells and acts within the morphogenic and growth factor signalling
pathways (Michaud and Yoder, 2006). Previously it was thought that this was just a

vestigial organelle that served no cellular purpose, since then it has been suggested

that the primary cilium acts a sensory organ and that it sequesters the centriole
when the cell is not undergoing division. Differentiated, non-dividing cells and those

in G0 present with a single primary cilium at the surface. If cells in G0 re-enter the
cell cycle their primary cilium is disassembled to allow cell division to proceed (Satir

et al., 2010). The primary cilium is present on the apical surface of almost all cell
types once they have entered G0 (Wheway et al., 2018).

1.5.1. Defects of the primary cilium are associated with disease
The importance of the primary cilium became clear when mice deficient in

Tg737, a protein that is part of the intraflagellar transport complex and whose role

is unknown (Pazour et al., 2000), were examined. These mice developed polycystic

kidneys as well as a range of other developmental abnormalities such as polydactyly

and neural patterning problems (Satir et al., 2010; Tian et al., 2017). Mutations in,

or the absence of, Tg737 result in polycystic kidney disease and death shortly after.

The primary cilia of these mice are much shorter than is to be expected and indicates

that the primary cilium is involved in important cellular functions (Pazour et al.,

2000).

Defects of the primary cilium are also associated with human disease. This is

the case with Joubert syndrome which is characterised by brain stem and cerebellar
abnormalities as well as the same polycystic kidney disease as the Tg737-deficient

mice. Renal and retinal problems are often caused by defects in the cilia and there
have been ~1000 cilia-specific proteins identified so far so mutation or loss of any

of these may have devastating effects on human health via changes in cilia function
(Waters and Beales, 2011).

1.5.2. The presence of the primary cilium may be important in cancer
It has been suggested that primary cilia act as a tumour suppressor,

potentially by sequestering the centrioles used in cell division. Experiments on
human glioblastoma cell lines show that they do not present with primary cilia
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whereas cell lines of human astrocytes do. These glioblastoma cells could not be
chemically ‘tricked’ into generating a primary cilia via serum starvation – a
technique known to induce their presence. This indicates that the primary cilia may

be acting as a tumour suppressor in these cell lines and that defects in the formation
of the cilium may be a precursor to cancer (Moser et al., 2009).

On the other hand there is some evidence suggesting the opposite, that the

primary cilia can promote tumour development. Sarkisian et al. (2014) found that

cilia were consistently present in human glioblastoma tumour biopsies as well as
primary cell lines although they also showed that serum starvation did not increase
the number of cells presenting with primary cilia. Emoto et al. (2014) found cilia in

human pancreatic ductal carcinoma biopsies and also correlated the presence of
primary cilia with a high frequency of lymph node metastasis. These data indicate
that in some cases primary cilia may be involved in the development or maintenance
of cancer although much more evidence is needed.

1.5.3. hEAG1 is a regulator of ciliary physiology
Signalling from the primary cilium may regulate the cell cycle. The

disassembly of the primary cilium appears to signal the start of the re-entry of a cell
into the cell cycle. Cells in G0 have a basal body, which is differentiated from the

centriole that acts as the site of growth of microtubules that form the primary

cilium’s structure. Disassembly of this is thought to occur before cell division begins
(Kobayashi and Dynlacht, 2011).

hEAG1 interacts with proteins known to be involved in the regulation of cilia

such as HIFα, rabaptin-5 and cortactin (Downie et al., 2008; Ninkovic et al., 2012;

Herrmann et al., 2012). It has also been shown that hEAG1 reaches peak expression

just as the primary cilium would be disassembled (Urrego et al., 2016).
1.5.3.1.

Changing the expression of hEAG1 affects the presence of
primary cilia
Sanchez et al. (2016) investigated the effect of hEAG1 expression on the

primary cilia in NIH3T3 cells. 24hrs of serum starvation doubled the fraction of

control cells showing primary cilia whereas those overexpressing hEAG1-eGFP did

not present with primary cilia at all. Similar results were also shown in other cells
lines and the use of hEAG2 – which shares 73% homology with hEAG1 – did not
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cause the same reduction in ciliated cells seen with hEAG1. This shows that the effect
seen with hEAG1 is specific and does not rely solely on the flow of K+ ions.

The human telomerase reverse transcriptase retinal pigment epithelial 1

(hTERT-RPE1) cell line shows high levels of endogenous hEAG1 and so was the

perfect candidate for knock-down experiments with siRNA (Sanchez et al., 2016). In
cells with partial knock-down of hEAG1 that were serum starved there was an

increase in the number of cells displaying cilia compared to hEAG1 expressing
control cells. Addition of the serum back into the culture medium caused cells to

rapidly disassemble their primary cilia. Overexpression of hEAG1 in this cell line did
not further reduce the number of cilia nor did it affect the length of cilia. hEAG1
knock-down cells retained cilia for much longer periods of time than the control
cells, which shows that hEAG1 speeds up the disassembly. Treatment of WT cells

with 10µM astemizole also delayed the removal of the cilia indicating that the
conformation adopted by the open channel of the K+ conductance itself is important

for hEAG1’s role.

Mutations in hEAG1 resulting in gain-of-function phenotypes have been

implicated in the syndromes Zimmermann-Laband and Temple-Baraitser. Both
diseases cause morphological changes that resemble ciliopathies and also show

mental retardation and facial abnormalities (Kortum et al., 2015; Simons et al.,

2015). Sanchez et al. (2016) generated L352V hEAG1, a mutant that has been
associated with these diseases, and transfected it into primary mouse embryonic

fibroblasts (pMEFs). The channel was active at resting membrane potentials,

consistent with a gain-of-function change. WT hEAG1 caused a reduction in the
number of cilia on pMEF cells and L352V hEAG1 caused a further reduction
indicating an additive effect.
1.5.3.2.

hEAG1 knock-out affects the Sonic hedgehog signalling
pathway in pMEF cells
Sonic hedgehog (Shh) signalling is a factor in many types of cancer, and is one

of the main signalling pathways confined of the primary cilium (Falcon-Urrutia et
al., 2015). Activation of the Shh pathway starts a cascade of signalling that changes
the amount of repressor and activator forms of glioma-associated oncogene (Gli1),
a transcription factor (Skoda et al., 2018). Sanchez et al. (2016) measured the
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amount of mRNA for Gli1 – indicating activation of the pathway – in pMEF cells that
were either WT or knock-out hEAG1 as they were obtained from the mouse genetic

hEAG1 knock-out model. These cells were starved of serum for 48hr with or without

the Shh ligand present. hEAG1-KO cells showed a much more sensitivity to pathway

activation as shown by the bigger fold-change in Gli1 mRNA levels compared to the

WT cells (Sanchez et al., 2016).

Serum-starved hEAG1-KO cells had increased basal levels of various genes

associated with the Shh pathway including Gli2 and Smo, as well as in other cascades

that interact with the Shh pathway such as TGFβ and Wnt. Addition of the Shh ligand
back into the media for 48hrs increased markers for activation of the Shh pathway
in hEAG1-KO cells and less so in WT cells. This indicates that hEAG1-KO cells have a

hyperactive Shh pathway compared to WT cells and that hEAG1 may influence the
development of cancer via the Shh pathway.

1.5.3.3. hEAG1 localises to the centrosomes and primary cilium
Up to this point the localisation of hEAG1 has only been studied in dividing

cells – those without a primary cilium. Human foreskin fibroblasts (HFFs) were used
to study the localisation of hEAG1 as they have larger cilia than other cell types.
24hrs of serum starvation induced ciliogenesis and cells were then stained with an

anti-hEAG1 antibody (Sanchez et al., 2016). hEAG1 showed localisation along rod-

like structures that also stained positively for Arl13B – a ciliary protein – which
highly suggests localisation of hEAG1 to the primary cilia. Similar experiments
conducted in hTERT-RPE1 cells show the anti-hEAG1 antibody stains discrete
regions at the base of the cilia which lack microtubules (Sanchez et al., 2016).

Sanchez et al. (2016) noted that the staining pattern observed could be the

pericentrosomal preciliary compartment (PCC) which is a store of ciliary proteins.

hEAG1 co-localised with pericentrin – a centrosome marker that interacts with
calmodulin (Flory et al., 2000) – in synchronised cells. To validate this colocalisation of endogenous hEAG1, centrosomes were purified and underwent

density gradient centrifugation. Western blotting showed that full-length hEAG1
was found in fractions also positive for centrosome and microsome markers and

was not present in the cytosolic or plasma membrane fractions – perhaps due to a
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relative dilution of hEAG1 in these locations compared to the cilia (Sanchez et al.,

2016).

1.5.3.4.

A nuclear localisation signal of hEAG1 is needed to
disassemble the primary cilium
Trafficking of proteins to and from the primary cilium requires signals

similar to those used in nuclear import and export. The C-terminus of hEAG1
contains a nuclear localisation signal (NLS) that Sanchez et al. (2016) predicted to

also function as a ciliary localisation signal (CLS). They proceeded to delete the CLS
(hEAG1ΔCLS) and demonstrated that this did not alter the electrophysiological

properties of the channel when expressed in oocytes. Immunocytochemistry

experiments showed that hEAG1ΔCLS did not localise at the primary cilia as the WT

channel had done and when transfected into NIH3T3 or hTERT-RPE1 cells

hEAG1ΔCLS did not reduce the number of ciliated cells under serum starved

conditions. This indicates that the CLS is necessary for the localisation and function
of hEAG1 in the disassembly of the primary cilium (Sanchez et al., 2016).

The authors hypothesised that the role of hEAG1 in disassembling the

primary cilium could be important for its role in cancer. Pardo et al. (1999) had
previously shown that injection of WT hEAG1 expressing CHO cells into

immunodeficient mice caused the growth of large tumours. Sanchez et al. (2016)

expanded on this by transfecting CHO cells with hEAG1ΔCLS and injecting those cells

into immunodeficient mice. The resulting tumours were smaller in size than those
expressing WT hEAG1 indicating that the CLS is important for ciliary disassembly.
The CLS provides hEAG1 with a non-canonical function as the CLS is not necessary
for electrophysiological function but is needed to mediate tumour development.

1.5.4. hEAG1 interacts with the oncoprotein cortactin
Cortactin (CTTN) is a protein involved in the polymerisation of actin and

controls the dynamics of the actin cytoskeleton (Oser et al., 2010). CTTN is regulated

by a range of kinases and so can function as part of many signalling cascades (Webb
et al., 2006; Meiler et al., 2012). CTTN knock-down experiments, in which the lack
of CTTN lead to an increased frequency of ciliated cells compared to WT cells

showed that CTTN inhibits cilia production (Bershteyn et al., 2010). CTTN has also

been heavily implicated in the invasion of a range of cancer cells including breast
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cancer, melanoma and lung squamous cell carcinoma. CTTN drives the production

of invadopodia. These are structures that cause the increase in cell migration seen
in cancer cells (MacGrath and Koleske, 2012).

1.5.4.1. CTTN directly binds to hEAG1
Herrmann et al. (2012) conducted a yeast-two hybrid screen to identify

interacting partners of hEAG1 in the brain. Eight clones were positive for interaction

with the full length hEAG1 and one was CTTN. This interaction was confirmed in
native tissues using co-immunoprecipitation. This data indicates that an interaction

is occurring in vivo. The authors also used glutathione (GST) pull-down assays to
confirm the interaction. Purified hEAG1 was able to pull-down the CTTN-GST fusion

protein but not the GST alone. In this experiment hEAG2 was also tested, this

showed some pull-down ability but the signal was much weaker when compared to
that of hEAG1 (Herrmann et al., 2012).

To find the binding site within CTTN, four protein fragments were designed

and purified as well as the full length CTTN protein. These four fragments were; the

N-terminus (N-term), the N-terminus and the helical region (N-term-H), the helical

region and the SH3 domain (HP) and the SH3 domain alone (SH3). These fragments

were tested in a GST pull-down assay with only the HP fragment being able to
interact with and pull-down hEAG1. The other fragments showed no or weak
signals. This suggests that the interaction between hEAG1 and CTTN occurs via the
proline-rich helical region of CTTN (Herrmann et al., 2012).

1.5.4.2. hEAG1 channel current is affected by the presence of CTTN
CTTN has been shown previously to affect the current of BK channels by

altering its open probability and to also alter the surface expression of Kv2.1.

Herrmann et al. (2012) went on to ask whether CTTN could be affecting hEAG1’s

current. To test this they either injected oocytes with RNA encoding human CTTN to
increase CTTN expression or a phosphorothioate antisense oligonucleotide (PTO)

shown to deplete CTTN. Current amplitude positively correlated with the presence
of CTTN, but the voltage dependence or kinetics of the channel were no different in

the control or test cells. hEAG1 current depends on the membrane potential prior to
activation – this property was also unaffected by an increase or decrease in CTTN.
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The reduction in hEAG1 current occurred in a dose-dependent manner of

CTTN depletion with an 80% reduction in current when using 5ng of PTO. A similar
reduction was seen in hEAG1-expressing HEK293 cells that had been treated with

an siRNA against CTTN. Increasing CTTN expression in oocytes over endogenous
levels did not increase the hEAG1 current, but injection of more hEAG1 RNA did,
indicating that the translation machinery was not saturated.

CTTN also has a role in rearrangement of the cytoskeleton and so may be

acting indirectly via disruptions to the cytoskeleton. CK666 is a drug used to inhibit
the Arp2/3 complex which regulates actin modelling. 50µM CK666 did not alter

hEAG1 current compared to vehicle controls indicating that CTTN interacts with
hEAG1 independently of its role in the cytoskeleton.
1.5.4.3.

The C-terminus of hEAG1 is necessary for its regulation by
CTTN
The group went on to test whether the C-terminus of hEAG1 is important for

the interaction with CTTN. They tested the effect of depleting CTTN on C-terminal
chimeras of hEAG1 and hEAG2, since hEAG2 did not interact strongly with CTTN in
the pull-down assays and the majority of the sequence disparity between the two

channels is in the C-terminus. Both channels were functionally expressed and

currents from both chimeras showed similarity to the WT channels. Currents
recorded from hEAG1 – now containing the C-terminus of hEAG2 – were not

sensitive to the depletion of CTTN, but cells expressing hEAG2 – containing the Cterminus of hEAG1 – showed a reduction in current amplitude when CTTN was

depleted. This indicates that the C-terminus of hEAG1 but not hEAG2 is responsible
for the channel’s interaction with CTTN.

Herrmann et al. (2012) generated 8 mutant versions of hEAG1 with each one

missing a different section of the C-terminus going from position 685 to 962. They
were expecting to reveal the location of the CTTN binding site by finding which

mutant showed much less current than WT. 5 of the 8 deletions showed reduced

current amplitude; Δ758-776, Δ777-818 and Δ816-890 showed only moderate

current reductions which could be further reduced by depletion of CTTN, indicating
that these regions are not involved in the binding of CTTN. Deletions Δ705-755 and

Δ933-962 showed current reductions over >90% with CTTN depletion only
39

marginally reducing the current of Δ705-755. These two deletion mutants as well as

the WT were tagged with a bungarotoxin (BTX) binding site (BBS) to measure their

surface expression. Staining against BBS was visible at the membrane for the WT

and Δ933-962 but the Δ705-755 mutant showed reduced internal staining and
minimal membrane signal.

Herrmann et al. (2012) went on to conduct precipitation experiments using

both Δ705-755 and Δ933-962 mutants to see if either could pull down CTTN. Δ933-

962 hEAG1 showed binding efficiencies similar to the WT channel. However, Δ705-

755 hEAG1 showed a reduced binding efficiency and therefore this region of the Cterminus is responsible for hEAG1’s interaction with CTTN.
1.5.4.4.

CTTN affects and stabilises the surface expression of
hEAG1 but does not affect its biophysical properties
The group continued their investigation by using non-stationary noise

analysis to test whether CTTN had any effect on the components that comprise
whole cell current – number of channels available (N), single channel current (i) and
open probability (Popen). Their results gave similar i values in control and CTTN

depletion as was the same for Popen. This would indicate that CTTN primarily affects
the number of available channels at the membrane, consistent with their previous
data.

Surface expression was monitored in oocytes via an extracellular BBS tag.

hEAG1-BBS was pulled down using BTX-biotin. Cells that were CTTN-depleted

contained much less hEAG1-BTX-biotin protein than controls indicating that less

membrane expression. Total protein levels were not different between normal and

CTTN-depleted cells indicating that the reduced surface expression was due to

effects of CTTN on trafficking or turnover at the membrane and is not reduced
protein synthesis.

Herrmann et al. (2012) also tested the localisation of hEAG1 in mammalian

cells with either normal, raised or depleted levels of CTTN. There was good co-

localisation between the Venus-hEAG1 fusion protein and the CFP-tagged CTTN in
the cell and at the membrane. Co-staining for focal adhesion kinase (FAK) showed

that hEAG1 localises at the same place and was seen in cells with normal levels of
CTTN. This co-localisation with FAK was affected when cells were treated with an
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siRNA against CTTN and staining was only present in the cell nucleus. The same
experiment was also conducted on Δ705-755 hEAG1 and hEAG2. There was weak

co-localisation between the CFP-CTTN and either of the channels, there was also no
co-staining of the channels or FAK indicating that CTTN does not interact with the
705-755 region of hEAG1 or its homologue hEAG2.

CTTN is either affecting membrane expression of hEAG1 via a trafficking

process or stably maintains the channel at the membrane once it has reached it.

Herrmann et al. (2012) argued that if CTTN was involved in trafficking, then

depletion of CTTN would reduce the amount of hEAG1 at the membrane and
therefore reduce the current. They performed injections of PTO to reduce CTTN in

oocytes. They found that if hEAG1 cRNA was injected 24hrs prior to PTO, the current

was reduced to 51% of control, but if PTO was injected before hEAG1 there was no
effect on the current compared with controls. This would indicate that CTTN was

not involved in trafficking hEAG1 to the membrane but instead maintained it there.
To test this they performed a BTX-biotin assay to measure internalisation of hEAG1.

Whilst the amount of hEAG1 at the membrane was reduced the amount of
internalised hEAG1 was not changed when CTTN was reduced. Overexpression of
CTTN had the opposite effect and reduced internalisation of hEAG1 indicating that
CTTN interacts with hEAG1 to stabilise it in the membrane.

Maintaining hEAG1 at the membrane longer than it would be under normal

physiological conditions may alter its downstream signalling. HeLa cells naturally

have high endogenous hEAG1 expression and channel knock-down reduces their
proliferation. Transfection of these cells with CTTN further increased the
proliferation due to hEAG1 remaining in the membrane for longer. Furthermore, cell

lines with endogenously high levels of CTTN were treated with an siRNA against
hEAG1, there was no change in proliferation indicating that it is the prolonged
presence of hEAG1 and not CTTN that has the effect on proliferation (Herrmann et

al., 2012). This thorough study is the first to show that hEAG1 is regulated by CTTN,
another study conducted by Sanchez et al. (2016) goes on to further explore the

channel’s regulation by CTTN but as yet there have been no other studies of this
interaction.
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1.5.4.5.

The interaction of CTTN and hEAG1 is important in
ciliogenesis
Sanchez et al. (2016) tested whether the interaction of CTTN and hEAG1 was

important for hEAG1’s role in ciliogenesis. hEAG1 knock-down increases the

number of ciliated cells compared with control. Overexpression of CTTN in hEAG1

knock-down cells reversed this effect with numbers of ciliated cells almost at the
same level as control. Overexpression of Δ705-755 hEAG1 which was previously
shown by Herrmann et al. (2012) to be the only mutant not to bind CTTN, did not

change the number of ciliated cells indicating that the interaction between CTTN

and hEAG1 is important for ciliogenesis. Sanchez et al. (2016) also showed that the
level of active CTTN which is phosphorylated was increased in hEAG1 knock-down

pMEF cells but not in WT, suggesting that activation of CTTN can compensate for a
loss of hEAG1 in terms of ciliogenesis.

Taken together, the data provided by Herrmann et al. (2012) shows that

CTTN interacts directly with hEAG1 via its HP domain and the 705-755 fragment

within hEAG1’s C-terminus. This interaction alters the whole cell current by
affecting the surface expression of hEAG1 but it does not affect its single channel

current or open probability. CTTN appears to interact with hEAG1 after it has been
trafficked to the membrane where its interaction with CTTN maintains it at the
membrane, and influences ciliogenesis.
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1.6.

Calmodulin is a Ca2+ sensing protein that regulates a wide variety of
ion channels
Calmodulin is a Ca2+ sensing protein that helps to control the [Ca2+]i but also

acts as a signalling molecule. It is ubiquitously expressed and its importance is
underlined by the identification of 3 genes (CALM1-3) that are found at independent
gene loci but encode identical proteins. Structurally, calmodulin is comprised of 2
globular regions, the N and C lobes separated by a flexible linker as shown by NMR

data (Barbato et al., 1992). Each lobe contains 2 EF-hand domains. The 2 lobes show
a difference in Ca2+ affinity of 10-fold with KD values of 10µM and 1µM for the N and
C lobes respectively (Sorensen et al., 2013).

Calmodulin interacts with and regulates a wide range of ion channels

including; members of voltage-gated Ca2+, Na+ and K+ channels (Etxeberria et al.,

2008; Simms et al., 2014; Kwon et al., 2007).

1.6.1. Calmodulin can bind to targets in high and low Ca2+ conditions
As previously stated, calmodulin has 2 EF hand domains each being able to bind

to 2 Ca2+ ions. The Ca2+ free state of calmodulin is called apo-CaM and has a much

denser structure than when it’s bound to Ca2+. Ca2+-calmodulin most commonly

interacts with its targets in a 1:1 ratio by binding to sequence motifs on the target
(Kovalevskaya et al., 2013). In some cases, apo-CaM can interact with a target

without the need to be bound to Ca2+ ions. Apo-CaM was shown to interact with

Nav1.5 channels where instead of fully interacting with the target sequence it binds

in a “semi open” state (Chagot and Chazin, 2011). This is made possible due to the

flexible linker between lobes.

1.6.2. Calmodulin regulates a variety of ion channels
1.6.2.1. Calmodulin binds to Cav1.2 in a Ca2+ dependent manner
Cav1.2 is a voltage gated Ca2+ channel, also referred to as the L-type Ca2+

channel that activates at high voltages. It is important in regulating the upstroke of
the cardiac action potential (Weiss et al., 2013). Calmodulin binds directly to the N-

terminus of the channel and causes the channel to inactivate once it has passed Ca2+
ions that have bound to and activated calmodulin. This is known as calcium-

dependent inactivation (CDI) and is an important “brake” on the system that
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prevents too much current being passed – a potentially dangerous event in cardiac
tissue (Simms et al., 2014; Ben-Johny and Yue, 2014).
1.6.2.2.

Calmodulin binds to and regulates presynaptic P/Q-type
Ca2+ channels
P/Q-type Ca2+ channels are another family of Ca2+ channels that are regulated

by calmodulin (Lee et al., 1999). P/Q-type channels – which are also referred to as

Cav2.1 – are expressed in neurons at the presynaptic terminal where they contribute
to the release of neurotransmitters (Nimmrich and Gross, 2012). The interaction

between P/Q-type channels and calmodulin was first identified by Lee et al. (1999)
using the yeast-2-hybrid system. This experiment showed that whilst P/Q-type

channels were pulled out, the related N-type channel (Cav2.2) was not, indicating
that calmodulin does not bind to all members of the Ca2+ channel family. Lee et al.
(1999) went on to show that this interaction occurs via a calmodulin binding domain
within the α-subunit and that this interaction is Ca2+ dependent.
1.6.2.3.

Calmodulin acts as an auxiliary subunit of the SK1
potassium channel
Small conductance Ca2+-activated K+ channels such as SK1 (KCa2) are

expressed throughout the CNS where they provide a long-lasting hyperpolarisation

of the membrane following a train of action potentials. These channels are not
sensitive to membrane voltage but are instead activated by an increase in
intracellular Ca2+ (Maylie et al., 2004).

Using the yeast-2-hybrid approach, calmodulin was identified as a binding

partner for SK1 and that the proximal C-terminal domain could interact with

calmodulin with or without the presence of Ca2+ ions (Xia et al., 1998). Separate

mutagenesis approaches found that it was the two N-terminal EF hands of

calmodulin that were responsible for the Ca2+ sensitivity of SK1 channels (Keen et

al., 1999).

1.6.2.4.

Calmodulin is constitutively associated with Nav1.2 and
Nav1.5 channels
+
Na channels are widely expressed throughout the body and are responsible

for the neuronal and cardiac action potential upstroke (Kim et al., 2004). Mutations
found in or around IQ binding motifs are associated with various diseases;
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mutations such as L1825P in Nav1.5 contribute to congenital long QT syndrome – a

dangerous arrhythmia of the heart (Makita et al., 2002). Additionally, the R542Q

mutant of Nav1.1 and R1902C of Nav1.2 have both been found in patients presenting
with a familial form of autism (Weiss et al., 2003). This data indicates that disruption
of calmodulin binding to Nav channels may be important in their pathophysiology.

Kim et al. (2004) provide evidence of constitutive binding of calmodulin to

two isoforms of Nav channel. They began by aligning the sequences of Nav1.2 and 1.5

with Cav1.2. They found extensive similarities between the two Na+ channels’ C-

terminal domain with the Ca2+ channel sequence. Purified Nav C-terminal domains
co-purified with calmodulin in a 1:1 stoichiometry. These complexes were able to

form in the absence of Ca2+ ions and the C-terminal peptides were able to bind with

the calmodulin mutant CaM1234 which is insensitive to Ca2+ ions. This shows that the

association of calmodulin to Nav1.2 and 1.5 is constitutive and independent of Ca2+
ions.
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1.7.

hEAG1 has been discovered to be regulated by Ca2+-calmodulin

1.7.1. hEAG1 was discovered to be expressed in the rat CNS
Ludwig et al. (1994) used Northern blots to find out which tissues expressed
rat EAG (rEAG) messenger ribonucleic acid (mRNA) and it was almost exclusively

located to the CNS. The group selectively recorded and characterised the channel

using inside-out macropatch recordings based on its lack of inactivation following
depolarisation and also characterised the channel’s activation threshold to be
between -40 and -30mV.

1.7.2. The Ca2+ sensitivity of hEAG1 is mediated by calmodulin
Meyer and Heinemann (1998) were investigating the ionic currents in SH-

SY5Y cells – a human neuroblastoma cell line and discovered the sensitivity of
hEAG1 to [Ca2+]i. They used a patch pipette containing a 830nM Ca2+ solution in the

very tip whilst the rest of the pipette contained an EGTA solution. The experiment
showed an initial profound loss of hEAG1 current as the high Ca2+ dialysed with the

cell contents. This was followed by a swift re-emergence of the hEAG1 current as the
EGTA in the remaining pipette solution sequestered the Ca2+. This study showed that

hEAG1 was highly sensitive to changes in [Ca2+]i. The same response could also be

evoked using acetylcholine to activate endogenous muscarinic M3 receptors that
couple with a Gαq G-protein to release Ca2+ from intracellular stores, indicating that

hEAG1 may be regulated by Ca2+ released by physiological signalling pathways.

Schönherr et al. (2000) went on to show that the sensitivity of hEAG1 to Ca2+

was mediated by the Ca2+ binding protein, calmodulin. They did this by excising a

patch of membrane and exposing it to 200nM Ca2+, which resulted in the loss of
current that could be recovered using an EGTA wash. However, the discovery came

when they perfused the same patch of membrane with the 200nM Ca2+ solution

again, this time there was no effect on the current amplitude indicating that a
cytoplasmic factor required for Ca2+-dependent inhibition had been removed during

the wash. They placed the membrane patch back inside the cell to expose the
intracellular surface to the cytoplasm again and this restored the Ca2+ sensitivity.

The experiment was repeated using cell lysate in place of the EGTA solution and the
inhibition by the high Ca2+ solution was preserved, adding weight to the argument

that a cytoplasmic factor had a role in the process. This was found to be calmodulin
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when the cell lysate was incubated with a synthetic peptide mimicking the
calmodulin binding site on CaMKII. This peptide sequestered calmodulin and
prevented binding to hEAG1, causing a loss of the Ca2+ sensitivity when the cell

lysate was perfused over the membrane patch. Calmodulin protein was purified and
a solution containing it and 200nM Ca2+ caused the characteristic loss of current.
These experiments also showed that calmodulin was not constitutively bound to
hEAG1 channels under low Ca2+ conditions.

1.7.3. Ca2+-calmodulin binds to intracellular domains
Ziechner et al. (2006) investigated the mechanism by which Ca2+-calmodulin

inhibited the hEAG1 current. It was previously believed that Ca2+-calmodulin

interacted with a sequence on the C-terminus. However a mutant in which the entire

hEAG1 N-terminus was deleted showed a loss of Ca2+ sensitivity. Peptide arrays
uncovered 3 intracellular binding domains (BD); BD-N1 (amino acids 151-165) of

the N-terminus, BD-C1 (amino acids 674-683) and BD-C2 (amino acids 711-721)
both of the distal C-terminus. The interactions with Ca2+-calmodulin were also
confirmed using glutathione pull-down assays.

Goncalves and Stuhmer (2010) used fluorescence resonance energy transfer

(FRET) microscopy to obtain binding affinity values for the 3 domains. BD-N1 and
BD-C2 showed high affinities with KD values of 45nM and 136nM respectively. BD-

C1 on the other hand had a low affinity with a KD value of >5µM. Ziechner et al.
(2006) used mutagenesis to show that F714S and F717S in BD-C2 prevented Ca2+-

calmodulin binding to the isolated BD-C2 peptide but did not prevent it binding to

the intact channel. F151N and L154N mutations in BD-N1 also prevented Ca2+-

calmodulin binding to the isolated peptide, but not to the intact channel. Channels
containing the mutations in BD-N1 and BD-C2, but with an intact BD-C1 were unable

to bind Ca2+-calmodulin, indicating that BD-C1 is not a main interacting partner.

The recent cryo-EM structure provided by Whicher and MacKinnon (2016)

is consistent with these studies. It shows one lobe of calmodulin interacting with
both BD-C1 and BD-C2 and the other lobe interacting with BD-N1 of a different

channel subunit. This in combination with the mutagenesis Ziechner et al. (2006)

performed suggests that calmodulin first binds tightly to BD-C2 and that contacts
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with BD-C1 only serve to stabilise the interaction of calmodulin with the BD-C2
domain.
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1.8.

Project aims and objectives
This project aims to study the role of the PAS-cap in the regulation of hEAG1

and also the mechanisms of action of hEAG1 in cancer. The first aim will be studied

using 2-electrode voltage clamp and site directed mutagenesis to manipulate the
amino acid residues of the PAS-cap. These mutants will be tested in control for their

role in regulating hEAG1 but will also be tested in high Ca2+ conditions to test how

they regulate the channel under these conditions.

The second objective is to study how hEAG1 increases proliferation as well

as looking into a role in migration and primary cilia regulation. Proliferation studies
will try to understand whether the Ca2+-sensitivity and intracellular domains of the

channel are important, whilst whether or not hEAG1 has a role in migration will be
studied. A role is primary cilia disassembly has already been shown and so we will

try to understand how the intracellular domains of hEAG1 facilitate this process and
whether or not this process relies on Ca2+-calmodulin being able to bind either
binding domain of the channel.
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2. Materials and Methods
2.1.

Reagents and Electrophysiology Solutions

2.1.1. Oocyte Isolation and Solutions
Xenopus laevis ovarian lobes obtained from the lab of Prof. Richard Evans

were digested using crude collagenase type 1A (14mg/10ml) of OR2 isolation

buffer. OR2 buffer contains (in mM): NaCl 82.5, KCl 2.5, HEPES 5, NaHPO4 1 and
MgCl2 1 (pH 7.4). OR2 solution is nominally Ca2+-free as Ca2+ inhibits the activity of

the collagenase and protease enzyme. The oocytes were left at room temperature
on a shaker for 15-30mins to remove the follicle layer that holds them together in

the lobes. Oocytes were washed using fresh OR2 buffer which was then replaced by
Barth’s solution which contained (in mM): NaCl 88, KCl 1, CaCl2 0.41, Ca(NO3)2 0.33,
MgSO4 1, NaHCO3 2.4 and HEPES 10 (pH 7.4). Oocytes were maintained at 16oC until

ready for injection with RNA.

During RNA injection, the oocytes were transferred to a modified version of

Barth’s solution, Super Barth, that contained an addition of 1mM Na-pyruvate and
50µg/ml gentamycin.

2.1.2. Recording solutions
The recording solution used for oocyte experiments was a low Cl- solution

that contained (in mM): NaMES 96, KMES 2, CaCl2 2, HEPES 5 and MgSO4 1 (pH 7.6).

This was a modified version of a chloride (Cl-) based solution where MES replaced

the majority of the Cl- ions. Extracellular Cl- was maintained at 4mM to set ECl close

to +60mV at room temperature. ECl was calculated using the Nernst equation and
assumed an intracellular Cl- concentration of 43.5mM as previously reported in

oocytes (Weber, 1999). This means there should be no net flow of Cl- ions at +60mV

thus minimising potential Cl- current contamination when pulsing to this membrane

potential. In practise however, some Ca2+ activated Cl- currents were observed in

some cells as an inward current at the tail potential of -60mV. When tail currents
exceeded 2μA the data was not included in the analysis.

For whole-cell patch clamp electrophysiology two solutions were made. The

extracellular solution contained (in mM): NaCl 140, KCl 4, CaCl2 2, MgCl2 1, HEPES 5

and glucose 10 (pH 7.4). The intracellular solution used to fill the patch pipettes
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contained (in mM): KCl 135, KOH 5, MgATP 5, HEPES 10 and EGTA 0.1 (pH 7.2). The
intracellular solution was aliquoted into 1ml volumes and defrosted as needed to

reduce time-dependent degradation of MgATP. Aliquots were kept on ice during
experiments.

All extracellular solutions were stored at 4oC and were warmed to room

temperature prior to experiments.

2.1.3. hEAG1 reagents
Ionomycin (I) and thapsigargin (T) were made up to a 5mM stock, whilst

astemizole was made up to 50mM stock, both using dimethyl sulphoxide (DMSO).

I&T and astemizole were diluted shortly before use to working concentrations of
5µM and 50µM respectively using the recording solution. Stocks were stored in a
desiccator at -20oC and working concentrations were made fresh as needed to avoid

degradation of the compounds. All reagents including those used in solutions were
obtained from Sigma UK.
2.2.

Molecular Biology

2.2.1. Vectors and hEAG1 constructs
The plasmid vector used is called pXoon, which contains the gene for GFP.

The KCNH1 gene was cloned and is under the control of the CMV promoter. The

pXoon plasmid is suitable for expression in mammalian cells as well as oocytes. The

DNA construct WT hEAG1-BBS was donated to the lab from Professor Luis Pardo of
the Max Planck Institute for Experimental Medicine. The plasmid donated was
pcDNA3 and contained the KNCH1 gene with a bungarotoxin binding site (BBS)

engineered within the extracellular S2-S3 linker. The KCNH1 gene with its BBS

addition were cloned into pXoon so that transfected cells could be identified via the
GFP expression.

2.2.2. Mutagenesis Primers
Mutagenesis primers were designed to be between 18-24 base pairs in length

and the codon mutation made to be the fewest number of bases different from the
WT sequence to increase efficiency of the reaction. All primers were ordered

through Sigma UK and re-suspended in sterile distilled water to a concentration of
51

100µM. Primers were further diluted to a concentration of 10µM prior to use in PCR
experiments.

Some plasmids required the design of sequencing primers. These were made

to be between 15-20 base pairs long. These were also re-suspended to a

concentration of 100µM and were diluted to a final concentration of 1µM for use in
the sequencing reactions.

2.2.3. Generating hEAG1 mutant DNA and RNA
PCR was conducted using the Phusion 2x master mix (NEB), 1.5μl of each

primer and 30ng/μl of WT hEAG1 template DNA. The total volume was made up to
50μl using dH2O. Both primers were added to the same reaction because this saves

having to run the programme twice, once with each primer. PCR samples were
centrifuged to mix and run according to the following PCR programme; 98oC for
2mins to denature the DNA, 95oC for 50s to split the double helix, 65-72oC for 50s

for primer annealing, 68oC for 15mins to allow for elongation of the DNA, 68oC for

10mins for the final extension of the DNA and held at 4oC until sample were

retrieved. This cycle continued for 25-30 cycles and the annealing temperature was

calculated for each set of primers to optimise the experiment using the NEB
calculator.

PCR products were run on a 1% agarose gel to confirm the molecular weight

of hEAG1 (~9.8kB). PCR products of the correct molecular weight were then
transformed into gold efficiency DH5α cells (Bioline), plated onto kanamycin agar
plates and grown overnight at 37oC. Swabs taken of single colonies were grown

overnight in 5ml kanamycin LB medium and the Isolate 2 Plasmid Mini Kit (Bioline)

was used to extract the DNA via mini-preps. Maxi-preps were used to generate purer

DNA in large quantities using the Plasmid Maxi Kit (Qiagen). DNA was quantified
using a Nanodrop and samples were sent for sequencing at the PNACL facility at the

University of Leicester. Mutants were verified by comparing the PNACL sequence
with the WT using the NCBI BLAST tool.

RNA was generated by linearising the template DNA using the XbaI

restriction enzyme in a reaction mix containing 20μl template DNA, 5μl of the NEB

CutSmart buffer and 1μl of XbaI. The reaction mix was made up to 50μl using dH2O

and was left for 4-5hrs at 37oC. The RNA was generated by using the linearised DNA
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by in vitro transcription in the Ambion mMessage mMachine T7 kit (Life
Technologies). This kit contains the four ribonucleotides as well as a unique 7-

methyl guanosine cap analogue that is incorporated in the first (5’) guanosine
position to closely mimic in vivo RNA from eukaryotes. An RNase inhibitor prevents

the breakdown of the RNA product increasing the yield. RNA was quantified using
both the Nanodrop and a 1% agarose gel containing formaldehyde which provides

denaturing conditions to prevent the single stranded RNA from forming secondary
structures. RNA was suspended in nuclease-free water (Ambion) and stored at 80oC.

2.3.

Two-electrode voltage clamp electrophysiology

2.3.1. Injection and Recording Micropipettes
Prior to cRNA injection, micropipettes were pulled using a Flaming/Brown

micropipette puller (Sutter Instrument Novato, USA. Model P-97) from glass

capillaries with a 0.53mm internal diameter and 1mm outer diameter (WPI, UK).

The tips of the micropipettes were broken using fine tweezers to widen the tip to 68 subdivisions on an eye piece graticule of a microscope with a 100x objective. The
micropipettes were stored in a specially made container to prevent them from
damage and accumulating dust.

Recording micropipettes for two electrode voltage clamp in oocytes were

pulled from thin wall capillaries with a filament and a 1mm external diameter

(model TW100F-4 WPI, UK). These were stored in the same way as the injection
micropipettes but with the addition of being filled with 3M KCl at least 3-5days prior

to use. This was done to ensure that trapped air bubbles within the sharp tip had

been removed before recordings were made.

2.3.2. Oocyte RNA injection
Injection micropipettes were filled with mineral oil just prior to injections

and mounted on the injector (Nanoliter 2000, WPI UK). The micropipette was
emptied of about 80% of the mineral oil to ensure an even flow out of the tip.

Volumes of RNA between 1 and 1.5µl were taken up into the electrode. The injection
volume (usually 60nl) and speed were pre-set on the equipment. Oocytes were

placed in a mesh-lined dish filled with Super Barth’s and injected with the RNA. They
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were transferred into fresh Super Barth’s solution and incubated at 16oC for up to

48hrs depending on the level of expression required.

2.3.3. Two-electrode voltage clamp set up and voltage protocols
Just before an experiment, the two recording micropipettes were broken

using fine tweezers to a resistance between 0.5 and 2MΩ. This ensured large ionic
currents could still be accurately compensated for in voltage clamp recordings, to

maintain the chosen step potential. The recording chamber and the perfusion

system were cleaned thoroughly with 70% ethanol followed by distilled water
before the recording solution was added to the bath.

An oocyte was placed in the recording chamber and impaled by both

electrodes allowing the resting membrane potential to be measured. The recording

mode was switched to voltage clamp and the gain of the feedback amplifier was

increased to the maximum level or until oscillations in the membrane potential steps
of voltage were observed to allow the recording of hEAG1 currents.

The voltage clamp amplifier was a GeneClamp 500 (Molecular Devices) and

was connected to a Digidata 1322A (Molecular Devices) analogue to digital
converter. Current and voltage signals digitised and sampled at a frequency of 1kHz

and recorded on a PC for off-line analysis. Different voltage protocols were used
depending on the type of experiment being conducted. A current – voltage (I/V)

protocol was used to assess the current’s relationship with membrane potential. The
I/V protocol consisted of a holding potential of -90mV which was then stepped up

to a test potential for 2s starting at -70mV and increased in 10mV increments with
each sweep of the protocol up to +70mV. It was not stepped any higher than +70mV

because further depolarisations risk activating endogenous currents that can

contaminate the hEAG1 current traces. The voltage was returned to a tail potential
of -60mV for 500ms and then stepped back to the holding potential. The start to start
interval was 10s. A short pre-pulse test was applied at the beginning of each trace,

this was a step to -70mV for 100ms and serves to monitor the amount of leak
throughout the recording. The current resulting from this -70mV step should be

equal to that of the -90mV holding potential and should remain this way through the

duration of the I/V protocol. An increasing amount of current during the pre-pulse
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step indicates that the cell is leaky and that the data being collected may not be good
quality as a result of this leak current.

A steady pulsing protocol was used to monitor the time-dependent changes

of hEAG1 currents in response to I&T. Instead of stepping to a range of membrane

potentials, this protocol continually stepped to +60mV for a designated number of

sweeps returning to the holding potential of -90mV before the next sweep. In some
experiments, voltage was stepped to +20mV as this was the voltage where current

was at its maximum due to the reduction in current at more depolarised potentials.
The start to start interval was also 10s.
2.4.

Whole-cell patch clamp electrophysiology

2.4.1. Patch clamp micropipettes
Patch clamp micropipettes were pulled to resistances between 3 and 5MΩ

using the same micropipette puller as in 2.3.1. The glass used was a filamented

borosilicate capillary glass (1.5mm outer diameter and 0.86mm internal diameter,

model GC150F-10 WPI, UK). Electrodes were pulled using a pre-set programme that
heats a filament to slowly melt the glass until the two micropipettes are pulled apart.
Dry air is pumped on and the cycle repeats. This results in a blunt rather than sharp
micropipettes.

Patch micropipettes were pulled on the day of use and used no longer than

24hrs after being pulled. Micropipettes were stored in a specialist holder that holds

16 micropipettes and was covered by a glass beaker to prevent dust from getting on

the tip, which would block seal formation with cell membranes. Patch micropipettes
were filled with filtered intracellular solution just prior to use.

2.4.2. Patch clamp rig set up
The perfusion pump and the gravity perfusion lines were all cleaned with

70% ethanol and then flushed with distilled water before an experiment. The prewarmed extracellular solution was run through the perfusion lines to fill the bath.
The bath was half-filled with extracellular solution and then 3-4 drops of suspended

CHO cells were added to the bath and left for 10-15mins to adhere. There is a silver-

chloride (AgCl) coated silver wire in the recording bath which, once the electrode is

lowered into the bath solution, completes the electrical circuit by which electrons
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can flow and is a low resistance pathway to ground the bath. The wire in the bath
and the one inside the electrode are regularly bathed in bleach to ensure there is a
sufficient layer of AgCl available for electron transfer.

After cells had attached, the pump perfusion was used briefly to remove any

cells still in suspension in the bath. A micropipette was filled with the intracellular

recording solution and mounted onto a holder containing the silver coated wire

(electrode) that contacts the intracellular solution. The electrode was lowered into
the bath solution using a micromanipulator, creating the electrical circuit, and was

positioned close to a cell that was expressing the hEAG1 channel as determined by
eGFP expression (see 2.2.1.).

The Clampex10.4 software (PClamp, Molecular Devices) was used to record

currents and calculate the resistance of the micropipette. As the micropipette was

moved onto the cell the resistance increased. A small amount of suction was applied
to the micropipette via a syringe and suction line to encourage seal formation. As a

1GΩ seal was forming the command potential was gradually dropped to the desired
negative holding potential as this further encourages seal formation. The ‘fast
capacitance’ was increased to compensate for the capacitance of the electrode. The

membrane under the micropipette was then ruptured by applying further suction
to gain whole-cell access into the cell. The ‘whole-cell capacitance’ and ‘series

resistance’ compensations were increased to compensate for the membrane
capacitance, voltage, whilst the percentage compensation was increased to

minimize any voltage drop or loss of voltage control. The scaled output gain was

adjusted to a maximum level without exceeding the limits of the amplifier and
analogue to digital converter. Series compensations were >70% and series

resistances were considered acceptable if less than 10MΩ. The voltage clamp

amplifier was an Axon 200B (Molecular Devices) connected to a Digidata 1322A.
Signals were sampled at 5kHz, no leak subtraction was applied.

2.4.3. Whole-cell patch clamp voltage protocols
The current-voltage relationship needs to be assessed in mammalian cells to

ensure that there is no significant differences in how the channel functions

compared to its expression in the amphibian cells. An I/V protocol similar to that
used in the occytes (1.3.3.) was used, it begins at a holding potential of -80mV and
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increases in 10mV steps up to a final potential of +70mV. This protocol also includes

a step to -30mV after the main voltage pulse so the tail currents of hEAG1 can be

effectively measured, the protocol then steps back to the holding potential ready to
start another sweep.

Since the single channel current of hEAG1 is reported to be small, this

information has to be obtained via non-stationary noise analysis. This approach
relies on the stochastic nature of ion channel opening and the fact that the

probability of channel opening (Popen) changes with voltage. The protocol used to

obtain the necessary data is similar to the steady pulsing protocol (2.3.3.) in the
sense that it only steps up to +20mV from the holding potential of -80mV. It then
steps down to -30mV before stepping back to the holding potential.

In order for there to be enough variance to analyse, the noise analysis

protocol requires a lot of data points so there is only 1.5seconds between the start
of each sweep. This will allow the time-dependent changes in channel behaviour in

I&T to be closely followed and to ascertain whether N, i or Popen is responsible for

the change in current behaviour.

2.4.3.1. Electrophysiology data analysis
After electrophysiology experiments, data files were opened and data

extracted using the ClampFit 10.4 software (PClamp10, Molecular Devices, USA).

Capacitance transients were removed during analysis. End pulse current data was
extracted from the current traces was normalised straightaway or was converted to
conductance before being normalised using Excel 2013. Mean current and

conductance ± SEM was plotted against membrane potential to give I/V and G/V
relationships respectively. G/V data was fitted with a Boltzmann function which

outputs values for V0.5 and k (the slope of the curve). The k value denotes the slope
of the data and the “steepness” with a small value indicating a steeper curve. The

value of k is positive for channels that activate with depolarisation of the membrane.
I/V current traces were also loaded into an in-house written software called

Tracan3, this software analyses the rise time of activation from 10-80% of the
maximum current and is used to represent the activation kinetics. Tracan3 was also

used to conduct the noise analysis of whole-cell patch clamp data where mean
current and variance were fit using function 1 (see relevant results chapter).
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Graphs and representative current traces were generated using the

GraphPad Prism software. The statistical significance of the effect of I&T on either

the WT or mutant channels was analysed in Prism.7 using a two-tailed paired

Student’s t-test. The effect of the mutation on the WT channel was analysed using a

one-way ANOVA with the Holm-Šídák post-hoc test. Significance was recognised at
p < 0.05.

2.4.3.2. Ion channel simulations in Tracan3
Tracan3 was used to analyse the noise analysis data collected from whole cell

patch clamp but it was also used to conduct simulation experiments. These
simulations rely on a Markov model for ion channel behaviour and are designed to

produce outward, non-inactivating K+ currents. It is based on a system comprising
5 closed states and 1 open state. The rate at which the ion channel moves in or out

of each closed state is the same whilst the rate at which it moves into the open state
can be changed to mimic changes in open probability.

The number of channels was set to 500 for all experiments and only changed

when simulating changes in the number of available channels. The single channel
current was set to 0.5pA except when simulating changes in the single channel

current. The rate at which channels enter the open state was maintained at 0.12ms1

except when testing for changes in open probability. The rate of movement into

the open state is not the same as open probability but correlates with it, a faster rate
of movement would correlate as a higher open probability. Simulations were run

200 times per condition tested and this data was used to calculate the mean
variance. The mean variance was plotted against mean current in Tracan3 and the
data was fit using Function 1 (see 3.3.2.). Graphs were exported from Tracan3 and
their presentation finalised in Graph Pad Prism7.
2.5.

Cell Culture

2.5.1. Mammalian cell maintenance
Chinese Hamster Ovary (CHO) cells for transient transfection with plasmid

DNA were revived from -80oC at passage 4 and kept in DMEM/F-12 growth medium

(Fischer Scientific) supplemented with 10% FBS and 5% pen-strep antibiotic (5000

U/ml penicillin and 5000 µg/ml streptomycin). In some experiments a CHO cell line

stably expressing hEAG1 (CHO-hEAG1) was kindly provided by Prof. L. A Pardo (Max
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Planck Institute for Experimental Medicine, Gottingen) was cultured in DMEM/F-12

medium with 10% FBS and 500µg/ml Zeocin antibiotic. All cells were incubated at
37oC in a humidified chamber at 5% CO2.

Cells were grown to 70-85% confluency, washed in PBS (no Ca2+ or Mg2+)

(Fischer Scientific, UK) and were split using cell dissociation buffer (Fischer

Scientific, UK). Cells were suspended in 10ml medium and centrifuged at 1000rpm

for 5minutes. The pellet was suspended in 10ml of fresh medium and either plated
into T75 growth flasks at 1:20 dilution or seeded into petri dishes ready for
transfection. All media and reagents were warmed to 37oC prior to cell culture.

2.5.2. DNA transfection of CHO cells
Cells were seeded at 50% confluency in 36.8mm diameter 6 well plates

(Sigma) and left overnight to attach to the base. 100µl medium lacking serum and

antibiotic was used to mix DNA between 0.5 - 2µg with XtremeGENE9 transfection

reagent (Sigma) in a ratio of 3µl to 1µg DNA. This mixture was left for 20minutes at

room temperature before being added directly to the CHO cells in the petri dish
containing serum. The dish was rocked back and forth to mix the DNA over the cells.
There was no need to remove the transfection regent or change the medium. CHO
cells were left to express the DNA for between 18 and 48 hours at 37oC.

The plasmid containing the KCNH1 gene also contains the gene coding for

enhanced green fluorescent protein (GFP). This was done so that cells transfected

with the plasmid will express GFP and appear green when illuminated by

fluorescent light, thus identifying them as cells that have taken up the plasmid and
so should be expressing hEAG1. This is more efficient than co-transfecting GFP and

hEAG1 separately as this does not guarantee that green cells will also be expressing
hEAG1. The KCNH1 gene was preceded by a strong CMV promoter, whereas the GFP
gene was preceded by a weaker promoter which means that green cells are more

likely to be overexpressing hEAG1 and so are suitable for patching. Transfection

efficiencies using XtremeGENE9 were between 50-75% as quantified by eye using
the fluorescence microscope.

2.5.3. Suspension of cells for electrophysiology
Enzyme free cell dissociation buffer (CDB) (Fischer Scientific, UK) and

extracellular recording solution were warmed to 37oC prior to cell culture. The cell
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medium was removed from the petri dish and discarded along with any cells still in

suspension. 2-3ml CDB was added to the dish and incubated at 37oC for between 2
and 5mins. The CDB was pipetted gently up and down to help re-suspend the cells.
Once all the cells had dissociated from the bottom of the petri dish they were added

to 5ml of extracellular recording solution. The cell suspension was kept at room

temperature and in the dark and were discarded and replaced by fresh cells after a
few hours.

2.6.

Proliferation assays

2.6.1. CHO cell transfection and controls
Prior to starting the series of proliferation experiments, each DNA plasmid

being used was purified using a midi-prep kit to obtain fresh DNA and to ensure a

high enough yield for transfections. The DNA was also sequenced to ensure no
random mutations had been introduced. The chosen DNAs were run on a gel to

verify the concentrations were accurate and that the band intensity was consistent
between the DNA types. This means that each well would contain the same
concentration of plasmid DNA. To remove experimental bias, the experiments were

done as a blind study. The DNA samples were coded by a third party so that the

identity of the DNA constructs was unknown during the experiment and the
analysis.

CHO cells were split 24-48hrs prior to experiments and seeded onto 25mm

diameter glass coverslips (Scientific Lab Suppliers Ltd) in 6 well plates (see 2.5.1.)

so that their confluency was ~80% on the day of the assay. Cells were transfected
using 1µg of each DNA construct using the same protocol from 2.5.2. Transfected
cells were incubated at 37oC and checked for adequate GFP expression. Only 6-well
plates that had >50% transfection efficiency were used for the assay to ensure there
would be enough GFP positive cells to analyse.

2.6.2. Bromodeoxyuridine (BrdU) incorporation assay
BrdU is a synthetic analogue of the nucleoside thymidine. Proliferating cells

must replicate their DNA prior to division and so the BrdU takes the place of
thymidine in the DNA structure. BrdU can then be stained for using an anti-BrdU

antibody. Cells positive for the antibody are said to be proliferating as they
incorporated BrdU into their DNA.
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BrdU was stored at -20oC at a stock concentration of 2mM and was diluted

1:2000 in 4ml of fresh medium to a working concentration of 1µM. Cells were

washed using PBS (no Ca2+ or Mg2+) and 2ml of fresh medium was added to each

well. 400µl of the BrdU dilution was added to each well and the cells were incubated
at 37oC for 30 minutes.

The medium was removed and the cells washed again in PBS. Cells were then

fixed using 2ml 100% cold methanol stored at -20oC and were incubated at -20oC for

5minutes. The methanol was removed and the cells washed in PBS three times to

remove any residual methanol. A solution of PBS was made up with 5M HCl to a
working concentration of 2M HCl. The cells were then lysed using the 2M HCl

solution at room temperature for 15 minutes. The HCl solution was removed and
the cells were washed three times in PBS. A 5% BSA blocking solution was made

using powered BSA dissolved in PBS and stored on ice. 5% BSA solution was added
to each well and was incubated at room temperature for 1 hour.

A mouse-anti-BrdU primary antibody (ThermoFischer, UK) was diluted

1:100 and a rabbit-anti-GFP primary antibody (Invitrogen) was diluted 1:1000 into

BSA blocking solution together. The blocking solution was removed from the wells

and 100µl of the primary antibody mix was added directly onto the coverslips, and
left at room temperature for 1 hour. The wells were then washed three times in PBS
to remove any unbound antibody from the coverslips. A goat-anti-mouse secondary
antibody conjugated to Alexa Fluor 594 (Abcam) and the goat-anti-rabbit secondary
antibody conjugated to Alexa Fluor 488 (Abcam) were both made up as a 1:1000

dilution into BSA blocking solution and 100µl was added straight onto each of the
coverslips. The cells were left at room temperature for 1 hour in the dark to protect
the secondary antibodys’ fluorescence from bleaching in the light. The cells were
then washed again with PBS three times.

Cell nuclei were stained using Hoechst (ThermoFischer, UK) in 20ml of PBS

from a stock concentration of 20mM to a working concentration of 2µM. Hoechst
stain solution was added to each well and incubated at room temperature for a strict
time limit of 5 minutes. The wells were washed three times with PBS.
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Mounting slides were labelled and a few drops of mounting medium were

added to each slide. Each coverslip was carefully removed from the well and briefly

immersed in distilled water to remove any excess PBS solution, the coverslips were
blotted onto tissue. Coverslips were mounted cell-side down onto the mounting
medium and the edges were sealed using clear nail varnish. Slides were stored in a
wooden holder wrapped in foil at 4oC until ready for imaging and analysis.

2.6.3. BrdU incorporation assay imaging and analysis
Slides were analysed using a Nikon TE300 semi-automatic

microscope (Nikon) with a Hamamatsu ORCA-R2 digital camera (Hamamatsu). The

X-cite120 fluorescence illumination system (Excelitas) provided the fluorescent

filters. This system uses high intensity LEDs across a wide spectrum to provide
uniform illumination of samples. The Velocity software was used to capture and
colour the images taken. A drop of microscope oil was added to the slide and cells

were counted and imaged using a x40 objective. Between 150-300 green fluorescing

cells, indicating GFP expression, were counted and then the same cells were counted

again for Alexa Fluor 594 fluorescence to determine the percentage of transfected
cells also showing BrdU incorporation, indicating proliferation. The criteria for BrdU

incorporation was to identify nuclei of cells by using the Hoechst blue stain and then
seeing which of those nuclei also contained red fluorescence from the Alexa Fluor
594 secondary antibody.

The number of GFP positive cells and the number of those that were also

positive for BrdU incorporation were inputted into Excel 2013 and the percentage
of proliferating cells was calculated for each of the 8 constructs used. The mean

percentage and standard error (SEM) of proliferating cells was calculated. Statistical
significance between populations was done using a one-way ANOVA followed by the
Holm-Šídák post-hoc test as this has more statistical power.
2.7.

Single cell migration assay

2.7.1. Cell counting, plating and transfection
Single cell migration is an assay used to track individual cells over a period

of time and can be used to find out the directionality and speed of movement of the
cells. The single cell assay was used here to determine whether hEAG1 can influence
the speed or distance of migration of transiently transfected CHO cells.
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CHO cells were grown to 80-90% confluency before being lifted, centrifuged

and re-suspended in medium. 10µl of suspended cells were loaded onto a

haemocytometer and counted. Approximately 5.52 x103 cells were loaded into each
well of a 24-well plate in 500µl of 0.1% FBS medium as opposed to the usual 10%.

This serum reduction reduces cell proliferation allowing single cells to be track over

longer periods of time with less risk of them dividing. Preliminary experiments had

shown that cells grown in 10% FBS grew in dividing clumps with minimal single cell

migration. Cells were transfected with 1µg of DNA using the XtremeGENE9
transfection reagent and left for 24-36hrs at 37oC to express.

2.7.2. Live single cell imaging protocol
Single live cell imaging was done by using a semi-automatic microscope, the

Nikon eclipse Ti microscope (Nikon). The 24-well plate was mounted inside a

temperature and CO2 controlled chamber and secured in place. Cells were manually
focussed on using a x20 objective and the Nikon instruments software (NIS)

elements software. Cell coordinates were also set using the NIS programme, the

system has a built in “perfect focus” whereby the coordinates also monitor the
distance between the bottom of the plate and the field of focus. This is particularly
useful during long experiments as it is not always possible to completely secure the
plate prior to running and so the cells may gradually drift out of focus over time.

The microscope temperature control was switched on the evening before the

experiment to ensure the microscope was up to 37oC. Cells were checked prior to
experiments to make sure there was an adequate level of fluorescence and that
single cells were present. The 24-well plate was placed into the chamber and

secured. Water was added to the outer reservoir to maintain the humidity. The CO2

was turned on and maintained at 5%. The NIS elements programme was loaded and

the ANDOR EM-CCD camera was selected (Andor Technologies). The settings within
NIS elements were set as follows: 20x objective, 500µs exposure length, GFP filter,
15 minute cycles lasting 24hrs.

Cells were centred and the coordinates set for the location. 5-10 coordinates

were set per well depending on the number of green, single cells available. Cells
were selected based on their shape, completely circular cells were ignored as these
have likely died, and their proximity to other cells. Cells that were touching one
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another were not imaged. Once all the coordinates were selected the programme

was run to collect images every 15mins over the course of 24hrs. Files were

transferred to the university directory for analysis.

2.7.3. Cell migration analysis
Analysis was performed using Imaris9.1 software (Bitplane) and images

were visually examined to check cells remained viable during the experiment. Image

stacks were loaded and the software located cells based off of parameters given by

the user. Cell diameter was set at 10µm and the GFP filter was turned on so that only
cells expressing GFP would be tracked. The distance radius was another setting to
consider and it depends on the number of cells. The distance radius is the area the

software scans in the next image to track where the current cell has gone. Fewer
cells allowed for a larger distance radius to be used as it is less likely that another
cell will entire the radius and cause the programme to potentially lose track of the
original cell. Once these settings were applied and the software run, the resulting

“tracks” were inspected. These tracks are the locations of the cell at each time point..

Any tracks that became separated but belonged to the same cell, perhaps due to a
distance radius that was too small, were manually reconnected. Track lengths less
than 20 data points were excluded and not analysed. Experiments were conducted
3 times each time with at least 10 cells being analysed. Parameters chosen for

analysis were exported to be analysed in Excel. Unpaired t tests were performed and
significance was recognised at p <0.05.
2.8.

Western blotting

2.8.1. Lysis buffer
The stock lysis buffer contained (in mM): Tris-HCl (pH7.4) 50, NaCl 300,

EDTA 5 and 1% v/v Triton X100. The stock was stored at room temperature but just
prior to cell lysis 1 protease inhibitor tablet (Roche) was added to 10ml of lysis
buffer. This was stored in the fridge or on ice at all times.

2.8.2. Western blotting protocol
Western blotting was used to compare WT hEAG1 and mutant hEAG1 protein

expression in transfected cells. Cell lysates were run on SDS-PAGE gels to separate

proteins by size then transferred to nitrocellulose membranes. Antibodies were
then used to detect specific proteins.
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Transfected CHO cells were grown in 6-well plates until confluent. Cells were

washed in ice cold PBS. Plates were kept on ice and cells were scraped off and the

suspension was stored on ice in labelled Eppendorf tubes. Samples were centrifuged
at 4ᵒC for 10mins at 5000rpm to pellet the cells. The supernatant was discarded and

30μl of cold lysis buffer was added to each sample to re-suspend the pellet and

incubated at room temperature for 30mins. Lysed samples were centrifuged again

at 4ᵒC for 15mins at 14,000rpm and the supernatant containing the protein was
transferred to new tubes. Protein samples were stored at -20ᵒC.

Samples were quantified using a bicinchoninic acid assay (BCA) protein

assay kit (ThermoScientific) that uses known concentrations of BSA to quantify
unknown protein samples. 96-well plates were analysed at 550nm in a Wallac

Victor2 spectrophotometer using the programme Perkin Elmer2030 that calculates
absorbance of light by the colorimetric reagent of the BCA kit. Higher values mean a

higher concentration of protein. Protein concentrations were calculated and the

volume needed for 60μg of total protein was also calculated. Samples were kept on
ice and mixed with 10x NuPage reducing buffer and 4x NuPage loading buffer (both

Invitrogen). Final volumes were made up to 30μl using lysis buffer. Samples were
denatured at 70ᵒC for 10mins prior to loading. A 1x running buffer was prepared
from a 20x stock of Tris-Acetate SDS (Invitrogen) and NuPage 3-8% Tris-Acetate

gels (Invitrogen) we set up in the gel tank. Anti-oxidant was added to the 1x running
buffer 1:400 (Invitrogen) and this was used to fill the centre of the tank only, normal
1x running buffer was used to fill the rest of the tank. 5μl of Blue Prestained Protein

ladder (NEB) was added to the wells just prior to and after the protein samples, a
maximum of 30μl of sample was added to each well. The gel was run at 130V for 1
hour.

The transfer buffer was prepared using 10mM NaHCO3, 3mM Na2CO3, 1ml of

10% SDS, 200ml 100% methanol and topped up to 1 litre with dH2O. Nitrocellulose

membranes (GE Healthcare Life Sciences) were soaked in dH2O and then soaked in

1x transfer buffer for at least 10 minutes. The gel was removed from the cast and
trimmed, it was placed into transfer buffer along with filter papers prior to assembly

of the transfer sandwich. The transfer sandwich was set up and placed in the tank

filled with 1x transfer buffer. To allow efficient transfer of all proteins, the gel was

65

transferred in a voltage gradient, 10V for 10 minutes, 20V for 10 minutes, 30V for
10 minutes, 40V for 10 minutes and 50V for 45 minutes.

Membranes were removed and dried at 37ᵒC for 20 minutes to fix

transferred proteins, the membrane was rehydrated in dH2O and trimmed.

Membranes were incubated in enhancing reagent 1 of the Western Blot Signal
Enhancer kit (ThermoScientific) for 2 minutes, washed 5 times in dH2O and then
incubated in reagent 2 (ThermoScientific) for 10 minutes before being washed 5

times in dH2O again. Membranes were blocked with 0.1% casein-TBST (Tris

buffered saline Tween20) (Invitrogen) for 2 hours and then incubated in a
monoclonal rabbit anti-hEAG1 1ᵒ antibody made in-house (1:1500 in 0.1% caseinTBST) overnight at 4ᵒC.

The solution containing 1ᵒ antibody was removed and stored at 4ᵒC, the

membrane was washed 5 times in dH2O and then in TBST for 5 minutes. The

secondary antibody was donkey anti-rabbit conjugated to horseradish peroxidase

(HRP) (GE Life Science), and was prepared in 0.1% casein-TBST solution and diluted
1:8000. The membrane was incubated at room temperature in the secondary for 45

minutes. The membrane was again washed 7 times in dH2O and then in TBST for 5

minutes. The reagents from the chemiluminescence kit (Millipore Imobilon Western
Chem.HRP) were mixed 50% each and kept in the dark. The TBST was removed from

the membrane and it was then incubated for 5 minutes in the chemiluminescence
solution in the dark to develop. Blots were imaged using the BioRad camera and the
QuantifyOne programme that expose the HRP conjugate.

The membrane was also probed for a housekeeping protein to ensure even

loading of the wells, in this case β-actin as it is ubiquitously expressed. The

membrane needed to be stripped of the current antibodies. 3-4ml of Western Blot
Stripping

Buffer

(ThermoScientific)

was

used

after

rinsing

out

the

chemiluminescence with dH2O. The membrane was incubated at room temperature
for 30 minutes before being rinsed again in dH2O. The process of blocking in 0.1%

casein-TBST was repeated before incubation in the primary antibody – monoclonal

mouse β-actin (Santa Cruz) 1:1000 in 0.1% casein-TBST – for 1 hour. The membrane

was washed 3 times in dH2O and then in TBST for 5 minutes. The secondary
antibody – sheep anti-mouse HRP (GE Life Science) – was prepared 1:8000 in 0.1%
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casein-TBST and incubated at room temperature for 45 minutes. After removal of
the secondary antibody the washing and chemiluminescence steps were followed as
before.

2.9.

Immunocytochemistry for imaging the primary cilia

2.9.1. Cell culture and DNA transfections
hTERT-RPE1 cells were grown in DMEM/F-12 medium and 10% FBS with no

antibiotics, they were seeded onto fibronectin-coated coverslips in a 6-well plate at
100,000 cells per well. Cells were left to attach overnight before being transfected
with 1μg DNA per well using Lipofectamine 3000 (Invitrogen). Transfected cells

were incubated at 37ᵒC for 24hrs before being serum starved for 48hrs. Under these
conditions, untransfected cells stop dividing and produce primary cilia.

2.9.2. Immunocytochemistry protocol
To image primary cilia, immunocytochemistry techniques were used with an

antibody that recognises acetylated α-tubulin. hTERT-RPE1 cells were washed 3
times in PBS and fixed using 1ml Accustain (Sigma) for 8 minutes at 4ᵒC. The

Accustain was removed and the cells washed 3 times in PBS. Cells were then
permeablised in 0.5% Triton X-100 PBS (Sigma) for 10 minutes at room

temperature. Cells were washed 3 times in PBS before blocking for 30 minutes in
10% BSA in PBS (Sigma) at room temperature.

The primary antibody – mouse monoclonal anti-acetylated α tubulin (Santa

Cruz) – was diluted in 10% BSA 1:3000 and incubated at room temperature for 1

hour. Cells were washed 3 times in PBS-Tween20 (1%) before incubation goat antimouse AlexaFluor 594 (Life Technologies) with the 2ᵒ antibody, diluted 1:1000 in

10% BSA for 30 minutes in the dark. The cells were again washed 3 times in PBS and
the nucleus was stained with Draq5 (BioStatus) diluted 1:1000 in PBS and incubated
for 10 minutes in the dark. Draq5 was washed out with dH2O to remove any excess
salts. Coverslips were mounted on glass slides (ThermoScientific) using the ProLong
Gold anti-fade kit (Life Technologies). The slides were stored in the dark at 4ᵒC prior

to imaging.
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2.9.3. Primary cilia staining and analysis
Slides were mounted onto an inverted epifluorescence imaging microscope

(Nikon TE300) for imaging. Images were obtained using the NIS elements
programme. Filters for Draq5, excited at 647nm and emitted at 681nm, and Alexa

Fluor 594, excited at 590nm and emitted at 617nm. Images were taken on an ANDOR

EM-CCD camera (Andor Technologies). A single wide field view containing between

1000 and 3000 cells was imaged for each fluorochrome. Experiments were repeated
4 times. Images were loaded into Fiji where the blobs analysis was conducted that

counts the number of cells in the Alexa Fluor 594 panel. The primary cilia were

analysed by manually setting the threshold for brightness and Fiji counts objects

within the size parameter chosen, in this case the range for object size was 0.4 to
3µm2. Values for number of cells and cilia were analysed in Excel 2013 to obtain
mean ± SEM for the percentage of cells presenting with cilia. A one-way ANOVA test
was applied to calculate statistics, the Holm-Šídák post-hoc test was used

afterwards as this has more statistical power. Significance was recognised at p
<0.05.

2.10. Ca2+ imaging of CHO cells
Ca2+ imaging of CHO cells was done to see how the addition of 5µM I&T affects

the intracellular Ca2+. Two cell lines were used, untransfected CHO cells and a stable

CHO cell line expressing WT hEAG1. The use of the stable cell line was to test
whether the presence of WT hEAG1 affected the Ca2+ response of the cells.

Cells from either cell line were seeded onto 30mm coverslips (Fischer

Scientific) and grown to 60% confluency. Coverslips were transferred to a bespoke
made microscope adaptor where they were loaded with 2µM Fluo-3 (Life

Technologies) for 35mins in the dark at room temperature. The Fluo-3 was removed
and the cells were washed twice in room temperature extracellular recording

solution. The adapter was mounted on the confocal Olympus IX81 microscope and
was imaged in both bright field and fluorescent channels simultaneously using the
Olympus Fluoview 4.2 filter box. Cells were recorded in the dark using a x60
objective and were imaged every 5 seconds. Cells were recorded in control
extracellular solution for 2mins before 5µM I&T was added.
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Image stacks were analysed in Fiji where regions of interest were manually

drawn around cells. The Fluo-3 intensity was measured for each frame and data

values were transferred to Excel 2013. The data for each cell was normalised to its

Fluo-3 signal in control. Data was averaged and presented as mean ± SEM and was

plotted against time to produce a graph of the Ca2+ response. Paired t tests were
conducted on the data and significance was recognised at p <0.05.

2.11. Surface expression assays
CHO cells were grown on glass coverslips (Scientific Lab Suppliers Ltd) in a

6-well plate to 70% confluence before being transfected with plasmid DNA for WT

hEAG1-BBS or Δ2-26 hEAG1-BBS (see 2.5.2). 3 wells of cells were transfected per

construct, one for a control study and the other two for different time points
following 5µM I&T. Cells were checked under a fluorescent microscope for GFP
signal to ensure the transfection efficiency was >50%.

Cells were washed twice in room temperature PBS to remove any

contaminating medium. 1ml of room temperature extracellular solution, which was
used previously for whole cell patch clamp (see 2.1.2), was added to each well. Wells

to be stimulated with I&T had an additional 1ml of extracellular solution containing

10µM I&T added so that the final concentration of the 2ml was 5µM I&T. The I&T
stimulation was ended at either 100s or 300s for WT hEAG1 or 60s and 300s for Δ2-

26 hEAG1 as these were the times the current amplitude was at its peak change from
control (100s or 60s) or the end of the recording period in oocytes (300s)

respectively. After the stimulation time, the cells were placed on ice to reduce the
rate of endo/exocytosis. Cells were washed 3 times in PBS to remove the I&T from
the wells.

A final concentration of 0.3µM BTX-594 (Thermo Scientific) was made up in

1ml of extracellular solution. The BTX-594 solution was added to the cells and left

at 4oC for 60mins to allow binding of BTX to the surface expressed channels. Cells

used as controls were not exposed to 5µM I&T and were incubated directly with

0.3µM BTX-594 to assess control levels of surface expression. The BTX-594

containing solution was removed from the wells and the cells were gently washed 3

times with PBS. Coverslips were rinsed in dH2O before being mounted on glass slides
(ThermoScientific) using DAPI-containing mounting medium (Vector Labs).
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Slides were analysed on the same Nikon TE300 semi-automatic

microscope (Nikon) with a Hamamatsu ORCA-R2 digital camera (Hamamatsu) as

described in 2.6.3. The X-cite120 fluorescence illumination system (Excelitas)
provided the fluorescent filters and the Velocity software was used to capture the

images which we subsequently coloured using the same software. 10-20 cells per
coverslip were analysed and the experiment was repeated 3 times. Images were

analysed for fluorescent intensity in the Fiji software and data obtained were
analysed in Excel 2013. Unpaired t tests were used to statistically analyse the data

and all data was compared to the data from control cells that had not been exposed
to 5µM I&T. Significance was recognised at p <0.05.
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3. Results & Discussion – The Role of the PAS-cap in hEAG1 function
3.1.

Does the PAS-cap have a role in the voltage and Ca2+-calmodulin
dependent regulation of hEAG1?
The PAS-cap comprises the first 26 amino acids of hEAG1 which are split into

a structured amphipathic helix (Q14 to R24) and an unstructured region (M1 to

P13). Deletion of the PAS-cap from hERG1 has shown that it’s important in the gating
kinetics of the channel (Muskett et al., 2011) and since hEAG1 and hERG1 are closely
related a similar role may exist for hEAG1.

The aim of these electrophysiology experiments was to characterise the

response of the WT channel to voltage and raised [Ca2+]i which was achieved by

using 5μM I&T. The response of a mutant channel in which the PAS-cap was deleted
(∆2-26 hEAG1) was also tested to see how the PAS-cap regulates the behaviour of

hEAG1 in terms of its voltage and Ca2+ sensitivity. The aim was then to investigate

further which residues of the PAS-cap were important for its function. To study this

an alanine scan of the amphipathic helix was conducted to identify exact residues
that contribute to the effect of the PAS-cap.

3.1.1. WT hEAG1 is activated by depolarisation
The two-electrode voltage clamp (TEVC) technique was used to study the WT

channel and all its mutants as it is a robust system that allows for fast acquisition of
data. The expression of channel can be controlled by altering the volume and
concentration of cRNA injected. The system allows for the study of large currents
which makes it a good candidate for studying the inhibition of the WT channel.

WT hEAG1 is a voltage dependent potassium channel and so its activity

depends on the membrane potential (Vm). Using the TEVC technique, a series of

depolarising voltage steps (the I/V protocol) (Figure 3.1b) were applied to WT
hEAG1-injected oocytes and whole cell responses were measured. The pre-pulse
step to -70mV shown in Figure 3.1b was there to assess the amount of leak in the

cell. The current produced by this step should be consistent throughout the entire
recording and should not increase with voltage, this would indicate a leaky cell and
these were excluded from analysis. The tail potential step to -70mV following the

main pulse step was to produce tail currents of hEAG1, this allows the deactivation
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kinetics to be studied (although this was not an aim of the experiments) but also acts
to decipher between hEAG1 and endogenous current within the cell.

WT hEAG1 produced outward, non-rectifying currents that increased in

amplitude with each successive depolarisation from -70mV to +70mV,

representative currents are shown in Figure 3.1a. The currents in the control
solution are fast to activate and do not rectify at positive potentials or during the

voltage steps themselves. These mean current amplitudes ± SEM are plotted against

their respective membrane potentials to show the I/V relationship (Figure 3.2a)

which shows the relationship between the current and the voltage. WT hEAG1
currents in control conditions activated with a time course from 10-80% total

current of 309.1 ± 16.4ms at +60mV in control conditions (n=6). Channel
conductance (G) can also be calculated and plotted against the membrane potentials
to produce G/V graphs. G is calculated using the following equation:
𝐺𝐺 =

𝐼𝐼
(𝑉𝑉𝑚𝑚 − 𝐸𝐸𝐾𝐾 )

This equation takes into account the whole cell current (I) in amps, the

membrane potential (Vm) in volts and the K+ equilibrium potential (EK) in volts. EK

is the membrane potential at which there is no net movement of K+ ions. Using the

K+ concentrations stated for the extracellular solution and the estimated
intracellular K+ concentration of oocytes (Weber, 1999) the EK value was calculated
to be -102.62mV. This EK value was used throughout the TEVC experiments.

Conductance values are plotted against membrane potential and fitted with

a Boltzmann function to obtain values of V0.5 and k (Figure 3.2b). The half-maximal

(V0.5) activation voltage is the membrane potential at which the conductance is at
50% of its maximum, the k value is the slope of the conductance curve and is an

indication of the channel’s dependence on the voltage. The V0.5 and k values for the
WT in control conditions were 16.0 ± 2mV and 21.4 ± 2.4mV respectively (Figure

3.2b and Table 1.) (n=6). A Boltzmann fit provides a good estimate of a channel’s V0.5
and k values but does not take into consideration channel inactivation during the

voltage pulse. Data that has not reached a maximum or channels that are slow to

activate are more difficult to fit accurately using this function. The GHK equation
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would potentially offer more accuracy in these cases as it takes into account the
reversal potential of the ion the channel conducts.
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3.1.2. WT hEAG1 is inhibited by raised intracellular calcium
([Ca2+]i)
WT hEAG1 is highly sensitive to inhibition by Ca2+-calmodulin with a

reported IC50 of ~100nM Ca2+ in currents recorded in excised inside-out
macropatches (Schönherr et al., 2000). To investigate the effect of elevated
intracellular Ca2+ on WT hEAG1 currents recorded in Xenopus oocytes two
compounds were used to raise intracellular Ca2+; ionomycin (I) – a Ca2+ ionophore –

and thapsigargin (T) – a non-competitive inhibitor of the sarco-endoplasmic
reticulum calcium ATPase (SERCA) pump. Both compounds were used at a

concentration of 5μM.

Currents were stimulated using a voltage pulse to +60mV (Figure 3.3b) that

was repetitively applied once every 10s. Extracellular solution containing 5μM I&T

was perfused over the oocytes. WT hEAG1 currents in control solution activated
quickly whilst currents elicited during the application of 5μM I&T activated much
more slowly and had a reduced end pulse current amplitude compared to control

traces (Figure 3.3a). WT hEAG1 currents showed a mean maximal inhibition of 85.5
± 2.9% (p<0.0001, n=10, Figure 3.3a, Figure 3.3c and Table 1.). Following this

inhibition was a phase where the current amplitude began increasing again whilst
still in the presence of 5μM I&T. The amplitude increased to roughly 50% of its value
in control solution (Figure 3.3c).

The I/V protocol was run again after 5μM I&T had been applied for 300s

meaning the channels had some time to further recover their end pulse current

amplitude. The current traces elicited this time showed slowed activation kinetics
compared to the control traces but still increased in amplitude with each voltage
step (Figure 3.4). The activation kinetics are much slower following exposure to
5μM I&T (Figure 3.4.) with a time course from 10-80% of 1040 ± 39ms (p<0.0001,
n=6, Table 1.).
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As shown by the I/V curve, for each voltage current was measured at there is

a reduction in the amount of current passed at every voltage measured after the
channel was exposed to 5μM I&T for >300s (Figure 3.5a). The data in control

solution is also shown for comparison (Figure 3.5a). The Boltzmann fit of the

conductance in 5μM I&T is shifted to the right of the control fit, this indicates that

the effect of 5μM I&T causes the channel to be activated at more positive membrane
potentials, the control data are again shown for comparison (Figure 3.5b).

The V0.5 and k values measured in 5μM I&T are 28.5 ± 2.7mV and 15.4 ±

0.7mV respectively (Table 1, n=6). The V0.5 value increased to more a more positive
membrane potential from control levels (p<0.01) whilst the k value did not change
significantly (p>0.05).
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3.1.3. Deletion of the PAS-cap results in dramatic changes to
hEAG1 activation kinetics and parameters
The PAS-cap of WT hEAG1 was deleted so that its role in voltage and Ca2+

dependence could be measured and the resulting mutant will be referred to as ∆226 hEAG1. Under control conditions ∆2-26 hEAG1 appear to activate more slowly

(Figure 3.6b) than the WT channel which is shown in Figure 3.6a for comparison.

∆2-26 hEAG1 currents also show a process called rectification whereby past a

certain membrane potential the channels begin to reduce the amount of current they

pass leading to a decrease in the end pulse current amplitude. The activation time
course of ∆2-26 hEAG1 was measured to be 692 ± 27.5ms which is slowed when
compared to the WT channel (Table 1, p<0.0001, n=4).

When ∆2-26 hEAG1 end pulse current is plotted against voltage (Figure 3.6c)

it behaves differently to the WT channel which is shown for comparison in Figure
3.6c. Whilst the WT channel shows increasing current amplitude with the

membrane potential, increasing successively with each positive increase in

membrane potential, ∆2-26 hEAG1 exhibits a process called rectification. Initially
the current increases with voltage. However at +20mV the current then begins

reducing with each increase in voltage (n=4). This would indicate that the PAS-cap
has a role in voltage response of the hEAG1 channel.

The ascending component of the conductance curve was also calculated and

plotted for ∆2-26 hEAG1 to obtain values for V0.5 and k. Under control conditions,

∆2-26 hEAG1 has a V0.5 value of -22.3 ± 1.3mV which is negatively (leftwards)

shifted compared to the WT channel (p<0.0001, n=4, Figure 3.6d, Table 1.). The k

value for ∆2-26 hEAG1 in control solution is 9.8 ± 0.2mV which is a decrease
compared to the WT channel in control solution (p<0.0001, Table 1.). This reduction

in the k value indicates that by the removing the PAS-cap, the channel becomes less
dependent on voltage than its WT counterpart.
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3.1.4. ∆2-26 hEAG1 shows a potentiation of the current when
exposed to 5μM I&T
∆2-26 hEAG1 was exposed to 5μM I&T to find out how the PAS-cap may affect

the Ca2+ sensitivity of the channel. The steady pulsing data to +20mV (lowered due
to the maximal current being passed at +20mV) shows a large increase in current

from control levels which also resulted in a large component of instantaneous
current (Figure 3.7a). The current amplitude then reduced again back towards
control amplitudes (Figure 3.7a). When plotted against time the data showed a ~15

fold increase in the current amplitude (Figure 3.7b). This rapidly reduces again in
amplitude back towards control levels (Figure 3.7b, n=3). This is an interesting find

since the WT showed a similar biphasic response to 5μM I&T albeit in the opposite
manner – first being inhibited followed by a recovery back towards control phase
(Figure 3.3c). ∆2-26 hEAG1 has a percentage increase of 1272.7 ± 197.1% (p<0.01,

n=3, Table 1.) in its current when exposed to 5μM I&T which indicates that the PAScap also has a role in controlling the amount of current passed by the channel under
high Ca2+ conditions. The responses of WT and ∆2-26 hEAG1 are almost mirror

images of one another when plotted together (Figure 3.9).
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The current traces elicited from the I/V protocol (which was shown in Figure

3.1b) are shown in Figure 3.8. They show a large increase in the end pulse current

compared to control conditions as well as instantaneous current at the start of the
pulse. Instantaneous current indicates that ∆2-26 channels remain open from the

previous voltage step, throughout the 10s gap between pulses and are still open at

the start of the next voltage step and thus pass current immediately. This indicates
that the PAS-cap plays a role in the deactivation kinetics of the hEAG1 channel.

When compared to the WT channel, ∆2-26 hEAG1 has slowed kinetics of

activation. However, when exposed to 5μM I&T the activation kinetics slow further

compared to control values, taking 867.5 ± 85.7ms to activate from 10-80% of the
maximal current (Table 1.). This deceleration however is not statistically significant
(p>0.05).

The increase in current compared to control can also be seen on the I/V curve

where, for each voltage, there is an increase in the amount of current passed by the

channel (Figure 3.8c). The voltage at which the current begins rectifying is also

shifted to more positive potentials, from +20mV to +40mV (Figure 3.8c). The control
data are also shown for comparison (Figure 3.8c).

The G/V curves for 5μM I&T also show that at negative voltages the channels

are open and passing more current than they were under control conditions (Figure
3.8d). The shape of the curve of the data in 5μM I&T is broader than in control

conditions and means that more current is passed at more positive potentials as well
as negative, despite the rectification still being present (Figure 3.8d). The V0.5 for ∆2-

26 hEAG1 in 5μM I&T was measured to be -36.3 ± 2.9mV, becoming more negative

than in control conditions (p<0.05, n=4, Table 1.). The negative shift in V0.5 value
indicates that the PAS-cap plays a role in the voltage of activation of hEAG1 channels.
The k value for ∆2-26 hEAG1 following 5μM I&T increased from the control value to

21.0 ± 2.7mV (p<0.05, n=4, Table 1.) indicating that by removing the PAS-cap the
channel becomes less dependent on the voltage under increased [Ca2+]i.

These experiments showed that the PAS-cap has an important role in both

the voltage and Ca2+ dependence of the hEAG1 channel and that removal of the PAS-
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cap has a profound effect on the response of the channel to Ca2+ in which the
responses mirror each other (Figure 3.9).
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3.1.5. An alanine mutagenesis scan of the PAS-cap reveals key
residues of the mechanism of regulation
The PAS-cap contains an amphipathic helix spanning residues Q14 through

to R24, this structured portion of the PAS-cap has potential to be interacting with its
surrounding environment.

From studying the homology model generated by Dr Stansfeld based off of

the available X-ray crystallography data (Haitin et al., 2013), residues within the
amphipathic helix are in close proximity to both the EAG and cNBH domains (Figure
3.10a). Side chains of these residues are directed towards the cNBH domain (Figure

3.10c), some towards the EAG domain (Figure 3.10d) and others are directed
towards neither domain (Figure 3.10b). To begin to understand the mechanism of

action of the PAS-cap, an alanine mutagenesis scan was conducted from positions

N15 to V22 and resulting mutants were studied in the oocyte system using the TEVC
technique.
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3.1.5.1.

T16A, L18A, E19A, N20A, I21A and V22A hEAG1 show
similar characteristics to the WT channel
When expressed in the oocyte system 6 of the 8 mutants T16A, L18A, E19A,

N20A, I21A and V22A hEAG1 all gave quickly activating, non-inactivating currents,

similar to the WT channel (Figure 3.11). All of these mutant channels produce a

maximal current at +70mV and the voltage at which they first pass a measurable
current is indicated in Figure 3.11.

None of these mutations, with the exception of L18A, produced significant

changes to the 10-80% activation time course under control conditions. T16A
hEAG1 currents activated with a time course of 240.3 ± 17.9ms (p>0.05, n=11, Table

1.). E19A hEAG1 activates with a 10-80% time course of 175 ± 40.5ms (p>0.05,

n=11, Table 1.). N20A hEAG1 has an activation time course of 294.6 ± 18.8ms

(p>0.05, n=5, Table 1.). I21A hEAG1 has a time course of activation from 10-80% of

141.8 ± 31.7ms (p>0.05, n=8, Table 1.). V22A hEAG1 has a time course of activation
from 10-80% of 419.6 ± 114.5ms (p>0.05, n=7, Table 1.). L18A hEAG1 has an

activation time course from 10-80% of 55.5 ± 6.2ms, a time course that is faster than
the WT channel (p<0.01, n=10, Table 1.).

The time course data gathered in control conditions indicates that only

residue L18 of the PAS-cap has a role in determining the activation kinetics.
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Similarly to the WT channel these 6 hEAG1 mutants all show increasing

current amplitudes with membrane depolarisation under control conditions (Figure
3.12). L18A hEAG1 has an interesting relationship with voltage, it gradually

increases in amplitude with increasing voltage but at +20mV the increases is current

amplitude get much larger between voltage increases indicating some form of
biphasic response to voltage (Figure 3.12, top right corner).
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The G/V curves for these 6 hEAG1 mutants also show a similar relationship

as the WT channel. Only mutations T16A and L18A changed the V0.5 value

significantly from that of the WT channel. T16A hEAG1 yields a V0.5 value of 28.7 ±

0.8mV which is more positively shifted than the V0.5 of the WT channel under control

conditions (p<0.05, n=11, Table 1, Figure 3.13.). L18A hEAG1 gives rise to a V0.5
value of 47.0 ± 1.0mV which is much more positive than the WT channel (p<0.0001,
n=10, Figure 3.13, Table 1.). E19A hEAG1 has a V0.5 value of 6.7 ± 2.0mV (p>0.05,

n=11, Figure 3.13, Table 1.). N20A hEAG1 gave a V0.5 value of 9.5 ± 1.7mV (p>0.05,

n=5, Figure 3.13, Table 1.). The V0.5 value for I21A hEAG1 is 17.5 ± 1.3mV (p>0.05,
n=8, Figure 3.13, Table 1.). The V0.5 value of V22A hEAG1 is 16.2 ± 2.5mV (p>0.05,

n=7, Figure 3.13, Table 1.).

The data from the V0.5 values indicates that residues T16 and L18 are

involved in the role of the PAS-cap to determine the voltage dependence of the

channel in control conditions. The slope of the G/V curve (k value) is also an
indicator of voltage dependence and was also measured.

3 mutants caused a change in the k value of the channel under control

condition; T16A, L18A and V22A. T16A hEAG1 provides a k value of 14.7 ± 0.5mV
which is reduced compared to the WT channel (p<0.01, n=11, Figure 3.13, Table 1.).

The k value for L18A hEAG1 is 9.2 ± 0.4mV which is lower than the value for the WT

channel (p<0.0001, n=10, Figure 3.13, Table 1.). The k value for V22A hEAG1 is 15.6
± 1.1mV which is also reduced compared to the WT channel (p<0.05, n=7, Figure
3.13, Table 1.). The k value for E19A hEAG1 was 18.7 ± 0.5mV (p>0.05, n=11, Figure

3.13, Table 1.). N20A hEAG1 gave a k value of 19.6 ± 1.1mV (p>0.05, n=5, Figure

3.13, Table 1.). The k value of I21A hEAG1 was measured to be 17.4 ± 0.3mV
(p>0.05, n=8, Figure 3.13, Table 1.).

The data shows that residues T16, L18 and V22 cause a significant reduction

in the k value compared to the WT channel. This together with the V0.5 data shows

that T16 and L18 are important for two components of voltage dependence whilst
V22 is responsible for the k value only.
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These 6 mutants were also exposed to 5μM I&T to measure the effects on the

channels during high Ca2+ conditions. All 6 mutants were inhibited by 5μM I&T and
they all showed the same biphasic response as the WT channel did, recovering their
current amplitude to varying degrees following the initial inhibition (Figure 3.14).

During the recovery phase the channels appear to activate with much slower
kinetics than in control conditions (Figure 3.14 – red traces).
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All 6 mutants were significantly inhibited following the application of 5µM

I&T. T16A hEAG1 was inhibited by 91.9 ± 1.9% from control levels (p<0.0001, n=5,
Figure 3.15, Table 1.). L18A hEAG1 showed an inhibition of 90.4 ± 4.6% when

exposed to 5μM I&T (p<0.0001, n=11, Figure 3.15, Table 1.). E19A hEAG1 was
inhibited by 77.1 ± 5.1% (p<0.0001, n=12, Figure 3.15, Table 1.). N20A hEAG1 was

inhibited by 92.4 ± 3.0% following exposure to 5μM I&T (p<0.0001, n=5, Figure

3.15, Table 1.). I21A hEAG1 shows an inhibition 93.3 ± 1.0% (p<0.0001, n=7, Figure

3.15, Table 1.). Finally, V22A hEAG1 was inhibited by 92.1 ± 1.8% (p<0.0001, n=11,
Figure 3.15, Table 1.).

This data indicates that all 6 of these PAS-cap mutants were significantly

inhibited by the application of 5μM I&T. This means that these 6 residues are likely

not directly involved in the ability of the PAS-cap to regulate the response to 5μM

I&T.
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The mutant channels were tested under the I/V protocol again >300s after

the application of 5μM I&T. The protocol was run whilst still in the presence of 5μM

I&T to test how the channels responded to successive depolarisations of the
membrane. From the I/V traces, each mutant is maximally activated at +70mV and
none show rectification behaviour similar to that of Δ2-26 hEAG1 (Figure 3.16).

The activation kinetics of T16A hEAG1 were slowed compared to T16A in

control with a 10-80% time course of 1278.3 ± 78.3ms (p<0.0001, n=11, Figure

3.16, Table 1.). L18A hEAG1 had an activation time course of 1220.5 ± 144.1ms

which significantly slowed compared with L18A hEAG1 in control conditions
(p<0.0001, n=10, Figure 3.16, Table 1.). For E19A hEAG1, the kinetics of activation

from 10-80% were 537.9 ± 57.7ms which is slower than was previously measured
in control conditions (p<0.01, n=11, Figure 3.16, Table 1.). The time course for

activation from 10-80% for N20A hEAG1 was 1156.6 ± 154.9ms which is

significantly slower than control conditions (p<0.01, n=5, Figure 3.16, Table 1.). For
I21A hEAG1 the time course of activation from 10-80% was 808.6 ± 75.9ms which

is significantly slower than in control conditions (p<0.001, n=8, Figure 3.16, Table
1.). The time course of activation from 10-80% for V22A hEAG1 was 1316.9 ±

69.6ms which is slowed compared to control conditions (p<0.01, n=7, Figure 3.16,
Table 1.).

This data indicates that all of these 6 mutants have a role in the activation

kinetics of the channel. This would also indicate that the structured region of the

PAS-cap in its entirety has a role in maintaining the rate of activation of the channel
and that any deviation from its structure affects the activation kinetics of hEAG1.
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The currents elicited from these 6 mutants were normalised against the

highest control value and plotted alongside its control data to show the amount of
inhibition each mutant experienced in 5μM I&T (Figure 3.17).

Mutants T16A, N20A, I21A and V22A all passed less current than their

control counterparts across every measured voltage (Figure 3.17). L18A hEAG1 is
unique among these mutants as it shows a biphasic response to voltage, at negative
membrane potentials it is capable of passing more current than it was in control
conditions. However, the current amplitude plateaus across the mid-range of

voltages before then increasing again from ~+50mV where it passes less current

than it did in control conditions (Figure 3.17 – top right corner). This is an
interesting find as it is the only alanine mutation among the “inhibited mutants” that

behaves like this following 5μM I&T. E19A hEAG1 was inhibited during the steady

pulsing experiments but has practically fully recovered its current amplitude by the
time of recording the I/V data (Figure 3.17 – middle left).
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Following the application of 5μM I&T, the conductance at each voltage was

calculated for the 6 mutants. All mutants with the exception of L18A hEAG1 showed
a rightwards shift in the position of the curve. This indicates that the mutant

channels require a higher voltage to activate than they did in control conditions.
Control data are also plotted alongside the 5μM I&T data for comparison (Figure
3.18).

The V0.5 values for all 6 mutants were significantly changed following the

application of 5µM I&T. T16A hEAG1’s V0.5 after the application of 5μM I&T was 37.2

± 1.6mV which is more positive than in control conditions (p<0.001, n=11, Figure
3.18, Table 1.). For L18A hEAG1, the V0.5 value obtained in 5μM I&T was -51.1 ±

3.0mV which is approximately 98mV of difference between control conditions

(p<0.0001, n=10, Figure 3.18, Table 1.). The V0.5 value for E19A hEAG1 in 5μM I&T

was 15.8 ± 2.1mV which is more positive than control conditions (p<0.0001, n=11,

Figure 3.18, Table 1.). The V0.5 value for N20A hEAG1 was 25.9 ± 3.4mV which is

more positive than in control conditions (p<0.01, n=5, Figure 3.18, Table 1.). The V0.5
value for I21A hEAG1 in 5μM I&T was 29.8 ± 2.2mV which is more positive than
under control conditions (p<0.0001, n=8, Figure 3.18, Table 1.). Finally, V22A

hEAG1 had a V0.5 value of 37.1 ± 2.4mV which is more positive than the value under
control conditions (p<0.01, n=7, Figure 3.18, Table 1.).

This data indicates that all 6 residues show significant positive shifts in the

V0.5 values in 5μM I&T compared to in control conditions. L18A hEAG1 is the only
mutant that has a negative shift in the V0.5 value.

Out of the 6 mutants, only N20A and V22A did not significantly affect the k

value following the application of 5µM I&T. The k value for T16A hEAG1 decreased
from control to 13.4 ± 0.3mV (p<0.01, n=11, Figure 3.18, Table 1.). The k value of
L18A hEAG1 in 5μM I&T was 11.6 ± 0.8mV which was a significant increase from

control (p<0.05, n=10, Figure 3.18, Table 1.). For E19A hEAG1 the k value was 17.6

± 0.7mV which is a significant decrease from control (p<0.01, n=11, Figure 3.18,
Table 1.). I21A hEAG1 had a k value of 14.6 ± 0.4mV which is lower than in control

conditions (p<0.001, n=8, Figure 3.18, Table 1.). The k value for N20A hEAG1 in 5μM

I&T is 18.2 ± 2.1mV which was not a significant change from control conditions
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(p>0.05, n=5, Figure 3.18, Table 1.). Finally, V22A hEAG1 had a k value 13.1 ± 0.2mV

which was not a statistically significant change (p>0.05, n=7, Figure 3.18, Table 1.).

This data suggests that all residues are involved in determining the V0.5

values and that T16, L18, E19 and I21 are also involved in determining the k value

of the channel under high Ca2+ conditions. L18A hEAG1 is a stand out mutant as it is

the only one of these 6 that had both a negative shift in V0.5, an increase in k value

and showed a biphasic response on the I/V and G/V graphs (Figure 3.17 and 3.20).
This indicates that the L18 residue is an important residue in determining the
voltage dependence of the channel and the rate of ion movement through the
channels.

101

102

3.1.5.2. N15A and F17A both bare similarity to ∆2-26 hEAG1
Mutants of the PAS-cap have revealed a number of interesting roles

including, roles in voltage dependence, activation kinetics and alterations in the
amount of conductance but none of them have provided an insight into how the ∆2-

26 mutant has such different behaviour to the WT channel both in control conditions
and 5μM I&T.

N15A hEAG1 produces outward currents that slowly increase in their

amplitude during each voltage pulse. These currents also show rectification at more
positive potentials (Figure 3.19b). This behaviour is comparable to that of the ∆2-

26 hEAG1 channels. N15A hEAG1 currents appear to activate slowly in response to
voltage initially but at the measured voltage of +60mV the channels have an

activation time course from 10-80% of 264.3 ± 17.9ms which is not significantly
different to WT (p>0.05, n=8, Table 1.). However, the I/V graph for N15A hEAG1 in

control conditions does show that the channels rectify at positive potentials (Figure

3.19c) which is not a characteristic of the WT channels (Figure 3.2a) but rather one
of the ∆2-26 channels (Figure 3.6c).

N15A hEAG1 also has different conductance properties to the WT channel,

the G/V curve shows that N15A hEAG1 in control conditions is conducting at the

most negative voltage tested indicating that the N15A channels can be activated at
negative membrane potentials (Figure 3.19d). The V0.5 value measured for N15A

hEAG1 is -35.8 ± 3.8mV which is much more negative than the WT channel

(p<0.0001, n=8, Table 1.). The k value is 11.0 ± 1.1mV which is lower than WT

hEAG1 (p<0.0001, n=8, Table 1.) which indicates that the N15A channels are less
dependent on voltage compared to the WT channel.

This data shows that the N15 residue does not regulate the activation kinetics

in control conditions but that it does have a role in the voltage dependence of the
channel under control conditions. N15 also controls the rate of ion movement at

more positive membrane potentials since the N15A mutant results in channels that
begin slowing in their rate of conductance at potentials over +10mV (Figure 3.19d).
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N15A hEAG1 was exposed to 5μM I&T to see whether or not the mutation

would affect the channel’s response to high Ca2+. N15A hEAG1 was potentiated by

~4 fold over control by the 5μM I&T in a similar manner to the ∆2-26 channels
(Figure 3.20a). N15A hEAG1 did not show a recovery phase where the current

amplitude begins returning towards control levels and instead remained at the
potentiated level throughout the time course recorded for (Figure 3.20b). N15A

hEAG1 showed a large component of instantaneous current during application of
5μM I&T which is similar to ∆2-26 hEAG1 (Figure 3.20a). The current was

potentiated by 306.0 ± 44.9% over control (p<0.001, n=7) which is not as much as
when the entire PAS-cap was deleted but still follows a similar trend (Table 1.).
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The currents elicited from N15A hEAG1 following the application of 5μM I&T

are shown in Figure 3.21. The current amplitude is increased and there is a
component of instantaneous current at the start of each voltage step (Figure 3.21).

The activation kinetics of N15A hEAG1 are significantly slowed following

application of 5μM I&T with a time course of 615.4 ± 91.8ms (p<0.01, n=8, Figure

3.21, Table 1.). The channels can pass current at the most negative membrane
potential recorded from and begin rectifying ~+30mV (Figure 3.21d).

The I/V curve shows that for each voltage there is more current passed by

N15A channels in high Ca2+ conditions (Figure 3.21c). It also shows that the

rectification process is still present after 5μM I&T and that the rectification process
is shifted to more positive potentials.

The G/V curve is leftwards shifted compared to control meaning that the

channels can activate at more negative voltages after addition of 5μM I&T. The V0.5

value was found to be -42.2 ± 3.9mV which is more negative than in control
conditions (p<0.05, n=8, Figure 3.21d, Table 1.). The k value was 15.7 ± 2.5mV

which was not found to be statistically significant (p>0.05, n=8, Figure 3.21d, Table
1.).

This data shows that N15 is a key residue in the mechanism by which the

PAS-cap regulate hEAG1 function. When mutated, N15A hEAG1 behaves in a similar

manner to the ∆2-26 channels. N15A is potentiated by an increase in [Ca2+]i and
shifts the V0.5 to negative membrane potentials. N15A also shows rectification

behaviour at positive membrane potentials which is only seen in ∆2-26 hEAG1 and
not the WT channel.
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F17A hEAG1 is another residue mutation that, like N15A, does not bare much

similarity to WT hEAG1. The currents elicited by the I/V protocol appear slower to

activate than WT hEAG1 and also rectify at positive potentials (Figure 3.22). F17A

hEAG1 has an activation time course of 533.2 ± 85.5ms which is slower than the WT
channel (p<0.05, n=7, Figure 3.22, Table 1.). This behaviour is in line with the
behaviour of the ∆2-26 mutation.

F17A hEAG1 has an I/V profile which is similar to ∆2-26 and N15A hEAG1.

The current passed increases with voltage before rectifying at positive potentials
past +10mV (Figure 3.22c). This is a further indication that F17 may also be a key
residue of the PAS-cap and its ability to regulate hEAG1.

The G/V curve shows that F17A begins conducting ions at -60mV (Figure

3.22d), not a behaviour characteristic of the WT channel but more so of ∆2-26

hEAG1. The rate of ion movement reduces past +10mV which, again, is similar to ∆2-

26 and N15A hEAG1. The V0.5 value of F17A in control conditions is -30.2 ± 4.5mV
which is much more negative than the WT (p<0.0001, n=7) and close in value to ∆2-

26 and N15A hEAG1 (Table 1.). The k value is 10.5 ± 0.8mV which is lower than the

k value of WT hEAG1 (p<0.0001, n=7, Table 1.).

This data shows that the F17 residue is involved in regulating the activation

kinetics of hEAG1 in control conditions and is also involved in the voltage

dependence of the channel. F17A hEAG1 displays rectification behaviour at positive

potentials (Figure 3.22) indicating that the residue also plays a role in controlling
the conductance of the channel at positive potentials.
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Addition of 5μM I&T resulted in a potentiation of the F17A hEAG1 current by

~3 fold over control (Figure 3.23a). The potentiated current then gradually began

recovering back towards control (Figure 3.23b). During the potentiation phase,
there is a clear component of instantaneous current which is not attributed to leak
as shown by the flat zero line (Figure 3.23a).

The current was potentiated by 242.4 ± 60.7% which, similarly to N15A

hEAG1, is not as extensive as ∆2-26 hEAG1 but still falls in line with the trend of

potentiation (p<0.01, n=12, Table 1.). This indicates that F17 is involved in the

channel’s response to high Ca2+ conditions and is a crucial residue within the PAS-

cap.
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The current traces elicited by the I/V protocol do not appear different to

control traces (Figure 3.24). In 5μM I&T, F17A currents activated with a time course

of 587.8 ± 43.2ms which is not a significant change over control (p>0.05, n=7, Table
1.). The instantaneous current that was present during the steady pulsing

experiments is not now longer seen, indicating that F17 may also have a role in the
deactivation kinetics, although they were not a subject of experiment.

The I/V curve shows how the current relates to voltage under high Ca2+

conditions (Figure 3.24c). At each voltage tested the F17A channels pass more

current than in control conditions. The channels also rectify at more positive
potentials albeit still passing more current than in control conditions (Figure 3.24c).

The G/V curve shows that there is no shift in the voltage dependence of activation

in 5μM I&T compared with control (Figure 3.24d). The V0.5 value is -29.2 ± 5.7mV

which is not statistically significant over control (p>0.05, n=7, Figure 3.24d, Table
1.). The k value was found to increase to 14.0 ± 1.3mV from control (p<0.05, n=7,

Figure 3.24d, Table 1.) which indicates that the channel has become more

dependent on the voltage compared to control. This shows that under high Ca2+
conditions, F17 is involved in the regulation of the voltage sensitivity of the channel
but not the activation kinetics.
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This data shows that the F17 residue of the PAS-cap is also another likely

component of its role in regulating the activity of hEAG1. From the homology model

available at the time this shows that the N15 side chain points towards the cNBH
domain whilst the F17 side chain points towards the EAG domain (Figure 3.10).
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3.1.6. The E600 residue within the cNBHD is a promising
interaction partner for residues of the PAS-cap
The X-ray crystallography data of mEAG1 obtained by Haitin et al. (2013)

pointed towards a binding surface between the cNBHD and the PAS-cap. There was
an extensive number of cancer-associated mutants mapped to this binding surface

which added weight to the argument that this interaction is important for the role
of the PAS-cap in regulating hEAG1 function. One of the residues of interest is E600,

a series of mutants were developed and tested in the Mitcheson lab including;
E600A, E600R, E600L, E600I and E600Q (Lorinczi et al., 2016).

E600A hEAG1, a charge neutralisation mutant, produces outward, non-

inactivating currents in response to voltage in a similar manner to the WT channel
(Figure 3.25). The current amplitudes increase with voltage and are maximally

activated at +70mV (Figure 3.25c). E600A hEAG1 activates with a time course of
459.7 ± 56.9ms which is not significantly different from WT hEAG1 (p>0.05, n=9,

Figure 3.25, Table 1.). The current response to the I/V protocol increases gradually

with each positive increase in the membrane potential (Figure 3.25c).

The G/V curve for E600A hEAG1 in control conditions is also comparable to

the WT channel, the conductance increases with voltage indicating that the rate of
ion movement steadily increases with voltage (Figure 3.25d). The V0.5 value

obtained for E600A hEAG1 in control conditions is 11.1 ± 5.7mV which is not
significantly different from the WT channel (p>0.05, n=9, Figure 3.25d, Table 1.).

The k value was also measured and was found to be 20.5 ± 1.0mV, this was also
shown to not be significant (p>0.05, n=9, Figure 3.25d, Table 1.) This data suggests

that under control conditions, E600 does not have a role in the activation kinetics or
the voltage dependence of hEAG1.
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E600A hEAG1 was exposed to 5μM I&T to test how the mutant responds to

an increase in [Ca2+]i. It showed an initial inhibition which was then followed by a

recovery phase back towards control, a similar response as seen in the WT (Figure

3.26a). The activation kinetics of the current during the recovery phase appear
slowed compared to the control current (Figure 3.26a). The current showed a
moderate inhibition from control levels of 62.8 ± 8.9% (p<0.0001, n=9) which is not

as much of an inhibition as the WT channel (Table 1.). The current amplitude then
began to recover slowly towards control levels (Figure 3.26b).
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E600A hEAG1 was run under the I/V protocol whilst still in the presence of

5μM I&T. The current amplitude increased with voltage and was maximally

activated at +70mV (Figure 3.27). The current had a time course of 893.4 ± 66.2ms

in 5μM I&T, a significant slowing of the kinetics (p<0.0001, n=9, Figure 3.27, Table
1.).

The currents were inhibited compared to control following the application of

5μM I&T but had recovered the majority of their current amplitude during the

follow-up I/V protocol (Figure 3.27c). The I/V curve for 5μM I&T shows that at some

mid-range voltages the channels actually pass more current than in control
conditions (Figure 3.27c) despite being inhibited initially (Figure 3.26).

The G/V curve shows that there is a leftwards shift in the G/V relationship

indicating that the channels can activate at lower membrane potentials compared
to control (Figure 3.27d). The V0.5 value following 5μM I&T is -15.2 ± 3.2mV which
is a significant decrease compared to control (p<0.0001, n=9, Figure 3.27d, Table

1.). The k value was measured as being 17.2 ± 1.4mV which is less than in control
conditions (p<0.05, n=9) which indicates that the channel has become less
dependent on the membrane potential than in control conditions (Figure 3.27)
(Table 1.).

This data indicates that the E600 residue is not necessarily involved with the

regulation of hEAG1 under control conditions but that under high Ca2+ conditions it

has a role in maintaining the activation kinetics as well as the voltage dependence
of the channel.
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Shortening the side chain and removing the charge did not have a dramatic

effect on the behaviour of hEAG1 in the same way as deleting the PAS-cap did (∆2-

26 hEAG1). However, removing one side chain from a suspected interaction surface
may not be enough to disrupt an interaction. A charge reversal mutation was made
producing E600R hEAG1.

E600R hEAG1 produced currents that were slow to activate and rectified at

positive membrane potentials (Figure 3.28), which is similar behaviour to that
produced by ∆2-26 hEAG1. The channels activate at -50mV and are maximally
activated at +70mV (Figure 3.28). The time course of activation for E600R hEAG1 is

724.9 ± 118.2ms which is considerably slower than those of the WT channel
(p<0.0001, n=7, Table 1.).

The I/V curve shows that E600R hEAG1 activates around -50mV and

increases in amplitude before plateauing around 0 to +20mV. From here the current
begins increasing again (Figure 3.28c) – a response previously seen with L18A

hEAG1 following application of 5μM I&T.

The G/V curve shows a similar trend as the I/V curve, the conductance

increases initially with membrane potential before reducing across the voltage
range 0 to +40mV. At +40mV the conductance increases again with voltage (Figure
3.28d) indicating that the addition of the positive charge to side chain affects the

rate of ion movement across the mid-range of voltages. This also indicates that the

PAS-cap / cNBH domain surface has been disrupted by the mutation and that E600
is a key regulator of this interaction.

A Boltzmann function was fitted to the ascending phase of the G/V data to

obtain V0.5 and k values. The V0.5 value for E600R hEAG1 is 8.7 ± 16.4mV which is

more negative than the WT channel (p<0.0001, n=7, Figure 3.28d, Table 1.). The k

value was found to be 11.0 ± 4.0mV which is also more negative than WT hEAG1
(p<0.0001, n=7, Figure 3.28d, Table 1.) which shows that E600R channels are less
dependent on voltage than the WT channel.

This data indicates that E600 is in fact involved in the activation kinetics as

well as the voltage dependence of the channel under control conditions. Since the
E600A mutation did not produce such a distinct I/V response, the E600 residue may
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be part of larger interaction network that becomes disrupted by the addition of a
positive charge.
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Upon application of 5μM I&T, E600R hEAG1 currents underwent a

potentiation of ~15 fold compared to control (Figure 3.29a). Once potentiated, the
current amplitude stays at the same level throughout the recording (Figure 3.29b)

– unlike the ∆2-26 hEAG1 which recovers back down to control. This continuation
of the potentiated current is similar to that of the N15A hEAG1 mutant. During the
application of 5μM I&T, there was a small component of instantaneous current
which can be seen at the beginning of the voltage pulse (Figure 3.29a).

The current increased by 865.6 ± 296.6% compared to control (p<0.05, n=3,

Table 1.). This increase in current amplitude is similar in behaviour to the ∆2-26

hEAG1 and further indicates the involvement of E600 as a potential interacting
partner.
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The current traces elicited under the I/V protocol whilst still in 5μM I&T are

shown in Figure 3.30. They channels are slow to open and there is a noticeable
increase in the end pulse current compared to control traces. The channels begin to
pass current at ~-50mV and are maximally activated at +40mV, showing a

component of rectification (Figure 3.30). The traces were recorded >300s after the
application of 5μM I&T and yet there is still a component of instantaneous current

present at the start of each current trace (Figure 3.30), indicating that E600 also has
a role in the deactivation kinetics of the channel.

The kinetics of activation have slowed compared to control down to 844.4 ±

87.3ms but this is not a significant change (p>0.05, n=7, Figure 3.30, Table 1.).

The I/V curve shows that at every tested voltage, the channels pass more

current than in control conditions (Figure 3.30c). The current also begins to rectify

at positive potentials which is also a characteristic of the ∆2-26 mutant. Even when
rectified, the channels in 5μM I&T pass more current for the same voltage than they
did in control conditions (Figure 3.30c).

The G/V curve shows a leftwards shift indicating that the channel can

activate at more negative voltages compared to control (Figure 3.30d). There is also

a change in the shape of the curve, in control conditions the channel’s conductance
slowed down during the mid-range voltages before increasing again thereafter.

However, in 5μM I&T the conductance does reduce but at more positive potentials
than control and it does not go on to increase again (Figure 3.30d) indicating that

under high Ca2+ conditions this residue plays a role in the rate of ion movement at

positive potentials.

The V0.5 value is -22.5 ± 1.5mV which is more negative than control but is not

statistically significant (p>0.05, n=7, Figure 3.30d, Table 1.). The k value is 11.8 ±
1.7mV which is no different to that in control conditions (p>0.05, n=7, Figure 3.30d,

Table 1.). This data indicates that under high Ca2+ conditions the E600 residue is not

involved in the voltage dependence or the activation kinetics of the channel but that
it is involved in the response to raised [Ca2+]i in a manner similar to that of the N15A
mutant previously described.
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3.1.7. Dual mutant N15E:E600N does not recover a WT-like
phenotype
Data so far has shown that N15A and E600R have similar responses to 5μM

I&T. Their current amplitudes are both potentiated and stay at the potentiated
amplitude for the duration of the recording (Figure 3.20b and Figure 3.29b).
Following the publication of the cryo-EM structure of hEAG1, (Whicher and

MacKinnon, 2016) the locations of the PAS-cap residues can be more accurately

determined. N15 and E600 are shown to be 5.4Å away from each other in the
structure (Figure 3.31) which is close enough for polar interactions to be playing a
role. N15 may be the binding partner within the PAS-cap for E600 and may be one

of many interaction partners that form the binding surface.
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To test this, residues N15 and E600 were swapped to create N15E:E600N. If

these residues are binding partners then the interaction should persist despite the
residues being swapped thus rescuing a WT-like behaviour.

Under control conditions, N15E:E600N hEAG1 produced small currents that

rectified at positive potentials (Figure 3.32) which is a characteristic of ∆2-26 hEAG1

and not of the WT channel. These currents begin to pass current ~-50mV and are

maximally activated at +10mV before rectifying (Figure 3.32). The currents activate

with a time course from 10-80% of 214.4 ± 28.3ms which is not significantly

different from the WT channel (p>0.05, n=9, Figure 3.32, Table 1.).

The I/V curve shows that the current initially increases with voltage up to

+10mV where it begins rectifying (Figure 3.32c). Again this is behaviour more seen
with the ∆2-26 hEAG1 than it is with WT hEAG1.

The G/V curve shows that N15E:E600N hEAG1 begins conducting at negative

potentials and increases in conductance to 0mV (Figure 3.32d). From here the

conductance begins reducing again, producing a bell shaped curve (Figure 3.32d) –

more rectification than seen in any of the rectifying mutants.

The V0.5 value is -37.5 ± 1.9mV which is much more negative than the WT

channel (p<0.0001, n=9, Figure 3.32d, Table 1.). The k value was found to be 10.4 ±

0.4mV which is lower than WT hEAG1 meaning that by swapping N15 and E600 the
channel becomes less dependent on the voltage (p<0.0001, n=9, Figure 3.32d, Table
1.).

This data indicates that swapping N15 and E600 does not rescue a WT-like

phenotype in control conditions. Instead it behaves more like ∆2-26 hEAG1.

Swapping N15 and E600 does not affect the activation kinetics of the channel but it
does affect the voltage dependence of the channel.
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When N15E:E600N hEAG1 is exposed to 5μM I&T it potentiates its current

by 2137.1 ± 388.7% (p<0.001, n=9, Figure 3.33a) which is approximately 20 fold
over control (Figure 3.33b). This is a considerably bigger response than the ∆2-26

mutant (Table 1.), the current amplitude begins to reduce towards control levels
following the potentiation (Figure 3.33b).

The currents appear slowed in their activation compared to those in control

conditions (Figure 3.33a) and during the potentiation phase there is a component of

instantaneous current (Figure 3.33a) which indicates that the residue swap has

affected the deactivation kinetics of the channel. There is also a consistent, delay in

the response to 5μM I&T (Figure 3.33b). The 5μM I&T is added at t=0 but the current

amplitude does not begin increasing for ~30s after the application. This may
indicate that the rate of binding of Ca2+-calmodulin has been reduced due to this
residue swap.
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The I/V protocol was run again whilst still in 5μM I&T, after >300s of

exposure. The currents increase in amplitude before rectifying past +40mV where
the current is at its maximum (Figure 3.34). N15E:E600N hEAG1 has a time course

of activation of 550.3 ± 61.2ms which is slow compared to the time course in control

conditions (p<0.001, n=9, Figure 3.34, Table 1.).

The current traces also show a component of instantaneous current at the

start of each trace. This shows that by swapping N15 and E600, the deactivation
kinetics of the channel have been considerably slowed (Figure 3.34).

The I/V protocol shows that for each voltage tested the channel passes more

current following the application of 5μM I&T (Figure 3.34c). The channels are
capable of activating at -70mV indicating that the activation threshold has been

shifted to negative potentials (Figure 3.34c). The voltage at which the current begins

rectifying has also shifted from 0mV in control conditions to +40mV in 5μM I&T

(Figure 3.34c).

The G/V curve confirms that the channels are activating at more negative

voltages as they are already conducting at -70mV (Figure 3.34d). The ascending
phase is leftwards shifted compared to control but at more positive potentials it is
more rightwards shifted indicating that the conductance curve has broadened

(Figure 3.34d). The V0.5 value is -50.6 ± 2.2mV which is more negative than in

control conditions (p<0.001, n=9, Figure 3.34d, Table 1.). The k value is 19.5 ±
1.2mV which is higher than in control conditions (p<0.0001, n=9, Figure 3.34d,

Table 1.) indicating that under high Ca2+ conditions N15E:E600N hEAG1 becomes

more dependent on voltage. This data indicates that following the application of
5μM I&T, the residue swap results in slower activation kinetics and a change in
voltage dependence. The channel is also potentiated by 5μM I&T ~20 fold over
control which is a more severe phenotype that the deletion of the PAS-cap which
was ~15 fold potentiated over control.

Taken together, the residue swap of N15 and E600 did not result in a rescuing

of the WT characteristics. This does not rule out the two residues as interacting but

may have been caused by a change in the microenvironment of each amino acid
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which may have caused a re-arrangement of the surrounding residues and
structures.
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3.1.8. Y198 of the EAG domain is not involved in the mechanism of
action of ∆2-26 hEAG1
From examination of the cryo-EM structure of hEAG1 (Whicher and

MacKinnon, 2016) it seems as though residue Y198 in the EAG domain is within
interaction distance of both F17 and E600 (Figure 3.35). The hydroxyl group of Y198
is 2.5Å away from the side chain of E600 whilst the benzene ring of Y198 is close

enough to that of F17 that they may be π-stacking with each other (4.2 – 5.0Å). By

mutating Y198 to Y198F and removing the hydroxyl group there may be a

disruption of the proposed E600 residue interaction.
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Y198F hEAG1 produces rapidly activating, non-inactivating currents that

increase in amplitude with increasing membrane potential (Figure 3.36). The
current is at a maximum at +70mV and begins activating at -30mV (Figure 3.36).

Under control conditions, these channels activate with a time course of 141.8 ±
37.9ms, this is faster than the WT channel but not significantly (p>0.05, n=10, Figure
3.36, Table 1.).

The I/V curve shows how the current amplitude changes with voltage, the

Y198F channels begins activating around -30mV (Figure 3.36c) which is more

positive than -50mV which is seen for the WT channels. Y198F hEAG1 shows a

similar relationship with voltage as the WT channel, increasing in amplitude with
each step in membrane potential (Figure 3.36c).

The G/V curve for Y198F hEAG1 again shows a similar relationship as the WT

channel (Figure 3.36d). The conductance increases with voltage meaning that the
rate of ion movement is increasing as the membrane potential becomes more

positive (Figure 3.36d). The V0.5 value for Y198F hEAG1 is 21.6 ± 2.1mV which is

more positive than the WT channel however this is not a significant find (p>0.05,

n=10, Figure 3.36d, Table 1.). The slope of the G/V curve in control conditions

appears steeper for Y198F hEAG1 than it is for WT hEAG1 (Figure 3.36d), the k value

for Y198F hEAG1 is 15.8 ± 0.4mV which is lower than that of the WT channel
(p<0.05, n=10) indicating that Y198F hEAG1 is less dependent on the voltage than
the WT channel (Figure 3.36d, Table 1.).

The data in control conditions has shown that Y198 is involved in the voltage

dependence of the channel but not the voltage of activation or the activation kinetics.
There is no evidence yet that Y198F hEAG1 shares the behaviour that E600R hEAG1

does which may indicate that in control conditions these residues do not interact
with one another.
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Y198F hEAG1 was exposed to 5μM I&T and showed a large inhibition of the

current by 95.4 ± 2.0% (p<0.0001, n=10, Figure 3.37a). The activation kinetics of

the channel during the recovery phase are slowed compared to the current in
control conditions (Figure 3.37a) The current follows a similar trend as the WT

channel, with an initial inhibition followed by a recovery phase. In the case of Y198F

hEAG1 the recovery phase is much more gradual than the WT channel (Figure
3.37b).
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The current elicited from the I/V protocol in 5μM I&T are much smaller in

amplitude compared to the control traces and increase with increasing membrane

potential (Figure 3.38). The currents activate with a time course of 1410.9 ± 34.8ms

– almost ten times slower than in control conditions (p<0.0001, n=10, Table 1.). The
channels begin to pass current at 0mV and are maximally activated at +70mV
(Figure 3.38).

The I/V curve shows that for every voltage, the Y198F channels pass less

current than in control conditions (Figure 3.38c) which is similar to the WT
channels. The channels also begin to pass current at more positive membrane
potentials compared to control (Figure 3.38c). The G/V curve shows a rightwards

shift compared to control indicating that a higher voltage is required to activate the
channel (Figure 3.38d).

The V0.5 value is 36.0 ± 2.3mV which is more positive than in control

conditions and is similar in trend to the WT channel (p<0.001, n=10, Figure 3.38d,
Table 1.). The k value for Y198F hEAG1 following 5μM I&T is 16.0 ± 0.7mV which is

not statistically different from the value in control conditions (p>0.05, n=10, Figure
3.38, Table 1.).

The data shows that under high Ca2+ conditions, Y198 is involved in the

activation kinetics of the channel as well as the voltage dependence of the channel.

The mutation did not behave in the same manner as E600R indicating that any
interaction between these two residues is not key to the regulation of hEAG1.
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3.1.9. E279 of the S2-S3 linker is not involved in the behaviour
seen in ∆2-26 hEAG1
Intracellular linker regions of hEAG1 may be involved in the gating kinetics

and Ca2+-calmodulin regulation of the channel.

In light of the new cryo-EM

structure, (Whicher and MacKinnon, 2016) it appears as though the unstructured

region of the PAS-cap may reach up towards the transmembrane helices. The

resolved structure begins at residue L10 and does not include residues 1-9, however

taking into account the flexible nature of the unstructured region it may be that E279
of the S2-S3 linker interacts with R7 and R8 of the PAS-cap (Figure 3.39).
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Disrupting the potential electrostatic interaction between R7, R8 and E279

a charge neutralisation of E279A was tested to see if this interaction was part of
the mechanism of regulation of hEAG1 by the PAS-cap.

E279A hEAG1 produced currents that activated quickly and were non-

inactivating under the I/V protocol (Figure 3.40). At positive potentials the current
amplitude does begin slowing in their rate of increase but do not rectify (Figure

3.40). The channels begin activating at -30mV and are at a maximum at +70mV.

Currents in control conditions activated with a time course of 278.8 ± 34.8ms which

is not different statistically from the WT channel (p>0.05, n=12, Figure 3.40, Table
1.).

The I/V protocol shows that E279A hEAG1 has a positive relationship with

the membrane potential (Figure 3.40c). As shown by the current traces in Figure

3.40, the channels begin to pass current at -30mV (Figure 3.40c). At positive
membrane potentials (+50 to +70mV), the current begins to plateau but not to the
point of rectification as seen in the ∆2-26 hEAG1 mutant (Figure 3.40c).

The G/V curve shows that the conductance increases with voltage (Figure

3.40d). The V0.5 value in control conditions is 10.1 ± 2.2mV which is more negative

than the WT channel, however this is not a significant change (p>0.05, n=12, Figure

3.40d, Table 1.). The k value found for E279A hEAG1 is 13.3 ± 0.9mV which is less
than WT hEAG1 indicating that the channel has become less voltage dependent than
the WT channel (p<0.0001, n=9, Table 1.).

This data indicates that in control conditions, E279 is involved in the voltage

dependence of the channel but not the kinetics of activation. The lack of ∆2-26

hEAG1-like behaviour initially indicates that the proposed interaction between
E279 and R7, R8 is not vital for the PAS-cap’s role in the regulation of hEAG1. It may

also be the case that the R7 and R8 values are not within interaction distance of E279

but since this section of the PAS-cap was not resolved in the structure it cannot be
known for sure at this stage.
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Following the application of 5μM I&T, E279A hEAG1 current was inhibited

by 82.4 ± 4.8% compared to control (p<0.0001, n=8, Figure 3.41a, Table 1.).
Following the inhibition, the current showed a recovery phase of the current
amplitude in a similar manner to the WT channel (Figure 3.41b). The current in

recovery displays a slowing of the activation kinetics compared to the control
current (Figure 3.41a).
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The channels were measured in 5μM I&T under the I/V protocol (Figure

3.42). The current amplitude increases as the membrane potential becomes more

positive with the current at a maximum at +70mV. The channels begin to pass
current at +10mV (Figure 3.42). The activation time course of E279A hEAG1 is
slowed to 1364.6 ± 28.9ms from control (p<0.0001, n=12, Figure 3.42, Table 1.).

The I/V curve shows that for each voltage the amount of current passed was

reduced compared to the control (Figure 3.42c). The G/V curve shows a rightward

shift in the curve compared to control which indicates that the channels require
higher voltages to activate (Figure 3.42d) which is a similar response as the WT

hEAG1 G/V graph. The V0.5 value in 5μM I&T is 33.7 ± 1.5mV which is more positive
than in control conditions (p<0.0001, n=12, Figure 3.42d, Table 1.). The k value of

the same curve is 15.1 ± 0.6mV which is not a significant increase from control

(p>0.05, n=12, Figure 3.42d, Table 1.).

This data indicates that under high Ca2+ conditions the E279 residue is

involved in the activation kinetics of the channel as well as the voltage dependence.
However, the residue mutant E279A hEAG1 did not influence the channel’s

behaviour in the same way as ∆2-26 nor the two residue mutants within the PAScap, N15 and F17 which means E279 is not a vital part of the PAS-cap’s influence

over the behaviour of hEAG1.
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hEAG1
construct

WT

% change in I&T
85.5 ± 2.9 ****

control

V0.5 (mV)

16.0 ± 2.0

I&T

28.5 ± 2.7 **

21.4 ± 2.4

-42.2 ± 3.9 *

11.0 ± 1.1

-29.2 ± 5.7

10.5 ± 0.8

∆2-26

1272.7 ± 197.1 **

-22.3 ± 1.3

-36.3 ± 2.9 *

T16A

91.9 ± 1.9 ****

28.7 ± 0.8

37.2 ± 1.6 ***

47.0 ± 1.0

-51.1 ± 3.0 ****

9.5 ± 1.7

25.9 ± 3.4 **

N15A

306.0 ± 44.9 ***

-35.8 ± 3.8

F17A

242.4 ± 60.7 **

-30.2 ± 4.5

E19A

77.1 ± 5.1 ****

6.7 ± 2.0

L18A

N20A
I21A

V22A

N15E:E600N
Y198F

E279A
E600A
E600R

90.4 ± 4.6 ****
92.4 ± 3.0 ****

33.7 ± 1.5 ****

8.7 ± 16.4

9.2 ± 0.4

11.6 ± 0.8 *

36.0 ± 2.3 ***

-15.2 ± 3.2 ****
-22.5 ± 1.5

15.6 ± 1.1
15.8 ± 0.4
20.5 ± 1.0
11.0 ± 4.0

692 ± 27.5

867.5 ± 85.7

240.3 ± 55.6

1278.3 ± 78.3 ****

55.5 ± 6.2

1220.5 ± 144.1 ****

18.2 ± 2.1

294.6 ± 18.8

1156.6 ± 154.9 **

13.1 ± 0.2

419.6 ± 114.5

1316.9 ± 69.6 **

16.0 ± 0.7

141.8 ± 37.9

1410.9 ± 34.8 ****

459.7 ± 56.9

893.4 ± 66.2 ****

15.1 ± 0.6

10.1 ± 2.2

865.6 ± 296.6 *

533.2 ± 85.5

13.4 ± 0.3 **

13.3 ± 0.9

82.4 ± 4.8 ****

11.1 ± 5.7

14.0 ± 1.3 *

14.7 ± 0.5

19.5 ± 1.2 ****

-50.6 ± 2.2 ***

62.8 ± 8.9 ****

615.4 ± 91.8 **

10.4 ± 0.4

-37.5 ± 1.9
21.6 ± 2.1

264.3 ± 17.9

14.6 ± 0.4 ***

2137.1 ± 388.7 ***
95.4 ± 2.0 ****

15.7 ± 2.5

21.0 ± 2.7 *

17.4 ± 0.3

37.1 ± 2.4 **

I&T

1040 ± 39.0 ****

17.6 ± 0.7 **

29.8 ± 2.2 ****

control

309.1 ± 16.4

9.8 ± 0.2

19.6 ± 1.1

10-80% activation time (ms)

15.4 ± 0.7

18.7 ± 0.5

17.5 ± 1.3
16.2 ± 2.5

I&T

15.8 ± 2.1 ****

93.3 ± 1.0 ****
92.1 ± 1.8 ****

control

k value

17.2 ± 1.4 *
11.8 ± 1.7

175 ± 40.5

141.8 ± 31.7
214.4 ± 28.3
278.8 ± 34.8

724.9 ± 118.2

587.8 ± 43.2

537.9 ± 57.7 **

808.6 ± 75.9 ***
550.3 ± 61.2 ***

1364.6 ± 28.9 ****
844.4 ± 87.3
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Table. 1. A table showing all measured parameters for WT hEAG1 and all studied mutants both in control and in 5μM I&T.
The first parameter measured was the % change in current following application of 5μM I&T, values highlighted in red represent mutants
that resulted in an increase (potentiation) of the current. The next parameter, V0.5, is the membrane potential that elicits the half-maximal
current. It is measured by fitting the conductance curve with a Boltzmann function. The k value is also a product of a fitted Boltzmann
function and represents the slope of the curve (mV) that fits the data. An increase in k value indicates that the channel is less dependent
on voltage whilst a decrease in the k value indicates an increase in voltage dependence. Lastly, the activation time course measures the
time taken for the current to increase from 10 to 80% of its maximum. All values are presented as mean ± SEM and significance is indicated
by the asterisks (* is <0.05, ** is <0.01, *** is <0.001, **** is <0.0001).
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3.2.

Discussion

3.2.1. The PAS-cap regulates the inhibition of WT hEAG1 under high
Ca2+ conditions
The aim of these experiments was to understand the role of the PAS-cap in

hEAG1 regulation and also to dissect out the roles of each residue of the amphipathic

helix. This gives us greater understanding of the role the PAS-cap plays in regulating

hEAG1 and how different intracellular domains may be interacting with one another
in the functional channel.

The experiments began by characterising the response of the WT channel to

successive depolarisations in membrane potential. It has previously been
documented that the WT channel increases its current amplitude with voltage

(Lorinczi et al., 2015). Our data agrees with this as we show WT hEAG1 currents to

increase in amplitude as the membrane potential becomes more positive. The
conductance-voltage relationship was also studied to obtain values for V0.5 and k,

our data agrees with the data presented by Lorinczi et al. (2015) who also used a

Boltzmann function to fit their data producing V0.5 values of 16.0 ± 2mV and 16.3 ±
0.58mV respectively, although we obtained a higher k value.

The Ca2+-calmodulin inhibition of the channel has been shown many times

(Schönherr et al., 2000; Ziechner et al., 2006) and has also been shown to be a

physiologically controlled mechanism by the addition of muscarine to a stablyexpressing cell line (Stansfeld et al., 1996). Data provided by Bijlenga et al. (1998)

partially agrees with our data in that the application of 0.5μM ionomycin – 10-fold

diluted compared to our experiments – causes a reduction in the hEAG1 current. No

recovery phase was documented in this case as reported by us as Bijlenga et al.
(1998) removed the ionomycin from their solution and kept recording. Our

experiment was designed with two factors in mind, first to provide a robust increase
[Ca2+]i and second that the Ca2+ level is maintained throughout the experiment. This

is why 5μM ionomycin, to rapidly increase Ca2+, and thapsigargin, to block the

reuptake of Ca2+ by the SERCA pump, were used. Thus the recovery phase
documented by us is a novel discovery of WT hEAG1 in oocytes.
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The behaviour of the WT channel following current inhibition and recovery

was altered. The channel opened with slowed activation kinetics compared to in

control conditions (Table 1.) which indicates that the binding of Ca2+-calmodulin to

the channel causes a conformational change that influences the activation gate of
the channel. Other studies have suggested that the N-terminal intracellular domain
of EAG1 are involved in the activation kinetics (Terlau et al., 1997). The cryo-EM
structure described by Whicher and MacKinnon (2016) suggests that the distal N-

terminus of the PAS domain, residues 1 to 13, may be interacting up with the voltage
sensor and that this interaction determines the activation kinetics. With calmodulin

bound in place, as shown by the cryo-EM structure, the cNBHDs of each subunit sit

directly under the pore and are connected to it by the C-linker which may be a factor
in the slow opening of the pore as the structure is more tightly packed following the

application of 5μM I&T and the binding of calmodulin (Whicher and MacKinnon,

2016).

The PAS-cap is a 26 amino acid α helix that is at the N-terminus of the PAS

domain and is a structure shared between the KCNH family (Whicher and
MacKinnon, 2016; Harley et al., 2016; Brelidze et al., 2012). Deletion of the PAS-cap

in hERG1 channels was shown to accelerate the rate of deactivation equivalent to

deleting the entire PAS domain (Muskett et al., 2011). This indicates that the PAScap is important in the kinetics of hERG1 and due to the high sequence homology

between hERG1 and hEAG1 the PAS-cap may also have an important role in hEAG1.

The PAS-cap was deleted from the hEAG1 gene resulting in the mutant

referred to as Δ2-26 hEAG1. This mutant under control conditions resulted in

slowed activation kinetics compared to the WT channel (Table 1.) and also resulted
in rectification during the I/V protocol, when the conductance becomes reduced at
more positive membrane potentials rather than increasing progressively with

voltage. Our data for WT hEAG1 shows that is maintains this positive relationship
whereas the Δ2-26 mutant does not and begins reducing in current amplitude from

+20mV. This is an interesting discovery. Not only does the loss of the PAS-cap cause

slowed activation kinetics but it also affects the conductance of the channel. Lorinczi
et al. (2009) state that WT hEAG1 does actually show rectification at high membrane

potentials and that this can be attributed to block by intracellular Na+ ions (Pardo et
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al., 1998). Deletion of the PAS-cap causes a leftwards shift in the activation threshold

compared to WT hEAG1, as shown by the I/V curve, and in doing so may bring the

process of rectification to more negative potentials and into the range of potentials
examined in these experiments. However we cannot rule out the possibility that the

PAS-cap has a direct effect on the conductance of hEAG1 and cause the rectification
at +20mV in an independent manner.

Δ2-26 hEAG1 produces a large potentiation of the current following the

addition of 5μM I&T. Current potentiation has been noted in Kv1.2 channels where

the channels increase their current with trains of repetitive action potentials. This
was attributed to changes in the gating mode that allowed the channel to pass more

current under certain circumstances (Baronas et al., 2017). Potentiation of hEAG1
current has not yet been described and we provide evidence that the current

potentiation of Δ2-26 hEAG1 was 1272.7 ± 197.1% of the current in control

conditions. This data suggests that the PAS-cap may be acting a molecular “brake”
on the hEAG1 current and when it is present acts to reduce hEAG1 current when

[Ca2+]i increases but that when it is absent there is reduced control over the
regulation of the current. Experiments conducted on pentameric ligand-gated ion

channels showed that a point mutation within the second transmembrane domain
caused compounds that inhibited the current to become potentiators (Bromstrup et

al., 2013). Whilst this was shown for ligand-gated ion channels and not voltage-

gated ion channels the idea still stands that inhibitors of the current can become

potentiators when there are structural rearrangements of the channel. This may be
a potential mechanism by which the PAS-cap regulates WT hEAG1.

3.2.2. Residues N15 and F17 of the PAS-cap are key for its role in
regulation hEAG1 function
Our main experiment involving the PAS-cap was an alanine scan of the

amphipathic helix. At the time of experimentation, only the homology model

developed from the X-ray crystal structure of the EAG and cNBH domains generated
by Haitin et al. (2013) was available (Lorinczi et al., 2016). The homology model of
the PAS-cap was used to inform our decisions when designing the mutagenesis

which began at Q14 which was at the N-terminal end of the amphipathic helix
through to V22 which was at the C-terminal end of the helix. An individual alanine
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mutation was generated for each position and the constructs were tested for two

things; their response to the voltage protocol to find out the role of the residue under

resting Ca2+ conditions and also the response to raised Ca2+ to test whether the
residue had a role in how the channel responds to Ca2+.

The first point to note is that the alanine mutants of T16, L18, E19, N20, I21

and V22 all shared behaviour that was similar to the WT channel. They all activated

with fast kinetics and produced currents that gained in amplitude with each
successive depolarisation of the membrane. These mutant channels were also

inhibited by 5μM I&T in a similar biphasic manner as the WT channel. However, the

mutation did sometimes affect the V0.5 and k values of the channel meaning that they

are still involved in how the channel responds to voltage. Of the mutants that causes
a statistically significant change in V0.5 for activation – T16A and L18A only – they
shifted V0.5 to more positive membrane potentials indicating that under control

conditions these residues of the PAS-cap act to anchor the threshold of activation at
more negative potentials. The mutants that significantly changed the k value were

T16A, L18A and V22A, all of which reduced the k value indicating that the mutant
channels are more sensitive to voltage. All other alanine mutants did not

significantly affect either the V0.5 or k values of their respective channels. From
analysis of the cryo-EM structure it appears as though both T16 and L18 lie between

the EAG and cNBH domains of the channel and that the ability of the PAS-cap to
bridge between the two domains may be a mechanism of action for these residues
(Whicher and MacKinnon, 2016).

These residues were also tested under 5μM I&T to see how the channels

responded to high Ca2+ conditions. All the constructs, except for L18A, shifted the

V0.5 for activation of the channel to positive potentials compared to control. The
same applies for the k value where all except N20A (which had no effect) and L18A

caused a reduction in the k value. The significant data includes residues the lie
between the EAG and cNBH domains and indicates that the interaction of the PAS-

cap to both domains is important for its role in maintaining the voltage dependence
of the channel under high Ca2+ conditions (Whicher and MacKinnon, 2016).

L18 is a residue of particular interest, it behaves as a “hybrid” between the

WT and Δ2-26 hEAG1 channels. On the one hand it has fast activation kinetics in
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control conditions and shows the same biphasic response to 5μM I&T as the WT
channel. But following the application of 5μM I&T it begins showing tendencies of
the Δ2-26 channel such as slow activation kinetics and a large negative shift in the
V0.5 value and an increase in the k value. It is the only alanine mutant of the PAS-cap

that behaves this way after addition of 5μM I&T and points towards L18 being an
important residue in maintaining the WT functionality of the channel under high
Ca2+ conditions. L18 lies directly between the EAG and cNBH domains in the cryo-

EM structure and provides more evidence that the interaction of the PAS-cap with
both the N and C-terminal domains is critical for it to regulate hEAG1 in both control
and high Ca2+ conditions.

Two residues of the PAS-cap, N15 and F17, stood out as being important for

maintaining the WT phenotype as when they were mutated to alanine they both
behaved in a manner similar to that of the Δ2-26 hEAG1 channel. Both mutants show

rectifying behaviour at depolarised membrane potentials. Both mutants in their
own right behave in a similar manner to Δ2-26 hEAG1, they both have negatively

shifted V0.5 values in control conditions meaning that both residues are involved in

the voltage dependence of activation of the channel. They both also have reduced k

values compared to the WT channel meaning that they become more dependent on

the voltage. This data indicate that the N15 and F17 residues are key within the PAScap in order for it to maintain a WT-like phenotype.

The most important comparison comes when the mutants are exposed to

5μM I&T. N15A shows a ~4 fold potentiation of the current whilst F17A is ~3 fold.

Neither mutant has quite the same potentiation as the Δ2-26 mutant, indicating that

whilst these residues are clearly involved in this process, the effect is constrained
by the rest of the PAS-cap structure being present. The cryo-EM provided by

Whicher and MacKinnon (2016) shows that the N15 and F17 residues are on

opposite sides of the amphipathic helix. N15 points towards the cNBHD whilst the
F17 residue points towards the EAG domain. This indicates that the two residues act
to stabilise the helix between the two domains and position it in such a way that

allows the rest of interactions. Hence mutating either of them could result in a
destabilisation of the PAS-cap and a disruption of other residue interactions.
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An interesting point of the Δ2-26 channel was the component of

instantaneous current observed during the I/V protocol in 5μM I&T. It is caused by
channels from the previous voltage stimulus still being open, 8 seconds later, when

the next voltage stimulus occurs. The channels being open removes the part of the
time-dependent current because time is not spent opening the channel pore so that
current can be passed immediately following the change in membrane potential.
This indicates a severe slowing of the deactivation kinetics, something that has not

been outright measured in this experiment but is still worth noting as data gathered
from hERG1 channels missing the PAS-cap shows the opposite effect since the role

of the PAS-cap in hERG1 is to slow deactivation (Morais Cabral et al., 1998; Muskett
et al., 2011; Wang et al., 2000). Following the addition of 5μM I&T, N15A hEAG1 also

showed a component of instantaneous current albeit to a lesser extent than Δ2-26
hEAG1 which indicates that the N15 residue is at least partly involved in the
deactivation kinetics but is not acting alone. The F17A mutant doesn’t show any

instantaneous current after being exposed to 5μM I&T which shows that this
residue is likely not involved in the deactivation kinetics – at least not to the extent
that it can be seen as an instantaneous current.

3.2.3. E600 of the cNBHD and N15 of the PAS-cap are likely part of an
interaction network

The X-ray crystal structure produced by Haitin et al. (2013) showed that

there was an interaction surface between the cNBHD and the EAG domains of mEAG.
Haitin et al. (2013) mapped a series of cancer associated mutants (at homologous

positions in hEAG1) and long QT syndrome mutants (at homologous positions in
hERG1) to this interaction surface. One of the residues that mapped to this interface

was homologous to E788 in hERG1, this residue, when mutated, is associated with
long QT syndrome (Lorinczi et al., 2016). The equivalent position in hEAG1 is E600

which we tested using both an alanine and an arginine mutant, i.e a charge
neutralisation and reversal. The charge neutralisation, E600A, behaved in many
respects at the WT channel. It was inhibited by 5µM I&T and recovered in current

amplitude as the WT channel does. The E600R mutant behaved much more like the

Δ2-26 mutant, including slow activation kinetics, potentiation of the current
following 5µM I&T and a component of instantaneous current. Interestingly, when
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exposed to 5µM I&T the E600R mutant increased its current but did not show a
recovery phase back towards control giving a time dependence graph with the same
profile as the N15A mutant.

Since the E600R and N15A mutants both have similar responses to 5µM I&T

we examined their positions using the cryo-EM structure which had not long been

published (Whicher and MacKinnon, 2016). The structure revealed that the two
residues were ~5.4Å apart which is within the range for polar interactions to occur.

With this in mind, we produced a residue swapped channel, N15E:E600N which was
designed to test whether or not these residues were interacting. If they were

important interaction partners we expected to see a WT-like phenotype from the
mutant. However, this mutant behaved much more like Δ2-26 hEAG1 except with an
exaggerated effect from 5µM I&T. The Δ2-26 hEAG1 channel potentiated its current

~15 fold whilst N15E:E600N hEAG1 potentiated ~20 fold indicating that by
swapping the residues we have allowed the channel to pass even more current

during high Ca2+ conditions. The data from this mutant indicates that if these

residues are interacting, it is likely to be part of a larger interaction network and not

a direct interaction of the two residues. Swapping a negatively charged amino acid
into the place of a polar residue may have also caused a disruption of the structure
of the PAS-cap which could have exacerbated the phenotype seen.

3.2.4. Neither Y198 of the EAG domain or E279 of the S2-S3 linker are
involved in the PAS-cap’s mechanism of action

We still wanted to understand how the F17 residue interacts with its

environment and how this could influence its control of hEAG1. The cryo-EM
structure shows that Y198 of the EAG domain is between 4.2 and 5.0Å away from
F17 (Whicher and MacKinnon, 2016). Both residues contain a benzene ring which
can π-stack with each other in a non-covalent interaction (Akher et al., 2017). From

the cryo-EM structure it appears as though the two benzene rings are offset from

each other in a “T” configuration. This configuration of the rings has actually been

shown to be more energetically favourable when compared to direct stack on top of
each other (Akher et al., 2017; McGaughey et al., 1998).
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The hydroxyl group is 2.5Å from the side chain of E600 which may also

provide hydrogen bonding. The mutant Y198F was generated as this maintained the

structure of the benzene ring but lost the hydroxyl group from the side chain, thus
separating the effects of E600 from F17. Y198F hEAG1 behaved in the same way as
the WT channel by showing an inhibited current following 5µM I&T with only a

reduction in voltage dependence in control conditions. In 5µM I&T the V0.5 value was
positively shifted from control – as was the WT channel – thus there was no evidence

that Y198 interacted with E600 as it did not share any aspects of the E600R
phenotype. The next logical step would be to generate the Y198A mutant to remove

the benzene ring and test whether a potential π-stacking interaction between F17 is

important. This will allow us to further understand how F17 interacts with its
surrounding residues and decipher which ones are important to anchor F17 and
maintain the stability of the PAS-cap.

Another aspect of the cryo-EM structure was that it was the first structure to

fully resolve the amphipathic helix of the PAS-cap bound in place with the rest of the

channel. It also resolved a small portion of the unstructured region – although
residues 1-10 were missing. This gives us an idea as to which other parts of the

channel the PAS-cap interacts with. A negatively charged residue, E279, of the S2-S3

linker is close to where the resolution of the PAS-cap ends. Residues R7 and R8 are

not shown in the structure but due to the position of the PAS-cap, they may be close
enough for a charged interaction with E279. A charge neutralisation of E279A was
generated and showed behaviour similar to that of the WT channel. It showed fast

activation kinetics in control conditions and was inhibited by 5µM I&T which then

caused a positive shift in V0.5 just as seen in the WT channel. This indicates that the

R7 and R8 residues are not close enough to E279. It could be due to the flexibility of
the unstructured region, especially given the proline residue at position 13, that
Whicher and MacKinnon (2016) have captured the unstructured region in one of

potentially many conformations thus meaning that the R7 and R8 residues are in an
entirely different position.
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4. Results and Discussion – How does the PAS-cap influence hEAG1 channel
behaviour in terms of N, i and Popen?
4.1. The mechanism of regulation of hEAG1 by the PAS-cap.
The deletion of the PAS-cap of hEAG1 (∆2-26 hEAG1) has been shown to alter

the channel’s behaviour. The most intriguing property of ∆2-26 hEAG1 is that
following the application of 5μM I&T the current amplitude increases by 1272.7 ±
197.1% over control whilst the WT channel is inhibited by 85.5 ± 2.9% (Table 1,

Figure 4.1). It is highly unusual for an ion channel to show such a large potentiation
of the current amplitude so it was important to investigate this behaviour further.

Whole cell current – such as that measured in the oocyte two-electrode

system – is comprised of 3 variables as shown by the equation:
𝐼𝐼 = 𝑁𝑁𝑁𝑁𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

Where I = whole cell current, N = number of channels available to open, i =

single channel current and Popen = the open probability for the channel. Deleting the

PAS-cap and exposing the channel to raised [Ca2+]i changes one or more of these
properties yielding the large potentiation seen with ∆2-26 hEAG1 in oocytes.

To decipher the mechanism of action of the PAS-cap on hEAG1 behaviour,

WT and ∆2-26 hEAG1 were expressed in CHO cells and whole cell patch clamp data

recorded. Steady pulsing voltage protocols, similar to those used in the oocytes,

were applied to obtain voltage and time-dependent currents and their responses to
5μM I&T. This data was then analysed using noise analysis to obtain values for N

and i but also show whether or not Popen was affected. Noise analysis was used
because single channel amplitudes are reported to be too small (Bruggemann et al.,
1993). In preliminary experiments it was not possible to detect single channel
events in the Mitcheson lab.
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4.1.1. Expression of WT and ∆2-26 hEAG1 yields functional currents
in CHO cells
To conduct noise analysis experiments, WT hEAG1 was expressed in CHO

cells and whole cell patch clamp recordings were made. Before this WT hEAG1

currents were first characterised using an I/V protocol similar to that used in the
oocytes with a voltage range of -50mV to +70mV increasing in 10mV increments

(Figure 4.2c).

When expressed in CHO cells, WT hEAG1 produced outward, fast activating

currents that increased in amplitude with successive increases in membrane
potential above 0mV (Figure 4.2a and Figure 4.3a). This was similar behaviour to

that seen in the oocyte system under the two-electrode recording technique

although the voltage threshold was more positive in the CHO cells compared to the
oocytes (Figure 4.3). The currents yielded in the CHO cells activated with a 10-80%

time course of 158.5 ± 40.6ms at +60mV which is faster than the time course
measured in oocytes which was 309.1 ± 16.4ms at the same voltage (p<0.05, n=20,

Table 2.). CHO cells were also transfected with the empty vector control, pXoon,
which gave no significant current when tested with the I/V protocol (Figure 4.2b),

indicating the low expression of endogenous channel in CHO cells.
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The G/V curve of the CHO cell data shows that the WT channel activates at

potentials more positive than in the oocytes (Figure 4.4). The V0.5 value for WT

hEAG1 in the CHO cells was 37.2 ± 3.0mV which was significantly more positive than

the value obtained from the oocytes which was 16.0 ± 2.0mV (p<0.001, n=20, Figure

4.4, Table 2.). The slope factor (k value) for the CHO cell system was 10.3 ± 0.6mV
which is significantly lower than in the oocytes where it was 21.4 ± 2.4mV

(p<0.0001, n=20, Figure 4.4, Table 2.). This indicates that in the mammalian system
the channel has altered voltage dependence compared to the oocytes.
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Currents in CHO cells expressing WT hEAG1 were first measured in control

solution in response to repetitive pulses of 700ms to a potential of +20mV and cells

were then exposed to 5μM I&T to obtain data for noise analysis. The noise analysis

protocol to +20mV was designed so that the channels would be activated but their
activation kinetics wouldn’t be too fast. This was so the rising phase of the current,

as more channels opened in response to the voltage, was as long as possible so the
analysis of the variance would be more accurate.

The maximal WT hEAG1 inhibition by 5μM I&T was 78.6 ± 5.8% compared

to control (p<0.001, n=16) and not significantly different to the response seen in the

oocyte system (p>0.05, Table.2, Figure 4.5a). The end pulse current was normalised
against control values and plotted against time. The inhibition of the current was
gradual and there was no recovery of the current amplitude when recordings were

measured over 300s (Figure 4.5c). Data from pXoon-expressing cells shows that

there is no current produced and that the 5μM I&T has no effect (n=4, Figure 4.5b).
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In oocytes, the inhibition occurs much more rapidly and recovers in

amplitude over time, whereas in the CHO cells, the inhibition is much more gradual

and does not recover in amplitude at time points up to 300s (Figure 4.6). Although

it was not feasible to determine if the recovery of the current would occur at later
time points >300s.
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∆2-26 hEAG1 currents were also characterised in CHO cells and tested

against the I/V protocol shown in Figure 4.2c. The currents responded in a similar

way to the I/V protocol as in oocytes. They were slow to activate and initially
increased in amplitude with voltage before starting to rectify at more positive
potentials (Figure 4.7). ∆2-26 hEAG1 activated with a 10-80% time course of 622.4

± 65.2ms at +60mV which is no different to that of the oocyte-expressed channels

(p>0.05, n=5, Table 2.) although this may be an underestimate because a steady
state activation was not reached. The currents produced in response to the I/V

protocol show a component of instantaneous current at the start of the trace, this is
due to a slowing of the deactivation kinetics so that channels are still open at the
start of the next voltage step. The tail currents, at -30mV, do not show the current

deactivating due to the kinetics being so slow (Figure 4.7).
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The current amplitude at the end of the pulse was measured, normalised and

the mean current amplitudes were plotted against the membrane potential (Figure

4.8a). In CHO cells, the ∆2-26 hEAG1 current peak amplitude increases with
membrane potential before rectifying at potentials positive to +40mV (Figure 4.8a),
whereas the current rectifies at the more negative potential of +20mV in oocytes
(Figure 4.8b).
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The G/V curve shows that at the highest measured membrane potential,

+70mV, the normalised conductance is higher in the CHO cells than it is in oocytes
indicating weaker rectification (Figure 4.9). The V0.5 value for current activation in

CHO cells was -19.1 ± 4.3mV which is more negative than in oocytes albeit not

significantly (p>0.05, n=9, Table 2.). The k value is 9.4 ± 1.2mV in CHO cells, lower
again than oocytes, but not a significant change (p>0.05, n=9, Table 2.). This data
shows that ∆2-26 hEAG1 is functional in CHO cells and its biophysical properties do
not differ substantially from those in the oocyte system – indicating that the

biophysical parameters measured to be different for WT hEAG1 are PAS-cap
mediated and not cell background dependent.
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CHO cells expressing ∆2-26 hEAG1 were also repetitively pulsed to +20mV

and exposed to 5μM I&T to monitor the channel’s response to high [Ca2+]i. The

current amplitude increased upon application of 5μM I&T before returning to
control levels. A component of instantaneous current was observed, which was due

to channels not fully deactivating between pulses (Figure 4.10a). The end pulse
current increased by 349.4 ± 304.9% relative to control but this was incredibly

variable compared to the response from the oocytes (n=4) (Figure 4.10b). The
potentiated response was also to a lesser extent than the oocytes and oscillated over
time before returning to control levels (Figure 4.11a).

169

Individual cell data are shown in Figure 4.11b. Some cells responded well to

the 5μM I&T by increasing their current. This is shown by the black dots, which

demonstrated a maximum percentage increase of 1873%. Other cells responded but
on a much smaller amplitude scale increasing by 19.9% (blue dots) or 9.6% (orange
dots) (Figure 4.11b).

These results indicate that the response of ∆2-26 hEAG1 to 5μM I&T are more

variable in CHO cells than in oocytes.
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4.1.2. Simulations of hEAG1 data predict possible outcomes
Before analysing hEAG1 data, we first carried out simulations to help

understand current-variance curves would be altered by changes in single channel
parameters. In-house software, Tracan3, was developed to simulate voltage-gated

K+ channel activity based on a linear scheme comprising 5 close and one open state

(Figure 4.12). Simulations were accomplished by calculating the dwell time in each
state and the subsequent transition step using a Markov simulation routine. The

number of channels in a cell was set at 500 and the single channel current at 0.5pA.
200 pulses were given and the ensemble mean (I) and variance (σ2) of these were
calculated. Mean variance plots were generated as shown in Figure 4.13 and the
equation below was fit to the data by varying i and N:

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 1 ∶ 𝜎𝜎 2 = 𝐼𝐼𝐼𝐼 − 𝐼𝐼 2 /𝑁𝑁
Maximum Popen is given by Imax/Ni. To alter the maximum Popen in the

simulations the value of the rate constant γ was altered; the higher the value of γ the
higher the maximum Popen.
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Simulations for reducing the maximum Popen are shown in Figure 4.13, here

N = 500, i = 0.5pA and the number of sweeps was 200. The rate γ was set to 0.12ms1

giving a maximum Popen of 0.68 as shown by the data points in blue and the fit is

shown in dark blue. The result when γ was reduced to 0.04ms-1, yielding an

approximate Popen value of 0.4, is shown by the orange data points and is fit by the

dark red line. Across the different simulations, the reduction in Popen is shown by a

leftwards shift in the data. The orange data points superimpose well over the fit of

the blue data points. This indicates that a reduction in Popen of in vivo WT hEAG1
recordings after application of 5μM I&T would be identified as a leftwards shift in
the variance vs mean current data points.
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Simulations increasing γ to increase maximum Popen are shown in Figure 4.14

where the opposite of Figure 4.13 is seen. In Figure 4.14, the data points with γ of
0.12ms-1 are the same as those shown in Figure 4.13 whilst the orange data points

are those returned with γ set to 0.20ms-1 with its fit line shown in dark red. The data

here shows that by increasing the maximum Popen, the mean current increases
relative to when γ is 0.12ms-1 and the orange data points again superimpose well

over the dark blue fit line of the control data. This shows that the mean-variance plot
is similar, but that the data continue to higher current values indicating a higher
Popen. If a similar change in mean-variance profile was observed with ∆2-26 hEAG1

following the addition of 5μM I&T this would suggest that Ca2+ leads to an increase
in maximum Popen.
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Simulating a decrease in N was done in the same manner, N was simulated at

both 500 and 50. The value of γ was maintained at 0.12ms-1, i at 0.5pA and the

number of sweeps at 200. A decrease in N produced a change in both the variance
and the mean current (Figure 4.15). The data for N = 50 shows a reduced mean

current and decrease in variance which is shown in the orange points and fitted with
a dark red line. As expected, the control values where N = 500 have a much larger
mean current and more variance. This simulation shows that if the reduction in

current amplitude seen in the WT channel is caused by a reduction in N, the data
should follow a similar trend as the simulation (Figure 4.15).
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Increasing N from 500 to 1000 and keeping all other variables constant

showed an increase in the mean current and an increase in the variance (Figure

4.16). This would indicate that if the current potentiation seen with ∆2-26 hEAG1

following 5μM I&T was down to an increase in N – perhaps via Ca2+ activated

insertion of ∆2-26 hEAG1 containing vesicles into the membrane – that both the

variance and the mean current would be much larger than in control conditions as
shown by Figure 4.16. Note that in both cases of N changing, the fit of data doesn’t
follow the same profile as the data produced by increasing or decreasing maximum
changing Popen.

175

Simulations were also conducted to test the effect of changing i on the

outcome of the noise analysis simulations. N was kept at 500, γ at 0.12ms-1 and the

number of sweeps as 200. The value of i was tested at 0.5pA and either reduced to

0.25pA or increased to 0.75pA. When i was reduced from 0.5pA to 0.25pA both the

variance and the mean current were reduced (Figure 4.17). The fit line for the

control data does not align with the data for i = 0.25pA and so differs from the

reduction of Popen graphs (Figure 4.13). The in silico data provides a point of
reference to compare the in vitro data to should the inhibition of WT hEAG1 current
after application of 5μM I&T be down to a change in i.
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When the value of i was increased from 0.5pA to 0.75pA, the mean current

and the variance both increased with it (Figure 4.18). Similar to the simulations for

decreasing i, the fit line of the control data doesn’t follow the same trend as the i =
0.75pA data unlike the change in Popen that followed the same fit line albeit right or

left shifted (Figure 4.13 and Figure 4.14). This means that if the in vivo noise analysis

data shows a change in i is behind the increase in ∆2-26 hEAG1 current that the
graphs would bear similarity to those shown in Figure 4.18.
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4.1.3. Noise analysis of WT hEAG1 reveals 5μM I&T changes to N and
Popen
WT hEAG1 currents measured with steady pulsing to +20mV were analysed

using the Tracan3 software. Noise analysis data from 4 cells are shown plotted as
mean current against variance. The maximal mean current following the addition of

5μM I&T is much lower than in control conditions, the maximum variance is also
reduced (Figure 4.19). The data bares similarity to the simulation graphs
representing a reduction in maximal Popen (Figure 4.13) because these too show a
reduction in mean current and variance compared to the control simulation data.

The data for 5μM I&T sits well along the fit line for the control data, but the

maximum mean current achieved is less compared to the control data (Figure 4.19).
This indicates that there is a reduction in the Popen of the channels as the shape of

the two conditions is similar to that shown by the simulation data where Popen was
reduced (Figure 4.13). The noise analysis of WT hEAG1 currents implies that under

high Ca2+ conditions there is a substantial reduction in Popen. There may also be a

reduction in N, but additional experiments are needed to support this.

The software that calculates the fit of the data using Function 1 also provides

estimates of the value of N and i. The value of N reduced by 41.7 ± 8.6% which is a

significant difference compared to control data (p<0.001, n=14). The mean value of
i was actually increased from 0.73 ± 0.07pA to 0.83 ± 0.08pA, however this was not
a statistically significant change (p>0.05, n=14).
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4.1.4. Noise analysis of ∆2-26 hEAG1 shows that neither N or i are
affected by 5μM I&T
∆2-26 hEAG1 currents elicited by repetitively stepping to +20mV were

analysed for their variance. The mean current-variance relationship from the only
quality recording of ∆2-26 hEAG1 with 5μM I&T is shown in Figure 4.20. Here the
data demonstrates a relationship similar to that of increasing Popen as shown in
Figure 4.14.

Obtaining good quality data for the potentiation of ∆2-26 hEAG1 proved

difficult due to the component of instantaneous current that was often present
during recordings once 5μM I&T was added. Due to this, more experiments are

needed to draw well informed conclusions about how 5μM I&T affects current
parameters.
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4.1.5. Surface expression assays show a reduction of WT hEAG1
expression but not of ∆2-26 hEAG1 following 5μM I&T
Drawing conclusions from the noise analysis was problematic as it was

difficult to distinguish between changes in N and i. As an alternative approach we

investigated potential changes in N by measuring changes in the number of channels
on the membrane surface. WT hEAG1 was tagged with a peptide for the αbungarotoxin binding site (BBS). The BBS-tag was engineered between S3 and S4 on

an extracellular loop and so was available to bind to extracellularly applied α-

bungarotoxin (BTX) if the channel was localised to the plasma membrane.

Comparison of the amount of BTX-labelled channel protein allowed measurements
of channel surface expression to be made.

CHO cells transfected with WT hEAG1-BBS and ∆2-26 hEAG1-BBS were

exposed to BTX in control conditions or after application of 5μM I&T for 100 or 300s

for WT hEAG1-BBS or 60 and 300s ∆2-26 hEAG1-BBS. Fluorescent images of

transfected CHO cells are shown in Figure 4.21. WT hEAG1-BBS surface expression
is indicated by the level of BTX-conjugated to AlexaFluor-594. GFP fluorescence

identifies plasmid transfected cells. DAPI fluorescence identifies the nuclei of all
cells, included non-transfected cells. Only GFP expressing cells also showed
AlexaFluor-594 fluorescence indicating specific BTX binding to the hEAG1expressing cells.

The BTX fluorescence was reduced in its intensity from 8.7 ± 0.7au to 5.6 ±

0.3au following the 100s exposure, a reduction of 30.7 ± 11.9% (p<0.001, n=3, no.of
cells=40, Figure 4.22) compared to control cells.

The BTX fluorescent signal was also measured after 300s of exposure to 5μM

I&T (Figure 4.22). Compared to control, the fluorescent signal had decreased from

8.7 ± 0.7au to 6.4 ± 0.6au, this was a reduction of 15.4 ± 21.1% and was again found
to be a significant reduction from the control values (p<0.01, n=3, no.of cells=52,

Figure 4.22). There was no significant change in the fluorescent intensity between
the 100s and 300s data indicating that the surface expression of WT hEAG1-BBS did
not increase again following its initial decrease after 100s (p>0.05).
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A BBS-tagged version of the ∆2-26 hEAG1 was generated for the purposes of

surface expression. Fluorescent images of the transfected CHO cells are shown in

Figure 4.23. BTX-AlexaFluor-594 was applied to cells in control solution and after

being exposed to 5μM I&T for 60 and 300s (Figure 4.23).

After 60s of exposure to 5μM I&T the average BTX-AlexaFluor-594

fluorescent intensity had gone from 6.2 ± 0.6au to 6.1 ± 0.4au. This was a reduction

in α-BTX fluorescence intensity of 7.3 ± 16.3% and was not statistically significant
(p>0.05, n=3, no.of cells=23, Figure 4.24). The fluorescence was also measured 300s

after exposure to 5μM I&T, and when compared to control the fluorescence intensity
had reduced to 5.7 ± 0.4au which was a reduction of 2.3 ± 22.4%. This reduction
was also found to not be statistically significant (p>0.05, n=3, no.of cells=45, Figure

4.24). These data suggest that the surface expression of ∆2-26 hEAG1-BBS was not

altered upon the application of 5μM I&T. This could be because there was no change

in the numbers of surface located channels or there could be an alternate
explanation.

It was noticed that the level of BTX-AlexaFluor-594 fluorescence was low in

∆2-26 hEAG1-BBS transfected cells (Figure 4.23) raising the possibility that this
construct was not expressed at all or expressed at low levels compared to WT
hEAG1-BBS. To investigate functional expression, both constructs were

characterised using whole cell patch clamp of CHO cells.
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4.1.6. WT hEAG1-BBS, but not ∆2-26 hEAG1-BBS, is expressed and
functional in CHO cells
The WT hEAG1-BBS construct was expressed in CHO cells for whole cell

patch clamp measurements of current to ensure the tagged channel behaves in the

same as the WT channel both in control conditions and under high Ca2+ conditions.
In control solution the currents in response to the I/V protocol were similar to that
of the untagged channel. WT hEAG1-BBS current had an activation time course from

10-80% of 183.5 ± 40.0ms which was not significantly slower than the untagged
channel (p>0.05, n=4, Table 2, Figure 4.25a.).

The mean normalised I/V relationships compare the response of WT hEAG1

and WT hEAG1-BBS to increasing voltage. The BBS-tagged channel current is left
shifted compared to the untagged channel current (Figure 4.25c).

The G/V curves show that the BBS-tagged channel current activates at much

more negative membrane potentials than the untagged channel current (Figure

4.25d). The V0.5 value for WT hEAG1-BBS was 21.3 ± 4.4mV which is significantly
more negative than that of the untagged channel current which was 37.2 ± 3.0mV

(p<0.05, n=4, Table 2.). The k value is 17.2 ± 1.6mV which is higher than the

untagged channel which was 10.3 ± 0.6mV (p<0.001, n=4, Table 2.). This data
indicates that the BBS-tagged channel is well expressed responds in a voltage

dependent manner, but that the voltage dependence is affected by the presence of

the extracellular binding site on the voltage sensor.
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WT hEAG1-BBS expressing cells were also exposed to 5μM I&T to measure

the response of the current amplitude over time. The current gradually reduced in
amplitude from control levels (Figure 4.26a). The current was inhibited by 62.6 ±

8.1% from control which was not a significant reduction (p>0.05, n=4). This
behaviour is similar to the untagged channel, including the lack of a recovery phase

(Figure 4.26b). However since the inhibition was not significant more data are
needed as many of the recordings did not last the full 300s of 5μM I&T application.
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There was a variety of responses to 5μM I&T in terms of current amplitude

and time course of inhibition. Some cells were inhibited at a consistent rate as shown
by the black dots (Figure 4.27). Others were initially inhibited more quickly but then
proceeded to oscillate in amplitude over time as shown by the orange dots (Figure

4.27). Some cells, as shown by the blue dots (Figure 4.27), were inhibited quickly
after the addition of 5μM I&T but plateaued in their current amplitude for the

duration of the recording. This indicates that the BBS-tagged channel has a less

reproducible response to high Ca2+ conditions.
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The ∆2-26 hEAG1-BBS construct was also expressed in CHO cells to see how

the currents responded to both voltage and 5μM I&T. The channel did express in

CHO cells and produced measurable currents under the I/V protocol (Figure 4.28).

The currents appear to activate slowly, but do not show any rectification at positive
potentials unlike what was seen in the untagged ∆2-26 hEAG1 channel (Figure 4.28).

Currents were not observed until the voltage reached -10mV (Figure 4.28c). The

channels activate with a time course of 695.9 ± 183.5ms at +60mV which is similar
to that of the untagged channel (p>0.05, n=4, Table 2.).

The mean normalised I/V curves show that the tagged channel does not show

the rectification feature and instead continues to increase its current amplitude with

the increasing voltage (Figure 4.28c). The G/V curve shows that the BBS-tagged
channel starts to activate at more positive membrane potentials than the untagged
channel (Figure 4.28d). The V0.5 value for ∆2-26 hEAG1-BBS was 29.2 ± 3.5mV

whereas the V0.5 value for ∆2-26 hEAG1 is negative (p<0.0001, n=4, Table 2.). The k
value is 20.0 ± 1.9mV which is much larger than the value of the untagged channel

(p<0.01, n=4, Table 2.). This data indicates that the addition of the BTX binding site
affects the voltage dependent properties of the ∆2-26 hEAG1 channel.
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∆2-26 hEAG1-BBS was also exposed to 5μM I&T to see how the current

amplitude responds to high Ca2+ conditions. The mean current amplitude did not

change upon addition of 5μM I&T (Figure 4.29a). Currents were measured for >300s

and the current amplitude varied around control and so the percentage change was

not measured (Table 2.). This is a different response compared to cells expressing
the untagged channel, which showed a large potentiation of the current after the
application of 5μM I&T. This lack of a response to high Ca2+ may be why surface

expression did not respond to 5μM I&T.
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The responses in single cells from the steady pulsing experiments showed

that there was a variety of responses to the 5μM I&T. Some cells gave current that

slowly increased in amplitude throughout the recording as shown by the black dots
(Figure 4.30). Other cells had more of an erratic behaviour with no trend in their
current amplitude but rather oscillations around their control amplitude as shown
by the blue and orange dots (Figure 4.30).
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Constructs

WT hEAG1

WT hEAG1-BBS
∆2-26 hEAG1

∆2-26 hEAG1-BBS

% change in I&T

V0.5 (mV)

k value (mV)

10-80% activation (ms)

62.6 ± 8.1

21.3 ± 4.4 *

17.2 ± 1.6 ***

183.5 ± 40.0

n/a

29.2 ± 3.5 ****

20.0 ± 1.9 **

78.6 ± 5.8 ***

349.4 ± 304.9

37.2 ± 3.0

-19.1 ± 4.3

10.3 ± 0.6
9.4 ± 1.2

158.5 ± 40.6
622.4 ± 65.2

695.9 ± 183.5

Table 2. A table showing the measured parameters of the WT hEAG1 channel along with 4 tested mutants using whole cell patch
clamp.
This table shows the parameters measured in CHO cells from the expressed constructs. The percentage change following the addition of
5μM I&T is calculated from the steady pulsing data and were all measured at +20mV. Values highlighted in red are mutants that potentiated
their current after 5μM I&T. The V0.5 and k values were measured from the Boltzmann fits of the G/V curves and are both expressed in mV.
The 10-80% activation time course was measured at +60mV and is measured in ms. Statistical comparisons are done at WT hEAG1 vs WT
hEAG1-BBS and ∆2-26 hEAG1 vs ∆2-26 hEAG1-BBS. All values are presented as mean ± SEM and significance is indicated by the asterisks
(* is <0.05, ** is <0.01, *** is <0.001, **** is <0.0001).
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4.2.

Discussion

4.2.1. The PAS-cap likely influences the Popen of the hEAG1 channel
WT hEAG1 and the mutant Δ2-26 hEAG1 currents have opposite responses

to I&T. In oocytes, WT current is inhibited 85.5 ± 2.9% from control (n=10) whilst

that of the Δ2-26 hEAG1 is potentiated by 1272.7 ± 197.1% (n=3). As previously

stated the whole cell current measured in the oocytes is comprised of single channel

current (i), open probability (Popen) and the number of available channels (N), which
means that the reduction or increase in current is caused by a change in one or more
of these parameters. WT hEAG1 has a small single channel conductance of around
4.9pS which makes accurate single channel recordings challenging (Bruggemann et

al., 1993). Taking this into account and the fact that with the WT channel we could

potentially be looking for a further reduction in single channel activity, we decided
to study channel properties using non-stationary noise analysis.

Ion channel behaviour is stochastic in nature and the three variables that

produce whole cell currents vary depending on the stimulus (Alvarez et al., 2002).

The two channels were studied in the mammalian CHO cell model as currents
produced by the oocytes are too large and analysis of the noise would be more

difficult. Both channels were functional in the CHO cells and gave currents that were

similar to their oocyte counterparts. WT hEAG1 was inhibited by 5μM I&T by 78.6

± 5.8% but this occurred with a slower time course in the CHO cells than in the
oocytes which may be explained by a difference in cell background between the

amphibian and mammalian systems. Studies on many ion channels have shown than

they can be modulated differently between expression systems. For example the

voltage dependent gating of the Nav1.4 channel is modulated by the β1 subunit in
the mammalian system but is unaffected by the same subunit in oocytes (Lukács et

al., 2009). This provides evidence that ion channels are not necessarily regulated in

the same way in different expression systems and may also explain why the V0.5 and

k values are different for the WT channel. One of the simplest explanation is that the
intracellular Ca2+ responses to 5μM I&T are different in CHO cells and oocytes and
this is investigated in the next chapter.
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The Δ2-26 hEAG1 channel showed a potentiation of its current of 349.4 ±

304.9% in CHO cells which was not a significant change over control levels. This was

an interesting finding but the data were variable from cell to cell. Some cells showed
a large potentiation while others did not. Since the change in channel behaviour was

different between cells it suggests that the Ca2+ responses of individual cells was
variable. This will be discussed in detail in the next discussion chapter. Only cells
resulting in a potentiation were considered for noise analysis.

The noise analysis programme used requires the user to input estimated

values for i and N, once the data are fitted the programme then calculates values for

that gave the best fit of the data. These estimates were averaged and analysed

statistically to find any differences between control and 5μM I&T conditions. The

WT channel data suggested that N decreases by 41.7 ± 8.6% which was found to be

significant compared to control. The overlay of the mean current-variance plots
show that the 5μM I&T data sits to the left of the control data, which suggests a

reduction in Popen. Since Popen cannot be directly measured from noise analysis
another way to analyse this would be the use of inside-out patches to obtain single
channel data. As previously stated the single channel conductance of hEAG1 is small
and so this would be a difficult approach requiring a cell line with minimal
endogenous currents, although CHO cells are preferred over HEK293 cells for K+

channel expression (Yu and Kerchner, 1998). It would also need ensuring there was

minimal external noise input so that the small channel conductance could be seen.

Test voltages furthest away from EK would also encourage larger single channel

currents as there would be a larger driving force for the K+ ions.

Noise analysis from the Δ2-26 hEAG1 currents, were different in each cell

investigated. There are no significant changes in N or i when 5μM I&T is applied,

although only the best data was presented. However the overlay of the data
indicates that there may be an increase in Popen and that this is what drives the large

potentiation of the current. It is difficult to draw conclusions from the noise analysis
of Δ2-26 hEAG1 currents because we did not obtain enough good quality data. This

was in part due to the instantaneous current caused by the slowed deactivation
kinetics. To try and resolve this, we used a negative tail potential between -120mV
and -160mV to increase the rate of deactivation. However this came with its own
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problem in that such negative potentials often caused the membrane seal to become

unstable or even lost completely which impacted the amount and the quality of the
data we could collect.

4.2.2. The large current inhibition caused by 5μM I&T can be partly
explained by a reduction in surface localisation of channels
The noise analysis data suggested that the decrease in WT hEAG1 current

amplitude following 5μM I&T could be partly explained by a decrease in surface

expression. I.e. a decrease of N due to channel moving out of the plasma membrane
or becoming non-functional (silent). In order to study this a specialised hEAG1

construct was used, WT hEAG1-BBS, that contained an α-bungarotoxin binding site

on the S3 and S4 linker on the extracellular side of the membrane.

The surface expression assays were conducted in CHO cells. Addition of 5μM

I&T for either 100s or 300s for the WT construct showed that there was a significant

reduction in the surface expression of WT hEAG1-BBS compared to untreated
control cells. This suggests that a reduction in surface expression is at least part of
the mechanism behind the reduction in current amplitude. Surface expression of
metabotropic glutamate receptors (mGluRs) in neurons has been shown to be

regulated by Ca2+-calmodulin binding and that the binding of Ca2+-calmodulin to

these receptors also influences the internalisation of associated AMPA receptors

(Choi et al., 2011). Another study showed that calmodulin internalised the KATP
channel via activation of CaMKII and phosphorylation of the channel’s pore forming

subunits, resulting in internalisation in a dynamin-dependent manner (Sierra et al.,
2013). dEAG1 has previously been shown to activate and be regulated by CaMKII in

neurons but this resulted in an increase in the current indicating that the
internalisation of dEAG1 is not due to CaMKII activation (Sun et al., 2004; Wang et

al., 2002). This shows that calmodulin regulates the surface expression of other ion
channels and the internalisation of hEAG1 may be due to the interaction of
calmodulin in a larger network as is the case with the AMPA receptors but not a
likely direct effect from CaMKII.
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4.2.3. The BBS peptide insert alters the functional properties of
hEAG1 channels
Kohl et al. (2011) found that when expressed in oocytes, the voltage

dependence of activation of the WT hEAG1-BBS currents are leftward shifted

compared to the untagged WT channel current with V0.5 values for activation of -

54mV and -26mV respectively, whilst the k values were unchanged. This indicates

that the voltage dependence of the channel is substantially affected by the presence

of the BBS site. Our CHO cell results show a similar pattern with V0.5 as Kohl et al.
(2011) in the oocytes, with V0.5 values of 21.3 ± 4.4mV and 37.2 ± 3mV for WT
hEAG1-BBS and WT hEAG1 respectively. However we show that the k value is also
significantly different between the two constructs when studied in CHO cells (10.3
± 0.6 and 17.2 ± 1.6 for the untagged and tagged channel respectively).

However, the main interest of the patch clamp experiments was to determine

whether WT hEAG1-BBS and Δ2-26 hEAG1-BBS currents in CHO cells share the
same response to 5μM I&T as their untagged counterparts. The WT hEAG1-BBS

currents in CHO cells were inhibited quickly and did not show a recovery phase. This
was consistent with the surface expression assay, where there was a reduction in
surface expression compared to control but no change between 100s and 300s;

suggesting that there was no re-introduction of the channels back into the
membrane. However, vesicles arising from plasma membrane endocytosis can be

acidic and vary in pH from 4.9 to 6 in CHO cells (Yamashiro and Maxfield, 1987). The

quenching of the fluorophore or dissociation from the BBS-tagged channel during
the internalisation phase and re-insertion into the membrane cannot be ruled out.

The Δ2-26 hEAG1-BBS construct behaved notably differently when

compared to its untagged counterpart in CHO cells. The Δ2-26 hEAG1-BBS currents

showed positive shifts in the voltage dependence of activation and there was no

current rectification behaviour that is such a characteristic feature of the original
Δ2-26 hEAG1 mutant. More importantly, the Δ2-26 hEAG1-BBS current is not
sensitive to elevated intracellular Ca2+. This data indicates that the insertion of the

BBS tag in the extracellular loop between S3 and S4 transmembrane domains is

having an effect on the passage of current through the pore due to effects on the
voltage sensor and also on Ca2+-calmodulin regulation. Whilst there is no structure

available of WT hEAG1 with the BBS tag it is interesting to speculate that the
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addition of the BBS tag causes a structural rearrangement of the transmembrane
domains themselves or that S3/S4 moves from their original positions or has altered

coupling with the activation gate. There is some controversy in the hEAG/hERG field
about how the PAS-cap regulates channel function. Some studies previously showed

it lying between the EAG domain and the cNBHD whilst some argued it interacted
with the intracellular S4-S5 linker (Lorinczi et al., 2016; Haitin et al., 2013; Li et al.,

2010). More recently the cryo-EM structure of hEAG1 shows that – at least in the

calmodulin bound channel – the unstructured region of the PAS-cap may be reaching

up towards the transmembrane domains (Whicher and MacKinnon, 2016). The full

structure of the PAS-cap was unfortunately not resolved with residues 1-10 missing
from the structure. However we can still draw some conclusions, now we have

evidence that an extracellular tag between S3 and S4 causes the Δ2-26 hEAG1

channel to behave more like the WT channel in terms of its response to membrane
potential. Hypothetically when the PAS-cap is present it could be interacting with
the transmembrane domains in such a way as to stabilise the open conformation

and prevent inactivation. When the PAS-cap is removed they are not held in the
correct position anymore relative to other domains of the channel and allow

inactivation to occur. The presence of the extracellular BBS tag could be acting to

hold the transmembrane domains back in a position similar to that when the PAScap is present thus giving some insight into where the PAS-cap is acting within the
structure.

The Δ2-26 hEAG1-BBS current was not potentiated by 5μM I&T meaning that

an extracellular tag is influencing the interaction of the channel with an intracellular
ligand. This suggests an interplay between the voltage sensor and the EAG/cNBHD

complex, this could be mediated by the C-linker that coordinates the activation gate.
Further experimentation is needed to show that the C-linker couples the voltage

sensor to the binding of Ca2+-calmodulin.
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5. Results and Discussion – Are the intracellular domains involved in
hEAG1’s role in cancer?
5.1. hEAG1 is well documented as an oncogenic K+ channel
WT hEAG1 has been shown numerous times to be involved in the increase in

proliferation of different cell types as well as reduced rates of survival of patients
with hEAG1-positive tumours. Blockers of hEAG1 have also been used to show they
reduce the rate of proliferation indicating that WT hEAG1 at least is involved in the
proliferation side of cancer (Pardo et al., 1999).

The aims of this chapter were to investigate whether the Ca2+-sensitivity of the

channel or its intracellular domains were important for its role in proliferation. The
same question was asked of the primary cilia. Sanchez et al. (2016) showed that the

presence of WT hEAG1 induced disassembly of the primary cilia in hTERT-RPE1

cells. It is not known if the intracellular domains or the channel’s Ca2+ sensitivity are

important for its role in this process so this was also tested.

5.1.1. ∆EAG hEAG1 and E600R hEAG1 reduce the proliferation of
transfected CHO cells in a BrdU assay
There is currently no clear mechanism for how WT hEAG1 increases

proliferation. hEAG1 mutants were selected to test two hypotheses. 1, the Ca2+

sensitivity of the channel is important and 2, specific intracellular domains (EAG

domain or cNBH domain) are involved in this process. To test these hypotheses,
mutants that alter the Ca2+ sensitivity of hEAG1 through a mechanism involving

intracellular domains were expressed and their effects on proliferation measured
with a BrdU incorporation assay.

8 constructs were chosen for the assay. pXoon is the vector containing the

gene for GFP and the promoter sequence for expression of hEAG1 and was used as
a negative control. WT hEAG1 was included as a positive control. The mutants
selected were ∆2-26 hEAG1, ∆EAG hEAG1, F151N:L154N hEAG1, ∆cNBHD hEAG1,
E600R hEAG1 and F714S:F717S hEAG1. ∆2-26 hEAG1 was included because it

causes a large current potentiation when exposed to high intracellular Ca2+
conditions which is the opposite response of WT hEAG1. ∆EAG hEAG1 lacks the

entire EAG domain and also shows a modest potentiation of its current when

exposed to 5μM I&T. F151N:L154N hEAG1 – which will herein be referred to as BDN1 hEAG1 – is a mutant where the residues involved in calmodulin binding to the N-
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terminal binding domain have been changed to reduce calmodulin binding affinity.

BD-N1 hEAG1 shows a gradual inhibition of its current when 5μM I&T is applied.
∆cNBHD hEAG1 is a mutant where the cNBH domain has been removed. The current

of this mutant does not change in response to 5μM I&T and so is a good test of
whether the cNBH domain alone is involved in the proliferation process. E600R
hEAG1 is a charge reversal point mutation in the cNBHD. This mutant also shows a

large potentiation of its current under high intracellular Ca2+ conditions but does

not recover back to control levels. Finally, the F714S:F717S hEAG1 construct in

which the residues of the second C-terminal calmodulin binding domain have been
mutated to reduce calmodulin binding – herein referred to as BD-C2 hEAG1. The

current of this construct shows a small transient inhibition by 5μM I&T but recovers
back to control amplitudes quickly.

All 8 constructs were expressed in CHO cells and the number of GFP

expressing cells that incorporate BrdU after a short exposure were counted to

measure proliferation. Figure 5.1 shows the images taken of CHO cells expressing

the 8 hEAG1 constructs and their BrdU incorporation. Proliferating cells were
detected with an anti-BrdU antibody conjugated to AlexaFluor-594. The BrdU

incorporation does not distinguish between transfected and non-transfected cells.
GFP was used as a marker of transfected cells and was detected with an anti-GFP

antibody conjugated to AlexaFluor-488. Proliferation of transfected cells was

calculated from the percentage of GFP-expressing cells where BrdU was also

detected in the nucleus (Figure 5.1). Figure 5.2 shows the results of the BrdU assay
(n=5).
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There is a significant decrease in the percentage of BrdU-positive cells when

comparing WT hEAG1-transfected to pXoon-tranfected CHO cells (p<0.01). All

constructs are statistically compared to the WT hEAG1 values as the WT channel is
being used as a positive control. 21 ± 2.3% of pXoon expressing cells were positive

for BrdU staining whilst 32.7 ± 0.4% of WT hEAG1 expressing cells were BrdU

positive (n=5). Thus WT hEAG1 expression significantly enhances rates of

proliferation which agrees with previous literature (Pardo et al., 1999).

The data also shows that both ∆EAG hEAG1 and E600R hEAG1 reduce the

proportion of BrdU incorporating cells to 21.3 ± 3.0% and 21.8 ± 1.4% respectively

(both p<0.05, n=5, Figure 5.2) bringing rates of proliferation down to control levels.
The other tested constructs, ∆2-26 hEAG1, BD-N1 hEAG1, ∆cNBHD hEAG1 and BD-

C2 hEAG1 all has BrdU incorporation percentages of 34.2 ± 1.3%, 33.5 ± 2.1%, 28.9
± 2.7% and 25.6 ± 2.8% respectively, none of which were found to be statistically

significant when compared to WT hEAG1 cells (p>0.05, n=5, Figure 5.2).

This indicates that both the EAG domain and the E600 residue are involved

in the mechanism of increased proliferation seen with the WT channel. Intriguingly

both constructs also show potentiated current under high Ca2+ conditions in oocytes
(Lorinczi et al., 2016). Proliferation of BD-C2 hEAG1 transfected cells was also
reduced but not by a statistically significant amount (Figure 5.2).
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5.1.2. ∆EAG hEAG1 and E600R hEAG1 reduce the percentage of
ciliated hTERT-RPE1 cells
The expression of WT hEAG1 has recently been suggested to reduce the

number of cells with a primary cilium in hTERT-RPE1 cells (Sanchez et al., 2016).

The mechanism by which this happens is as yet unknown, but it is important as the
retraction of the primary cilium is a prerequisite for cells to divide and increased

primary cilium disassembly is linked with an increase in cell proliferation. The same
constructs used in the BrdU assay were also used in immunocytochemistry

experiments measuring primary cilia properties. Untransfected hTERT-RPE1 cells

were studied as a second negative control as well as pXoon-transfected cells to
ensure any effects seen are not caused by the transfection process itself.

The primary cilium of hTERT-RPE1 was stained for in untransfected cells as

well as cells transfected with the 8 plasmid constructs shown in Figure 3.93. There

was no significant difference in the percentage of cells presenting with a primary
cilium from the untransfected (93.3 ± 1.2%) and the pXoon transfected (92.5 ±
3.1%) groups indicating that the transfection does not affect the cilia (p>0.05, n=4,
Table.3, Figure 3.137).
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Out of the hEAG1 constructs the WT channel caused the biggest reduction in

the percentage of cells presenting with a primary cilium with 47.3 ± 2.2% staining
positively for the organelle (Table 3.). This was a significant reduction from the

pXoon cells (p<0.0001) and agrees with current data that WT hEAG1 reduces the

occurrence of the primary cilium in hTERT-RPE1 cells (Figure 3.93, n=4) (Sanchez

et al., 2016). Both ∆2-26 hEAG1 and BD-C2 hEAG1 caused significant reductions to

67.1 ± 6.8% and 71.8 ± 4.9% respectively in the percentage of cells producing
primary cilia (Figure 5.4, n=4, Table 3.). The reduction in primary cilia caused by the

presence of ∆2-26 hEAG1 and BD-C2 hEAG1 was significant in both cases (p<0.01

and p<0.001 respectively, n=4).

Furthermore, the two hEAG1 constructs that significantly altered the

proliferation of CHO cells also affected the percentage of hTERT-RPE1 cells with a
primary cilium. ∆EAG hEAG1 and E600R hEAG1 caused reductions to 78.1 ± 1.9%

and 72.5 ± 4.8% respectively (p<0.0001 and p<0.001, n=4, Table.3, Figure 5.4).

∆cNBHD hEAG1 caused a reduction to 85.9 ± 3.6% which was a significant
difference when compared to that of the WT expressing cells (p<0.0001, n=4,
Table.3, Figure 5.4).

This data suggests that all of the intracellular domains of hEAG1 control its

ability to retract the primary cilium and that the EAG domain and E600 residue are

important for its role in proliferation – both cellular events linked to uncontrolled
and rapid proliferation of cancer cells.
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The primary cilia were also analysed for their length and width to test

whether any of the hEAG1 constructs would affect these parameters. Cilia length
varied from 1.68 ± 0.06 μm to 1.99 ± 0.03 μm (Table 3.) but none of the constructs
had a significant effect when compared to the pXoon value (p>0.05, Figure 5.5a). The

width of the cilia were also analysed compared to pXoon, the widths varied from

0.92 ± 0.02 μm to 1.03 ± 0.03 μm but none of the constructs caused a significant
change in cilia width (p>0.05, Table.3, Figure 5.5b). Since cilia are so small it is
difficult to accurately measure their length and width. Limitations of the microscope
may have hindered the analysis with this data and more accurate microscopy
systems would be necessary in order to accurately determine these changes.
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Additional parameters that were studied were the average cell size and

circularity, both of which are markers of morphology. Changes in cell morphology

have been documented in cancer (DePriest et al., 1993) and because of WT hEAG1’s

role in proliferation and the primary cilium disassembly these parameters were also
tested in hTERT-RPE1. There was no significant change in cell size or circularity

between the untransfected cells and any of the transfections (Figure 5.6). Cell size

varied from 225.3 ± 14.7μm2 down to 205.1 ± 8.4 μm2 but was not statistically
significant (p>0.05, Table 3.). The circularity of the cells varied from 0.5 ± 0.1 to 0.7
± 0.1 and these variations were also found to not be significant (p>0.05, Table 3.).
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5.1.3. Ca2+ imaging untransfected & WT hEAG1-expressing CHO cells
The constructs tested in both the BrdU proliferation assay and the primary

cilia assays were transfected into CHO cells to test how the currents responded to
5μM I&T – the two compounds used to raise intracellular Ca2+. It was noted that

many of the mutants had varied current responses to the 5μM I&T where they had
previously been consistent in the oocytes.

Ca2+ imaging of untransfected CHO cells was carried out to test whether the

response of CHO cells to 5μM I&T is the same as that of the oocytes which was that
the Ca2+ level increases rapidly and stays at the same level throughout the 300s
recording (Lorinczi et al., 2016). CHO cells loaded with Fluo-3 were imaged every 5s

for 115s prior to the addition of 5μM I&T. After the addition of 5μM I&T, the Fluo-3
signal increased (Figure 5.7) from 1 in control conditions to a maximum of 1.85 ±

0.03 which was a significant increase (p<0.0001, n=5, 348 cells, Figure 5.8a). The

Fluo-3 signal following 5μM I&T was normalised to intensity values of the cells in
control conditions which is shown at time points before 0 (Figure 5.8a). Following
on from the rapid increase, the Ca2+ signal then reduced before plateauing until the

end of the recording (Figure 5.8a).

Ca2+ signals from individual cells was also plotted to demonstrate the variety

of responses to 5μM I&T, as shown in Figure 5.8b. Some cells showed an initially fast
increase in the Ca2+ signal that then continued to rise with time as shown by the
black and green lines whilst some cells had an increase in the Ca2+ signal that rapidly

plateaued as shown by the blue line. Some cells (purple line) did not show an

increase in Ca2+ signal following the addition of 5μM I&T (Figure 5.8b) indicating
that there is an element of heterogeneity in a population of CHO cells which may go

in part to explain the varied patch clamp data (shown later). The heterogeneity of
the CHO cells is also shown in Figure 5.7.
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A stable CHO cell line expressing WT hEAG1 was also loaded with Fluo-3 and

tested for its Ca2+ response as there is currently no data suggesting if the presence
of WT hEAG1 affects Ca2+ responses. 5μM I&T was added to the cells at t=0 after the

baseline had been allowed to stabilise for 115s. After addition of 5μM I&T there was

a rapid increase in the fluorescent signal (Figure 5.9 and Figure 5.10a). The signal

increased from 1 to 1.91 ± 0.04 which was a significant increase in signal (p<0.0001,

n=6, 398 cells). After the peak in fluorescence the intensity declines again between

the peak and 250s after 5μM I&T was first applied. After this is begins increasing

again until the end of the recording. This is interesting because it implies that the
presence of the channel may be affecting the Ca2+ response of CHO cells to 5μM I&T.
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Individual cell data was plotted that shows once again that there is some

variation in the response of the cells to 5μM I&T (Figure 5.10b). Some cells, with

varying peaks, increase their Ca2+ signal rapidly which briefly plateaus before
returning back down towards the control value – bearing some resemblance to a

ventricular action potential. This is shown by the green, blue and purple lines

(Figure 5.10b). Some cells however showed an initial rapid increase in Ca2+ signal
that then went on to increase at a steadier rate over time as shown by the black line.
Responses of individual cells are also shown in Figure 5.9.
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The responses of untransfected CHO cells and the WT hEAG1 stable CHO cell

line are shown for comparison in Figure 5.11. Here the difference in response is

clearer and was recorded over a longer period of time. Both cell lines increase their
Ca2+ signal rapidly upon the addition of 5μM I&T at t=0 but then the cells deviate in
their behaviour. The untransfected cells reduced the signal from the peak before

plateauing for the duration of the recording (Figure 5.11). The stable cell line is more

dynamic in response, following the peak in signal, the signal then reduces again at a

faster rate than the untransfected cells. 250s from t=0 the signal intensity begins to

increase again over time (Figure 5.11) – this bears similarity to the current
amplitude of WT hEAG1 upon the addition of 5μM I&T. This indicates that not only
does Ca2+ affect the current of hEAG1 but it seems the presence of hEAG1 affects the

Ca2+ handling of cells expressing it, suggesting a synergistic relationship between

the two which has not yet been documented

.
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5.1.4. Western blots show that hEAG1 protein for all constructs except
∆cNBHD hEAG1 are expressed in CHO cells.
All of the hEAG1 constructs with the exception of ∆cNBHD hEAG1 produced

functional currents when expressed in CHO cells. The protein of ∆cNBHD hEAG1

may be produced by the cell but being retained in the ER where it cannot be
recorded from using patch clamp.

Western blots of CHO cell lysates were conducted to stain for hEAG1 protein

in transiently transfected cells. All constructs, except for the empty vector control

(pXoon), produced a band at ~108kDa which is the predicted molecular weight for
glycosylated hEAG1 (Figure 5.12). The band for ∆EAG hEAG1 sits below the other

bands because the channel is missing a large portion of its structure and so runs

further along the SDS-PAGE gel. No band was detected for ∆cNBHD hEAG1

indicating that the protein was not produced in CHO cells (Figure 5.12). β-actin was

used as a loading control and shows even loading across all the lanes. Similar results
were seen in 4 separate blots.

217

5.1.5. All hEAG1 constructs are functional in CHO cells except ∆cNBHD
hEAG1
Some of the constructs used in the BrdU incorporation assay reduced

proliferation to similar levels as the negative control cells. The functionality of all

constructs in CHO cells was tested to ensure effects on proliferation were not due to

differences in channel function.

All of the constructs including pXoon were transfected into CHO cells and

recorded from in the whole cell patch clamp technique. The responses of WT hEAG1,

∆2-26 hEAG1 and pXoon (vector control) have been previously shown in section 4.1.
Both WT and ∆2-26 hEAG1 produce functional currents in CHO cells that show

similar responses to their oocyte counterparts in terms of voltage dependence and
response to 5μM I&T, although responses were slower to develop.

The remaining 5 constructs were also recorded from under the I/V protocol

and following the application of 5μM I&T. ∆EAG hEAG1 was one of two constructs

that significantly reduced the number of proliferating CHO cells. It produced slowly

activating currents that increased in amplitude with successive increases in

membrane potential (Figure 5.13). At more positive membrane potentials, the
current amplitude begins reducing. This is rectification and is a hallmark of the ∆2-

26 hEAG1 mutant. The time course of activation from 10-80% was measured to be
402.6 ± 136.2ms at +60mV, slower than that of the WT channel in CHO cells (p<0.05,
n=9, Table 4.).

The I/V curve shows the difference in response to membrane potential of

∆EAG hEAG1 and WT hEAG1 (Figure 5.13c). The I/V data shows that ∆EAG hEAG1

activates at more negative membrane potentials than the WT channel and peaks in

current amplitude at +20mV before reducing in amplitude with further increases in
voltage (Figure 5.13c).

The G/V curve shows that the conductance follows the same trend as the

current, increasing with voltage before peaking at +10mV and then reducing again

(Figure 5.13d). The Boltzmann fit of the normalised G/V relationship provides
values for V0.5 of -13.4 ± 4.6mV which is a significant decrease from the WT value

(p<0.0001, n=9, Table 4.). The k value was 11.0 ± 1.3mV which is not significantly

different from the WT channel (p>0.05, n=9, Table 4.). This data shows that in CHO
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cells, the removal of the EAG domain causes a negative shift in the V0.5 value and
reduces the activation kinetics of the channel which is the same as measured in
oocytes.
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The response of ∆EAG hEAG1 to 5μM I&T was also tested in the CHO cells

since it has been previously shown to increase its current gradually over time – a

more graded response than that of the ∆2-26 hEAG1 construct (Lorinczi et al., 2016).

In the same way as previously shown in section 3.2, the membrane potential was
pulsed to +20mV and the 5μM I&T was perfused directly on to the cell. The data

shows an increase in the current amplitude over time and a component of

instantaneous current which indicates that the channels are not all deactivating in
time for the next voltage pulse (Figure 5.14a). Over time the current gradually

increases by 152.1 ± 74.2%, this was found to be a statistically significant increase
from control (p<0.05, n=5, Table.2, Figure 5.14b).

Responses to 5μM I&T from individual cells were plotted against time to

show the variety of responses recorded from ∆EAG hEAG1 expressing cells (Figure

5.14c). Some cells show a consistent increase in current following the addition of
5μM I&T at t=0, such as the black data points (Figure 5.14c). Others show a general
trend of increasing current but contains large variation within the recording – blue
data points, whilst some cells barely respond at all – orange data points (Figure
5.14c). This points to variation between individual cells.
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This data shows that ∆EAG hEAG1 behaves the same way in CHO cells as it

does in oocytes and that its varied responses to voltage and high Ca2+ compared to
the WT channel may be behind the reduction in proliferation seen in the BrdU
incorporation assay (Figure 5.2).
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The BD-N1 hEAG1 construct was expressed in CHO cells and recorded under

the I/V protocol. BD-N1 hEAG1 produced currents that were similar in appearance
to WT hEAG1 (Figure 5.13). The time course of activation from 10-80% was 170.4
± 71.3ms at +60mV which is similar to the time course of WT hEAG1 (p>0.05, n=5,

Table 4.).

The I/V relationships shows that BD-N1 hEAG1 has a similar voltage

dependence to the WT current. It shows an increase in current amplitude with each
increase in membrane potential above 0mV with no rectification (Figure 5.15b). The

G/V relationship shows that BD-N1 hEAG1 activates at more negative membrane
potentials than the WT channel as indicated by the leftwards shift of the curve

(Figure 5.15d). The V0.5 value obtained from BD-N1 hEAG1 was 27.6 ± 6.3mV which

is not statistically different to the WT channel (p>0.05, n=5, Table 4.). The k value

was measured to be 12.2 ± 1.0mV which was also not significantly different from
WT hEAG1 (p>0.05, n=5, Table 4.). This data demonstrates that in CHO cells, the

mutation of the N-terminal calmodulin binding site does not affect the voltage
dependence or the activation kinetics of the current.
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BD-N1 hEAG1 was exposed to 5μM I&T to test whether the current responds

in the same way in CHO cells as it did in oocytes. The current was inhibited by 57.6

± 13.7% from control (Figure 5.16a). This inhibition was not significant compared
to control values (p>0.05, n=4, Table 4.). The current of BD-N1 hEAG1 reduced
gradually over the course of the recording (Figure 5.16b).

Individual, normalised to control, current amplitude data from 2 cells are

shown (Figure 5.16c). This shows that current from one cell was inhibited shortly
after the 5μM I&T is perfused over the cells and that this fluctuates over the course

of 300s as shown by the black data points (Figure 5.16c). Other cells, as shown by

the orange data points, are inhibited slowly from the time of onset (Figure 5.16c).
This variety of responses may be indicative of fluctuating Ca2+ in the cell.
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∆cNBHD hEAG1 was one of the constructs that had no significant effect on

the number of proliferating CHO cells. Under the I/V protocol there were no

measurable currents (Figure 5.17a) indicating that this construct was not expressed
or at least not functional at the plasma membrane in CHO cells. The response of

∆cNBHD hEAG1 to the I/V protocol is shown in Figure 5.17b (n=7). ∆cNBHD hEAG1
did not respond to 5μM I&T in oocytes and due to the lack of measurable current

5μM I&T was not applied in this case.
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E600R hEAG1 was one of the constructs that caused a reduction in the

number of proliferating cells (Figure 5.2). In patch clamp recordings slowly

activating currents that increased in amplitude initially before rectifying at positive

potentials were observed (Figure 5.18b). These are characteristics similar to that of
∆EAG hEAG1, the other construct that affected proliferation and were similar to
E600R hEAG1 currents in oocytes. The activation time course of E600R hEAG1 was

419.6 ± 71.3ms at +60mV which was slower than that of the WT channel (p<0.01,
n=11, Table 4.).

The mean I/V relationship shows that E600R hEAG1 passes current at more

negative membrane potentials than WT hEAG1 (Figure 5.18c). The current peaks at

+10mV before reducing with further increases in membrane potential. This
contrasts with the WT channel that does not rectify.

The G/V graph shows the same as the I/V curve, that the conductance

increases with voltage and reduces again at positive membrane potentials (Figure

5.18d). The V0.5 value was measured as being -25.5 ± 3.2mV which is considerably
more negative than the WT current (p<0.0001, n=11, Table 4.). The k value was 9.3
± 1.2mV which is lower than the k value of WT hEAG1 but not significantly (p>0.05,

n=11, Table 4.). This data shows that E600R hEAG1 has a negatively shifted
activation voltage and activates with a slowed time course compared to the WT
channel and the voltage dependence was similar in CHO cells to oocytes.
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Like ∆EAG hEAG1, E600R hEAG1 currents in oocytes have previously been

shown to increase in amplitude when exposed to 5μM I&T. Cells expressing E600R

hEAG1 showed an increase in the current amplitude following the application of
5μM I&T (Figure 5.19a).

In good quality recordings the current amplitude would increase after the

application of 5μM I&T. Only 2 cells expressing E600R hEAG1 was of good enough

quality to analyse (Figure 5.19b) hence why no mean data are presented. More
recordings are needed for statistical analysis.
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BD-C2 hEAG1 was the final construct to be tested under whole cell patch

clamp. This channel produced currents that appeared similar to WT hEAG1 (Figure

5.20). The activation time course from 10-80% was measured to be 110.8 ± 48.8ms

at +60mV which is faster than that of WT hEAG1 albeit not significantly (p>0.05,
n=5, Table 4.).

The mean I/V relationship shows that BD-C2 hEAG1currents have a voltage

dependence that is negatively shifted relative to WT hEAG1 currents that begin to
plateau at positive membrane potentials (Figure 5.20c). The mean G/V relationship
for BD-C2 hEAG1 had a V0.5 value of 16.8 ± 5.8mV which is significantly more

negative than that of WT hEAG1 (p<0.01, n=5, Figure 5.20d, Table 4.). The k value

was measured to be 10.9 ± 0.5mV which is close to the k value of the WT channel
(p>0.05, n=5, Table 4.).
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BD-C2 hEAG1 was recorded under high Ca2+ conditions to make sure it

followed the same pattern as in the oocytes. BD-C2 hEAG1 was inhibited gradually

by the 5μM I&T with no recovery of the current amplitude following the inhibition
(Figure 5.21a). The current was inhibited by 49.4 ± 4.9% compared to control but
this was not a significant change (p>0.05, n=5, Table.2, Figure 5.21b). This data,

including that of previous mutants, indicates that there is a difference in the
response of the channels to 5μM I&T between oocytes and CHO cells.

Plotting data from individual cells is shown in Figure 5.21, it demonstrates

the differences in response to the 5μM I&T. Some cells are inhibited quickly and then

recover their current amplitude in a similar manner to the response in the oocytes
as shown by the black data points (Figure 5.21c). Other cells were gradually

inhibited following the application of 5μM I&T as shown by the blue data points
(Figure 5.21c). This data indicates that there is a lot of variation in response and that
this may be down to Ca2+ levels that vary between individual cells.
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5.1.6. Addition of 140mM K+ causes rapid and consistent reduction in
WT hEAG1 current
The patch clamp data obtained so far from the CHO cells shows that there is

a lot of variation in response to the addition of 5μM I&T. This variation may be down

to variable intrinsic factors of the cells but it may also be due to variation in the

functionality of the perfusion system – since it has to be manually positioned each

time. To test if this is the case, extracellular solution containing 140mM K+ instead

of 5mM K+ was perfused over cells expressing WT hEAG1. If the perfusion is

positioned well, the change to an 140mM K+ solution (equimolar with the

intracellular K+) will result in a rapid reduction in the amount of hEAG1 current as
the driving force for the ions is reduced.

Current traces of WT hEAG1 in control solution (containing 5mM K+) and

140mM K+ are shown in Figure 5.22. Figure 5.22a shows the WT channel elicited by

the standard I/V protocol in 5mM K+. The currents are large. Following the change

in extracellular K+ to 140mM the currents are now reduced in amplitude (Figure

5.22b). The mean I/V curve shows the large currents recorded in control conditions
compared with the smaller currents recorded in 140mM K+. The change to 140mM

K+ consistently reduced the amplitude of currents at every voltage in all 5 cells
indicating that the perfusion is reliable (Figure 5.22c).
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The reduction in hEAG1 current after switching to 140mM K+ was plotted

against time to measure how quickly the current responds to the change in
extracellular K+. The current amplitude was inhibited quickly after the addition of
140mM K+ (Figure 5.23). It took 14.4 ± 2.4s for the current be inhibited by 50%.

This data shows that the perfusion system is functioning well and changes in

the solutions are “seen” by the cells relatively quickly after their application, this
would indicate that the variation in current responses to 5μM I&T as seen previously
are down to factors of the cells themselves and not the positioning of the perfusion
system.
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5.1.7. WT hEAG1 does not affect CHO cell migration when grown in
either 0.1% or 10% FBS
To date there is no data available to suggest hEAG1 has a role in the migration

of cells that express it. Proliferation and migration are both considered hallmarks of

cancerous cells and so the role of WT hEAG1 in various parameters of migration was
tested.

CHO cells were grown in either 0.1% FBS or 10% FBS medium and

transfected with pXoon or WT hEAG1. Transfected cells were imaged for 24hrs and

6 parameters were analysed which were; track displacement length which is the

straight line distance from the point of origin than the cell moved in 24hrs, track
length which is the overall distance travelled by the cell, track duration which is the

length of time the cell was moving for, track straightness which indicates whether
the cell moved back and forth (low values) or whether it moved in a direct line (high

values). The last 2 parameters were measures of speed, average speed which is the
mean of all the speeds travelled by a cell and maximum speed which was the fastest
each cell moved between frames. Representative cell images taken at t=0 through to

t=24 every 6hrs in 0.1% FBS medium are shown in Figure 5.24 and 10% FBS
medium in Figure 5.25.
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In cells tested in 0.1% FBS there was a decrease in the track displacement

length in the WT hEAG1 cells compared to the pXoon cells (Figure 5.26a). However,

there was no significant difference in the track displacement length between the
pXoon control which was 20.2 ± 6.3μm and WT hEAG1 expressing cells which was

19.6 ± 5.4μm (both p>0.05, n=3, Table 5.). When the CHO cells were grown in 10%

FBS there was an increase in the track displacement length in cells expressing WT

hEAG1 compared to those expressing pXoon (Figure 5.26b). The pXoon expressing
cells had a track displacement length of 9.5 ± 1.1μm and WT hEAG1 cells had a value

of 11.7 ± 0.6μm which was again found not to be significant (p>0.05, n=3, Table 5.).

Track length was measured to be 138.8 ± 16.5μm for pXoon cells grown in

0.1% FBS. WT hEAG1 cells grown in the same medium had a shorter track length of

121.1 ± 13.3μm (Figure 5.26c). This reduction was found to not be a significant

change from the pXoon cells (p>0.05, n=3, Table 5.). Similarly, WT hEAG1 cells
grown in 10% FBS also showed a shorter track duration of 73.9 ± 4.4μm compared

to 75.2 ± 7.2μm of pXoon cells (Figure 5.26d). There was no significant change in
their track lengths (p>0.05, n=3, Table 5.).

CHO cells grown in 0.1% FBS expressing WT hEAG1 had a reduced track

duration compared to CHO cells expressing pXoon (Figure 5.26e). On average,
pXoon cell tracks lasted 20.5 ± 0.7hrs whilst WT hEAG1 cells lasted 17.5 ± 0.9hrs,

however this was not a significant change (p>0.05, n=3, Table 5.). Track duration

was also measured in 10% FBS, cells transfected with WT hEAG1 had longer track

lengths than those cells contain pXoon (Figure 5.26f). The values for track length in

10% were 12.2 ± 0.4hrs and 11.4 ± 0.8hrs respectively and which had no significant
difference between them (p>0.05, n=3, Table 5.).
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The value for track straightness was higher in WT hEAG1 transfected cells

than it was for pXoon transfected cells grown in 0.1% FBS. This indicates that WT

hEAG1 cells moved in straighter, more direct lines than pXoon cells (Figure 5.27a).
Values were measured to be 0.1 ± 0.02 and 0.2 ± 0.02 respectively which was not a

significant increase (p>0.05, n=3, Table 5.). Track straightness was also measured
for cells grown in 10% FBS, here the difference between pXoon and WT hEAG1 cells

was almost nothing (Figure 5.27b). The values were measured to be 0.2 ± 0.02 and
0.19 ± 0.01 for pXoon and WT hEAG1 respectively and this was not a significant
difference (p>0.05, n=3, Table 5.).

The average speed for WT hEAG1 expressing cells grown in 0.1% FBS was

lower than that of pXoon expressing cells with values of 1.0x10-3 ± 2.7x10-4 μm/s

and 1.1x10-3 ± 9.4x10-5μm/s respectively (Figure 5.27c). This reduction in average
speed was not significant and indicates that the presence of WT hEAG1 does not

affect the average speed of CHO cell migration in 0.1% FBS (p>0.05, n=3, Table 5.).

The average speed was also measured in 10% FBS where it was found that the
expression of WT hEAG1 caused no change in the average speed when compared to

pXoon expressing CHO cells (Figure 5.27d). The values for pXoon and WT hEAG1
cells were measured to be 1.0x10-3 ± 7.3x10-5 μm/s and 1.0x10-3 ± 5.8x10-5 μm/s
respectively which was a non-significant change (p>0.05, n=3, Table 5.).

The final parameter measured was the maximum speed of the cells, in 0.1%

FBS cells expressed WT hEAG1 showed a lower maximum speed than cells

expressing pXoon (Figure 5.27e). pXoon cells had a maximum speed of 7.5x10-3 ±

1.9x10-3 μm/s whilst WT hEAG1 cells had a maximum speed of 6.9x10-3 ± 9.6x10-4

μm/s, this was not found to be a significant change (p>0.05, n=3, Table 5.). Maximum
speed was also measured in 10% FBS where it was found that cells expressing WT
hEAG1 had a reduced maximum speed than those expressing pXoon (Figure 5.27f).

The values for pXoon and WT hEAG1 expressing cells are 4.4x10-3 ± 2.8x10-4 μm/s

and 4.3x10-3 ± 1.8x10-4 μm/s respectively, however this decrease was not found to
be statistically significant (p>0.05, n=3, Table 5.).
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Since migration parameters were measured for pXoon and WT hEAG1

expressing cells in two different FBS concentrations, the data was analysed to see if
the concentration of FBS had an effect on pXoon or WT hEAG1 CHO cells.

Representative images of pXoon and WT hEAG1 transfected cells in both the bright
field and fluorescent filters are shown in Figure 5.25. This image panel shows that
neither cell transfection survives the full 24hr time period when grown in 10% FBS

medium which is different from that observed of cells grown in 0.1% FBS medium
(Figure 5.24).

The track displacement length of CHO cells expressing pXoon was shorter for

cells grown in 10% FBS compared to those in 0.1% FBS (Figure 5.28a). This was a

reduction from 20.2 ± 6.3μm in 0.1% FBS to 9.5 ± 1.1μm in 10% FBS. Despite the

seemingly large reduction, there was no significant change between the two
medium types (p>0.05, n=3, Table 5.). WT hEAG1 expressing cells also had shorter

track displacement lengths in 10% FBS compared to those in 0.1% FBS (Figure
5.28b) reducing from 19.6 ± 5.4μm to 11.7 ± 0.6μm. This reduction was also not
found to be significant (p>0.05, n=3, Table 5.).

The track length of pXoon expressing cells was shorter when cells were

grown in 10% FBS than when grown in 0.1% FBS (Figure 5.28c). In 0.1% FBS, the
track length was 138.8 ± 16.5μm and it reduced to 75.2 ± 7.2μm in 10% FBS

however this was not significant (p>0.05, n=3, Table 5.). Similarly cells expressing

WT hEAG1 also had shorter track lengths when grown in 10% FBS than in 0.1% FBS

(Figure 5.28d). The track length reduced from 121.1 ± 13.3μm in 0.1% FBS to 73.9
± 4.4μm which was not a significant reduction (p>0.05, n=3, Table 5.).

Cells expressing pXoon or WT hEAG1 both had significant reductions in their

track durations in 10% FBS compared to cells in 0.1% FBS (Figure 5.28e and f). CHO
cells expressing pXoon reduced from 20.5 ± 0.7hrs to 11.4 ± 0.8hrs (p<0.05, n=3,

Table 5.) whilst cells expressing WT hEAG1 reduced from 17.5 ± 0.9hrs to 12.2 ±

0.4hrs (p<0.05, n=3, Table 5.). This indicates that cells grown in 10% FBS do not
survive as long as cells grown in 0.1% FBS.
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Track straightness was higher – indicating a straighter line – in pXoon cells

grown in 10% FBS than those grown in 0.1% FBS (Figure 5.29a). The value rose

from 0.1 ± 0.02 to 0.2 ± 0.02, an increase that was not significant (p>0.05, n=3, Table

5.). Cells expressing WT hEAG1 also had a higher value for track straightness when
grown in 10% FBS compared with cells grown in 0.1% FBS (Figure 5.29b). In these
cells the value rose from 0.15 ± 0.02 to 0.19 ± 0.01 in 0.1% FBS and 10% FBS
respectively however this increase was also not significant (p>0.05, n=3, Table 5.).

The average speed of cells expressing pXoon decreased in 10% FBS when

compared to 0.1% FBS (Figure 5.29c). The speed decreased from 1.1x10-3 ± 9.4x105

μm/s to 1.0x10-3 ± 7.3x10-5 μm/s, a decrease that was not found to be significant

(p>0.05, n=3, Table 5.). The bar chart for WT hEAG1 expressing cells indicates a
increase in the average speed in cells grown in 10% FBS than those in 0.1% FBS
(Figure 5.29d). The measured values were 1.0x10-3 ± 2.7x10-4 μm/s for 0.1% FBS

and 1.0x10-3 ± 5.8x10-5 μm/s for 10% FBS, these values were not significantly

different (p>0.05, n=3, Table 5.).

The maximum speed of cells was also compared, the pXoon cells had a slower

maximum speed in 10% FBS compared to cells in 0.1% FBS (Figure 5.29e). The

maximum speed was 7.5x10-3 ± 1.9x10-3 μm/s in 0.1% FBS and 4.4x10-3 ± 2.8x10-4

μm/s for 10% FBS. Despite the large reduction in maximum speed it was not found
to be significant (p>0.05, n=3, Table 5.). The maximum speed of WT hEAG1

expressing cells was also reduced in the 10% FBS cells than in the 0.1% FBS cells
(Figure 5.29f). The value decreased from 6.9x10-3 ± 9.6x10-4 μm/s to 4.3x10-3 ±
1.8x10-4 μm/s, a reduction that was again not significant (p>0.05, n=3, Table 5.).
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Construct

untransfected
pXoon

WT hEAG1

cell size (μm2)

circularity (AU)

% of ciliated cells

cilia length (μm)

cilia width (μm)

207.4 ± 7.1

0.5 ± 0.1

92.5 ± 3.1

1.75 ± 0.07

0.99 ± 0.02

215.5 ± 5.1
223 ± 4.1

0.6 ± 0.02

224.8 ± 7.3

0.5 ± 0.1

∆2-26 hEAG1

225.3 ± 14.7

BD-N1 hEAG1

217.7 ± 10.3

E600R hEAG1

209.1 ± 14.2

∆EAG hEAG1

∆cNBHD hEAG1
BD-C2 hEAG1

0.7 ± 0.1

205.1 ± 8.4
224.3 ± 7.8

0.5 ± 0.1
0.5 ± 0.1
0.5 ± 0.1
0.5 ± 0.1
0.6 ± 0.1

93.3 ± 1.2
47.3 ± 2.2
67.1 ± 6.8

1.68 ± 0.06
1.77 ± 0.05
1.7 ± 0.13

78.1 ± 1.9

1.99 ± 0.03

85.9 ± 3.6

1.79 ± 0.11

82.2 ± 2.7
72.5 ± 4.8
71.8 ± 4.9

1.86 ± 0.04
1.86 ± 0.09
1.86 ± 0.03

0.96 ± 0.02
0.92 ± 0.02
0.94 ± 0.01
1.03 ± 0.03
0.97 ± 0.02
0.94 ± 0.03
1.0 ± 0.02

0.95 ± 0.02

Table 3. A table displaying the parameters measured of hTERT-RPE1 cells from immunocytochemistry experiments regarding
the primary cilia.
Parameters measured include cell size and circularity which are indicators of changes in cell morphology and may show whether or not
the hEAG1 channel affects this. WT hEAG1 has already been shown to reduce the presence of the primary cilia and so this was tested with
all mutant constructs. Cilia length and width were also measured to see if some constructs affected the structure of primary cilium itself.
All values are presented as mean ± SEM and significance is indicated by the asterisks (* is <0.05, ** is <0.01, *** is <0.001, **** is <0.0001).
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Constructs

WT hEAG1

∆EAG hEAG1

BD-N1 hEAG1

∆cNBHD hEAG1
E600R hEAG1
BD-C2 hEAG1

% change in I&T
78.6 ± 5.8 ***

V0.5 (mV)

402.6 ± 136.2 *

n/a

n/a

27.6 ± 6.3

12.2 ± 1.0

n/a

n/a

49.4 ± 4.9

11.0 ± 1.3

10.3 ± 0.6

-13.4 ± 4.6 ****

n/a

10-80% activation (ms)

37.2 ± 3.0

152.1 ± 74.2 *
57.6 ± 13.7

k value

-25.5 ± 3.2 ****
16.8 ± 5.8 **

9.3 ± 1.2

10.9 ± 0.5

158.5 ± 40.6
170.4 ± 71.3

419.6 ± 71.3 **
110.8 ± 48.8

Table.4. A table showing the measured parameters of the WT hEAG1 channel along with 5 tested mutants using whole cell patch
clamp.
This table shows the parameters measured in CHO cells from the expressed constructs. The percentage change following the addition of
5μM I&T is calculated from the steady pulsing data and were all measured at +20mV. Values highlighted in red are mutants that potentiated
their current after 5μM I&T. The V0.5 and k values were measured from the Boltzmann fits of the G/V curves and are both expressed in mV.
The 10-80% activation time course was measured at +60mV and is measured in ms. Each mutant channel is statistically compared to the
WT channel whose data is again shown for comparison. All values are presented as mean ± SEM and significance is indicated by the
asterisks (* is <0.05, ** is <0.01, *** is <0.001, **** is <0.0001).
Parameter

pXoon

WT hEAG1
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Track displacement length (μm)
Track length (μm)

Track duration (hrs)

Track straightness (AU)
Average speed (μm/s)

Maximum speed (μm/s)

0.1% FBS

10% FBS

138.8 ± 16.5

75.2 ± 7.2

121.1 ± 13.3

0.1 ± 0.02

0.2 ± 0.02

0.15 ± 0.02

20.2 ± 6.3
20.5 ± 0.7

1.1x10-3 ± 9.4x10-5
7.5x10-3 ± 1.9x10-3

9.5 ± 1.1

11.4 ± 0.8
1.0x10-3 ± 7.3x10-5
4.4x10-3 ± 2.8x10-4

0.1% FBS

10% FBS

19.6 ± 5.4

11.7 ± 0.6

17.5 ± 0.9

12.2 ± 0.4

1.0x10-3 ± 2.7x10-4
6.9x10-3 ± 9.6x10-4

73.9 ± 4.4
0.19 ± 0.01

1.0x10-3 ± 5.8x10-5
4.3x10-3 ± 1.8x10-4

Table.5. A table showing the measured parameters of the migration assays conducted in both 0.1% and 10% FBS for pXoon and
WT hEAG1 transfected CHO cells.
This table contains the data of six measured parameters; 1. Track displacement length which is the distance in a straight line from the
point of origin. 2. Track length which is the overall distance moved by the cell. 3. Track duration which is the length of time the cell was
moving. 4. Track straightness which is a measure of how straight the track is, low numbers indicate a track in which the cell changed
direction multiple times. 5. Average speed which is an average of the speed between each measured position of the cells. 6. Maximum
speed which is the fastest each cell moved throughout the recording period of 24hrs.
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5.2.

Discussion

5.2.1. Interactions between the EAG domain and the E600 residue
may be behind the mechanism of increase cell proliferation but
WT hEAG1 does not influence cell migration
WT hEAG1 has previously been shown to increase the proliferation of cells

(Pardo et al., 1998; Zhang et al., 2014) and is a known regulator of the cell cycle

(Borowiec et al., 2011; Urrego et al., 2016). Hegle et al. (2006) provided data that
used a non-conducting mutant of hEAG1. This mutant did not increase proliferation

as much as the WT channel but it did increase proliferation over control cells. This

data suggests that the K+ conduction of hEAG1 has a role in its role in proliferation
but is not the whole story. However there is no data available about how the

intracellular domains or the Ca2+-calmodulin sensitivity of the channel contribute to

this process.

We provide data that the EAG domain and the E600 residue are important in

order for hEAG1 to increase the proliferation of CHO cells. It may be the case that an

interaction between the EAG and cNBH domains is important and that mutation of
the E600 residue disrupts this but unfortunately the ΔcNBHD hEAG1 construct was

not expressed in CHO cells and so we can’t say for definite how it would behave. Data
gathered for the ΔEAG and E600R mutants in oocytes shows that they both have

negatively shifted V0.5 values and slowed activation kinetics in control conditions

and increase their current following 5µM I&T. The same was also true in CHO cells.
Hegle et al. (2006) have shown that K+ conductance is a factor of hEAG1 involved in

proliferation. By removing the EAG domain and mutating E600 the channel is able
to pass more current at resting membrane potentials than the WT channel. This may
indicate that too much K+ conductance may be counterproductive in terms of

increasing proliferation. hEAG1 has also been shown to be able to interact with and

be modulated by different proteins (Piros et al., 1999; Herrmann et al., 2013).

Removing a domain or inducing a mutation that may involve structural

rearrangements of key areas may cause the potential for these protein interactions
to be lost and there may be many proteins involved in proliferation that have yet to
be identified as interaction partners of hEAG1.
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To date there is no evidence that hEAG1 controls cell migration which is

another hallmark of cancer cells (Paul et al., 2017). Other K+ channels have been
implicated in the migration of cancer cells: e.g. KCa3.1 in melanoma cells, where the

K+ conductance appears crucial for the role (Schwab et al., 1999) and hERG, the

closely related channel of hEAG1, which also required K+ conductance in migrating

MDA-MB-435S melanoma cells (Afrasiabi et al., 2010). Despite this, there was no
evidence of hEAG1 affecting six migration parameters either in 0.1% FBS or in 10%

FBS medium. The only parameter that was significantly changed was track duration,

which measures how long a cell migrates for, for both the negative control and

hEAG1 when the two medium conditions were compared. It was not a hEAG1

dependent effect and can be explained as CHO cells being more likely to proliferate
than migrate under higher FBS concentrations.

5.2.2. The EAG domain, cNBH domain and both calmodulin binding
domains are important for the role of hEAG1 in cilia
disassembly
The WT channel has been shown to be involved in the process of ciliary

disassembly in hTERT-RPE1 cells (Sanchez et al., 2016). Sanchez et al. (2016) did

not provide mechanistic insight into how hEAG1 might influence deciliation, and
since the disassembly of the primary cilium is an indicator of re-entry into the cell
cycle we tested the same mutants used in the proliferation assay. When compared

statistically to WT, all mutants increased the percentage of ciliated cells. This

indicates that large portions of the intracellular domains as well as the ability to bind
calmodulin at both high affinity sights may be a requirement for deciliation.

Sanchez et al. (2016) provided data showing that hEAG1 localises to the

centrosome but do not state how this could be occurring. Should this association
rely on the integrity of the intracellular domains in their entirety then mutating any

of these would affect the ability to localise there and disassemble the cilia. Further
experiments could utilise whether a mutant unable to bind calmodulin at both BD-

N1 and BD-C2 would affect the ciliation of cells. If this mutant did affect the ciliation
of cells then it would indicate that the sensitivity of hEAG1 to calmodulin is an
important factor in this process.
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5.2.3. The Ca2+ response profile of CHO cells to 5µM I&T was different
when WT hEAG1 was stably expressed
Due to the variation in the response of the hEAG1 constructs used to 5µM I&T

we conducted Ca2+ imaging in CHO cells that were untransfected. These cells showed

a 1.5 fold increase in Ca2+ signal from control levels when 5µM I&T was applied to

the cells. This agrees with data produced in oocytes where the Ca2+ level also
increases quickly (Lorinczi et al., 2016). In the CHO cells, we then observed a

reduction in Ca2+ signal that plateaued for the duration of the recording. The design
of this experiment was to test whether the Ca2+ concentration goes up and stays at

that level for the duration of the application, which it did. However there was
considerable variation between cells which may go some way to explain why some

of the hEAG1 construct recordings did not respond in the same way to 5µM I&T as

they did in the oocytes. Whilst thapsigargin was used to prevent uptake of Ca2+ into
the sarco-endoplasmic reticulum we cannot guarantee that some cells have

differences in efficiency of other Ca2+ handling mechanisms such as the
mitochondria and plasma membrane Ca2+ ATPase (Santo-Domingo and Demaurex,
2010).

Something of particular interest was that CHO cells stably expressing WT

hEAG1 had a different Ca2+ response to 5µM I&T than the untransfected cells. WT

hEAG1 expressing CHO cells showed around 1.75 fold increase in Ca2+ signal, but the
signal then reduced rapidly to ~1.25 fold increase over control before gradually

increasing through to the end of the recording. It indicates that the presence of the
hEAG1 channel affects how the Ca2+ is handled within the cell. Though the

mechanism requires further investigation.

Our original hypothesis in terms of hEAG1’s response in oocytes to 5µM I&T

was that the initial binding of Ca2+-calmodulin inhibited the channel by inducing a

conformational change that closed the pore. This was then followed by a second
conformational change with Ca2+-calmodulin still bound in place that allowed the

channel to pass current again – albeit with changed activation kinetics. In CHO cells,

hEAG1 was inhibited but there was no recovery phase – at least after 5mins. Why
the differences exist in the two expression systems is unclear. It may relate to
differences in Ca2+ concentration, Ca2+ time courses or differences in how the hEAG1
channels respond to Ca2+-calmodulin. The role of Ca2+-calmodulin regulation of
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hEAG1 in physiological processes, for example, in the pre-synaptic membranes of
neurons remains to be determined.
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6. Summary and conclusions
The data provided in this thesis has gone into depth in terms of studying the
amphipathic helix of the PAS-cap to decipher how it functions, which residues are

important for gating and voltage dependence and also for the Ca2+-calmodulin

sensitivity of the channel. We show that two residues in particular, N15 and F17 are
critical for the stabilisation of the PAS-cap in its interaction with the EAG and cNBH

domains. L18 may also be involved in the stabilisation process as its alanine mutant

produced a hybrid response that was similar to the WT channel in respect to the
Ca2+ sensitivity but was also similar to the Δ2-26 mutant in terms of voltage

dependence. Additional mutagenesis also shows that N15 and E600 may be part of
an interaction network as individual mutations behaved in similar ways in both

control solution and high Ca2+ conditions, however a residue swapped mutant did

not rescue a WT-like phenotype as might be expected of two residues whose

interaction was highly important to proper channel function. The cryo-EM structure
of the channel shows that N15 and F17 residues are on opposite sides of the helix

and interact with the cNBHD and EAG domain respectively. This indicates that these
residues act to keep the cNBH and EAG domains in close proximity to one another

and that disruption of either residue has consequences for the stability of the
intracellular domains.

Complete understanding of how N15 and F17 stabilise the helix of the PAS-cap

has yet to be achieved and will become apparent given further mutagenesis studies.
Cryo-EM or NMR studies of channel structure with either the N15A or F17A

mutation may also provide insight in to how the intracellular domains change their

interactions in the presence of these mutations. This will also help us to understand
the exact role the PAS-cap plays in stabilising the intracellular domains.

We provide noise analysis evidence that the inhibition of WT hEAG1’s current

could be down to a reduction in open probability of the channel. We tried to
understand how the Δ2-26 mutant caused such a large potentiation of the current

and we believe it also to be down to a change in open probability although the data

obtained proved difficult to analyse given the nature of the Δ2-26 mutant channel.

A change in the number of available channels is also a possibility to be explored
further. Surface expression assays showed that upon addition of 5µM I&T, the WT

channel reduces the number of surface channels which adds evidence to the
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argument that the decrease in WT hEAG1 current is down to not only a reduction in
open probability but also a reduction in surface expressed channels. Whole cell

patch clamp experiments confirmed the WT-BBS channel’s functionality at the

plasma membrane and showed that it was inhibited by 5µM I&T.

The BTX-labelled channel surface expression assay did not provide the amount

of fluorescence expected and so visually analysing the slides was a challenge. The
reduced amount of visible fluorescence may have been down to too short of an

incubation time of BTX-594 with the samples, especially since this was performed

on ice to reduce the rate of endo/exocytosis following 5µM I&T addition. Another

way to measure whether surface expressed hEAG1 channels are being

endo/exocytosed is to perform a biotinylation assay using cell-impermeable biotin
analogues. This ensures labelling of surface channels only and can be performed
without 5µM I&T and following its application at two time points. A second

alternative experiment would involve the use of a hEAG1 antibody specific to the
extracellular loops that tags the channels which can be pulled out using a pull down
assay and a secondary antibody selective for the anti-hEAG1 primary.

We provide evidence that the EAG domain and E600 residue of the cNBHD are

necessary for the WT channel to increase the number of proliferating cells. Channels
either lacking the EAG domain or that contain the E600R mutant show reduced

proliferation when studied in a BrdU incorporation assay. A Western blot showed

that the ΔcNBHD hEAG1 construct was not expressed in CHO cells so an interaction
between the EAG and cNBH domains being important for proliferation cannot be
ruled out. However, we can say that the E600 residue is in itself important for
hEAG1’s role in proliferation. The BrdU incorporation assay was performed on

transiently transfected cells and so may not be the most accurate way of monitoring

the effect of these constructs on proliferation. To avoid this, stable cell lines
expressing each of these constructs should be used and used again in the BrdU assay.

We show that hEAG1 does not affect six chosen parameters of migration over

empty vector controls when tested in either 0.1% FBS or 10% FBS medium, this was
an interesting find given that the other studies have shown the related channel,
hERG1, to be involved in both the proliferation and migration of melanoma cells.
This in itself provides some evidence that whilst hEAG1 and hERG1 are closely
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related in terms of structure and sequence homology, they fulfil different roles in

both physiology and pathophysiology. Another approach to this would be to use a
chemotaxis assay in which cells are encouraged to migrate towards a stimulus. A

known number of untransfected cells and WT hEAG1 stably-transfected cells would

be seeded into Boyden chambers and the number of cells found to be migrating
towards the stimulus would be studied using confocal microscopy. This is an

improved experiment as there is a stimulus present to encourage migration whereas

the assay used here had no stimulus and therefore only monitored baseline
migration of the CHO cells.

Immunocytochemistry experiments of the primary cilia show that the

calmodulin binding domains and the intracellular domains of hEAG1 are important
for the disassembly of the primary cilia. This data indicates that completely intact
intracellular domains of the channel are likely required and that loss of any domain
has an effect on the primary cilium of the cell. This may also add some weight to the

argument that the intracellular domains can act as a signalling scaffold for other

proteins to dock at. Whilst it has not been studied here, there may be a complex
cascade of interactions requiring intact hEAG1 channels in order to retract the
primary cilium of cells.

Finally, we show that CHO cells have a similar Ca2+ response to oocytes when

exposed to 5µM I&T this was that there was a rapid rise in the fluorescent signal
following the addition of 5µM I&T. The exact concentration of the Ca2+ increase was

not measured in these experiments and so direct comparisons to the oocytes cannot

be made at this stage. An interesting discovery came when using CHO cells stably
expressing WT hEAG1, the Ca2+ signal increased as expected but then proceeded to
decrease again quickly. Since this was not observed in the untransfected CHO cells
it indicates that the presence of the channel has an effect on how the Ca2+ is handled

within the cell. Experiments using Ca2+ imaging and whole cell patch clamp would

be useful here to directly correlate the changes in hEAG1 current and the cell’s Ca2+
levels to see if the presence of hEAG1 current affects the change in intracellular Ca2+
over time.
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